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SUMMARY

Alternative fuels will play a crucial role in the complete decarbonisation of future energy
systems based on renewable energy sources, where electricity is not a feasible solution.
Therefore, the primary objective of this dissertation was to identify the most promising waste
biomass and plastic feedstocks for the co-pyrolysis process with an aim to produce high-quality
pyrolysis oil that could be further refined into alternative fuels compatible with existing
standards for conventional fuels. This was done by examining the feedstock properties and
running a series of experimental investigations. The results showed that sawdust, polystyrene
and polypropylene are among the most promising feedstock to be utilised in co-pyrolysis. This
evaluation is based on product quantity and quality from an individual and mixture analysis. In
addition, the environmental impacts of the process are evaluated by carrying out a life cycle
assessment. Finally, the discussion on methodology development for the prediction of product
yield is given, which can serve as a base for future research. In summary, gathered observations
from carried-out investigations can help better understand process dynamics, which is crucial

for further commercialisation.
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SAZETAK

Alternativna goriva imat ¢e klju¢nu ulogu u tranziciji buduc¢ih energetskih sustava
baziranima na obnovljivim izvorima energije. NajviSe se ocekuje tamo gdje elektri¢na energija
nije odrzivo rjeSenje. Stoga je primarni cilj ove disertacije bio identificirati otpadnu biomasu i
plastiku sa najvise potencijala za proces ko-pirolize s ciljem proizvodnje visokokvalitetnog ulja
koje se moze rafinirati u alternativna goriva kompatibilna s postoje¢im standardima za
konvencionalna goriva. To je ucinjeno ispitivanjem inicijalnih svojstava sirovine i
provodenjem niza eksperimentalnih istraZivanja. Rezultati su pokazali da su piljevina,
polistiren 1 polipropilen medu sirovinama sa najvise potencijala za koriStenje u ko-pirolizi. Ova
procjena temelji se na koli¢ini i kvaliteti proizvoda dobivenih za individualne uzorke te
odabranu mjesavinu. Dodatno je provedena analiza utjecaja na okoli$ evaluacijom S$tetnih
emisija iz raznih faza procesa. Konacno je prezentirana i metodologija za razvoj modela
predvidanja prinosa proizvoda koji moze posluziti kao osnova za buduca istrazivanja tog
problema. Ukratko, prikupljena zapazanja iz provedenih istrazivanja mogu pomo¢i u boljem

razumijevanju dinamike procesa, $to je klju¢no za daljnju industrijalizaciju.
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PROSIRENI SAZETAK

Energetska tranzicija predstavlja jedan od najvecih izazova danas, s obzirom da fosilna
goriva 1 dalje predstavljaju glavni izvor energije u svim sektorima. Trenutna potros$nja iznosi
53% u proizvodnji elektri¢ne energije, 66% u industriji te ¢ak 98% u sektoru transporta [1].
Elektrifikacija je primarni cilj za ve¢inu procesa ukoliko se elektricna energija proizvodi iz
obnovljivih izvora energije (OIE). Unato¢ tome, elektri¢na energija nije odrziva opcija za svu
vrstu industrijskih procesa ili sva transportna rjeSenja. RazliCite vrste alternativnih goriva,
tehnologija 1 procesa, priviknula su istrazivacki interes posljednjih godina, ali bez uspjesne
primjene na $iroj komercijalnoj razini [2]. Jedna od metoda koja pokazuje veliki potencijal za
proizvodnju alternativnih goriva je termokemijska pretvorba razli€ite vrste sirovina i otpadnih
materijala u vrijedne kemijske spojeve koji se mogu dalje rafinirati u odredenu vrstu goriva,
ovisno o namjeni. Piroliza 1 rasplinjavanje su glavni procesi pretvorbe u kojima se dobivaju
tekuci, plinoviti 1 pougljenjeni kruti produkti s ciljem daljnjeg koriStenja za proizvodnju
energije.

S obzirom da se biomasa u raznim formama kontinuirano kroz stolje¢a koristi kao izvor
energije, njezina svojstva su nadaleko istraZivana [3]. Unato¢ tomu, dana$nja biogoriva, imaju
znatno lo$ija svojstva u usporedbi s konvencionalnim fosilnim gorivima. Navedeno implicira
da je njihov dekarbonizacijski potencijal ogranicen te su potrebne daljnje metode koje mogu
unaprijediti njihova svojstva. Jedna od najvecih prednosti ve¢ spomenutog termokemijskog
postupka proizlazi iz moguénosti obrade razlicitih sirovina, ukljuujuci 1 otpadne materijale
[4]. Moguénost oporabe otpadnih materijala sugerira da se navedeni postupci mogu koristiti ne
samo za proizvodnju alternativnog goriva, ve¢ i kao metode za gospodarenje otpadom.
Navedeno je posebice vazno za materijale koji su dostigli svoj reciklabilni potencijal te se
nalaze na kraju zivotnog vijeka [5]. S obzirom na kontinuirani porast proizvodnje otpada i
napustanje prakse odlaganja na otvorene deponije [6], odrziva rjeSenja koja direktno smanjuju
masu 1 volumen imaju znacajnu prednost za buduce koriStenje na komercijalnoj razini. Iz
navedenog moze se zakljuciti da koriStenje otpadnih materijala za proizvodnju alternativnih
goriva termokemijskom postupcima moze istodobno rijesiti probleme gospodarenja otpadom,
poboljsati oporabu energije te zamijeniti potro$nju fosilnih goriva.

Biomasa je jedna od rijetkih sirovina koja se istovremeno koristi kao ugljicno-neutralno,
odrZivo gorivo te kao sirovina za proizvodnju goriva [7]. Njezina uporaba u procesu izgaranja
nadaleko je poznata te se primjenjuje stolje¢ima. S obzirom na potrebu za daljnjim

unapredenjem svojstva biogoriva, istrazivacki fokus se premjestio prema metodama vec
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spomenute termokemijske pretvorbe [8]. Unato¢ svim istrazivaCkim naporima, dobivena
eksploatacijska svojstva biogoriva ograniCena su prirodnom sirovine. Jedan od glavnih
problema predstavlja visoki sadrzaja kisika, $to rezultira niZom ogrjevnom vrijedno$¢u, ali i
vec¢om kiseloSc¢u te toplinskom nestabilno$c¢u [9]. Kako bi se prevladali ti problemi, istrazuje
se mogucnost koriStenja katalizatora ili zajedni¢ko procesuiranje sa sirovinom bogatom
vodikom u formi heterogene mjesavine [10]. Upravo je otpadna plastika potencijalna sirovina
za zajedni¢ko procesuiranje u formi mjeSavine s obzirom na udio vodika u strukturi te
istovremene probleme sa gospodarenjem otpadom [11].

Gospodarenje otpadom za plasti¢ne materijale koji su dosli do kraja Zivotnog vijeka i dalje
se uglavnom temelji na odlagaliStima otpada (49%), dok su mehanicko recikliranje (9%) i
energetska oporaba (19%) na prili¢no niskim razinama. Uz to, gotovo 23% plasti¢nog otpada
nije zbrinuto na prikladan nacin $to rezultira direktnim oneciS¢enjem tla i voda. Nadalje, pod
pojmom plastike podrazumijeva se cijeli spektar polimernih materijala proizvedenih za
razli¢ite namjene. Vise od 460 Mt svjeze sirovine koristi se na godi$njoj razini za proizvodnju
novih plasti¢nih proizvoda, Sto rezultira stvaranjem vise od 353 Mt otpada [12]. S obzirom na
razli¢ite namjene, razlikuju se i procesi proizvodnje te praksa gospodarenja otpadom. U
hijerarhiji gospodarenja otpadom koja se temelji na strategiji 4-R (eng. reduce, reuse, recycle,
recovery), recikliranje prethodi energetskoj oporabi [13]. Stoga se polimerni materijali poput
polietilen teraftalata (PET) ili polietilena visoke gusto¢e (HDPE), koji pokazuju dobar
potencijal za mehanickog recikliranja, ne bi trebali razmatrati za energetsku oporabu sve dok
ne dodu do kraja zivotnog vijeka [14]. S druge strane, polimeri koji se koriste za pakiranje
poput polietilena niske gustoce (LDPE), polipropilena (PP) ili polistirena (PS) vrlo su
zastupljeni u otpadu, a pritom imaju vrlo nizak potencijal za recikliranje. Nadalje, njihova
proizvodnja iz svjeze sirovine znacajno je jeftinija te s boljim svojstvima od proizvodnje iz
reciklata dobivenog mehanickim ili kemijskim postupcima recikliranjem. Sukladno tomu takvi
otpadni materijali predstavljaju idealnu sirovinu za zajedni¢ko procesuiranje sa biomasom
[15]. Vazno je spomenuti kako gospodarenje otpadom polimera tretiranih raznim aditivima,
poput polivinil klorida (PVC) [16], poliuretana (PU) [17] ili mijeSane plastike (MPW) [18],
zahtijevaju posebnu pozornost budu¢i da mogu proizvesti vrlo Stetne i1 otrovne spojeve tokom
toplinske dekompozicije, §to zahtjeva naknadu obradu dobivenih produkata. Iz navedenog,
takvi se materijali ¢ine prikladnijim za kemijsku oporabu ili izravno izgaranje na visokim
temperaturama.

Ko-piroliza je u posljednje vrijeme privukla znacajnu istrazivacku pozornost s obzirom da

omogucuje istodobnu proizvodnju visokokvalitetnih alternativnih goriva rjeSavajuci rastuci

IX



problem gospodarenja otpadom [19]. Dobiveni proizvodi poput pirolitickog ulja, sintetskih
plinova te pougljenjenog krutog ostatka mogu se dalje koristiti prema potrebi ovisno o
dobivenim svojstava te kemijskom sastavu. Najvrjedniji proizvod iz spomenutog procesa je
tekuca frakcija dobivena u formi pirolitickog ulja. Komparativne prednosti pirolitickih ulja u
usporedbi s plinovima ili ugljenom odnose se na zahtjeve za skladiStenja i distribuciju,
mogucnost primjene te kona¢nu trziSnu vrijednost [20]. Unato¢ tome, kemijskih sastav takvih
ulja je izuzetno kompleksan te moze sadrzavati viSe stotina razlicitih spojeva $to izravnu
upotrebu ¢ini gotovo nemogucom. Unato¢ tome, pazljivim odabirom procesnih parametara,
sirovine te metoda pred obrade moze se znacajno poboljsati homogenost proizvedenog ulja te
na taj nadin smanjiti potreba za naknadnim prodi§éavanjem [21]. StoviSe, poznavanjem
pocetnog sastava i svojstava sirovine odziv produkata iz procesa moze se predvidjeti do
odredene razine §to je izuzetno vazno za daljnju industrijalizaciju. 1z navedenog, moze se
zakljuciti da su odredene metode pred obrade neizbjezne s obzirom da mogu znac¢ajno smanjiti
potrebu za skupljim metodama naknadnog proc¢is¢avanja.

Za potrebe pirolize i ko-pirolize do sad su istrazivane razli¢ite vrste sirovina sa razli¢itim
istrazivackim ciljevima i fokusom. To ujedno predstavlja i jedan od glavnih problema u
procesu industrijalizacije zbog nedostatka dosljednosti u eksperimentalnoj analizi i
interpretaciji dobivenih rezultata. Stoga bi sljede¢i korak u razvoju procesa trebao biti
suzavanje fokusa istrazivanja na najpotencijalniju sirovinu koja moze zna¢ajno povecati prinos
te unaprijediti svojstva dobivenog ulja. Nadalje, istrazivacki napori trebaju biti usmjereni u
pronalazak optimalnog sastava mjeSavine koja moze proizvesti visoki udio ugljikovodika te
pritom eliminirati ve¢inu neZeljenih spojeva sa kisikom u svojem sastavu. Na taj nacin
dobiveno ulje postaje kompatibilno sa konvencionalnim gorivima, $to rezultirala manjim
troSkovima naknadne obrade i rafiniranja. Navedeno se moze ostvariti provodenjem niza
eksperimentalnih istrazivanja na razli¢itim vrstama sirovina. Nadalje, promatranje sinergijskog
ucinka koji se javlja tijekom interakcije razli€itih sirovina, vazno je za predvidanje prinosa
proizvoda iz procesa. Ipak razvijanje modela predvidanja za distribuciju proizvoda na temelju
pocetnih parametara i karakteristika sirovine predstavlja znacajan izazov koji zahtjeva dodatne
istrazivaCke napore. Konacno, potrebno je provesti analizu utjecaja na okoli§ za navedeni
proces kako bi se utvrdila njegova podudarnost sa zahtjevima i ciljevima odredenima
energetskom tranzicijom. Rezultati takve analize mogu procijeniti prednosti u usporedbi s
drugim metodama obrade otpada. Osim toga, takva analiza moze identificirati negativne
utjecaje procesa, koji bi se mogli zamijeniti odrzivijim rjeSenjima, poboljSavajuci izglede

primijene na §iroj razini.



CILJEVI I HIPOTEZA ISTRAZIVANJA
Ciljevi ovog istrazivackog rada su sljedeci:

Kvantificirati prinose te distribuciju proizvoda ko-pirolize otpadne biomase i1 plasticnih
materijala ispitivanjem pocetnih parametara kao Sto su konacna i1 neposredna analiza, te
istrazivanjem sinergijskog efekta koji se javlja tijekom interakcije sirovina, s ciljem
smanjenja potreba za provodenjem kontinuiranih eksperimentalnih istraZivanja.

Procijeniti prihvatljivi udio plastike u smjesi goriva istrazujuci kemijski sastav, te kineticke
1 termodinamicke parametre postupka ko-pirolize koriste¢i bez-modelske metode kako bi

se stekao bolji uvid u interakciju sirovine 1 utjecaj na kvalitetu bio-ulja.

Hipoteza istraZzivanja je da se provodenjem niza eksperimentalnih istraZivanja moZe

odrediti zadovoljavaju¢i udio biomase i plastike u mjesavini za proizvodnju visokokvalitetnih

bio-ulja, promatrajuci pocetne parametre materijala, kemijski sastav ulja te kinetiku procesa, s

ciljem skaliranja procesa pirolize na industrijsku razinu.

OCEKIVANI REZULTATI I DOPRINOS ISTRAZIVANJA

Model za poboljsano predvidanje prinosa i distribucije proizvoda iz ko-pirolize biomase i
otpadne plastike povezivanjem pocetnih parametara koristenih uzorka i kinetike procesa
kako bi se izbjegla potreba za kontinuiranim eksperimentalnim istraZivanjima.

Odredeni prihvatljivi omjeri mijeSanja biomase i otpadne plastike za proizvodnju
visokokvalitetnih bio-ulja, analizom kemijskog sastava te ispitivanjem kinetickih 1
termodinamickih parametara procesa koji ¢e smanjiti potrebu za skupim metodama
naknadnog procis¢avanja.

Kvantificiranje ugljicnog otiska te potencijal integracije postupka pirolize s obnovljivim

izvorima energije, kako bi se dobio bolji uvid u perspektivu procesa na industrijskoj razini.
METODE I POSTUPCI

Kao prvi korak u istrazivanju, napravljen je detaljan pregled literature za sva razmatrana

alternativna goriva u buduéim energetskim sustavima. Analiza je pokazala da istrazivacki

interes za podrucje znacajno raste, a posebice se to odnosi na kemijske spojeve kao Sto su

vodik, amonijak ili alkoholna goriva poput metanola ili etanola. Unato¢ tome, navedena

alternativna rjeSenja zahtijevaju razvoj novih sustava za skladiStenje, distribuciju i koriStenje
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Sto ogranicava njihovu upotrebu na komercijalnom nivou. S druge strane, tekuca goriva poput
biodizela mogu se lako skladistiti, distribuirati 1 koristiti u postoje¢im motorima s unutras$njim
izgaranjem bez znacajnih izmjena samog sustava. Medutim, eksploatacijska svojstva biogoriva
znacajno su slabija od fosilnih zbog visokog udjela kisika u strukturi $to rezultira slabijom
ogrjevnom vrijednosti te toplinskom nestabilnosti. Istodobno, problem gospodarenja otpadom
uglavnom se rjeSava nisko efikasnim spaljivanjem sa ciljem proizvodnje toplinske i elektri¢ne
energije. Pregledom literature odabrane su termokemijske metode pretvorbe otpadnih
materijala, poput pirolize 1 rasplinjavanja, kao istrazivacke metode za proizvodnju
visokokvalitetnih alternativnih goriva.

Glavni fokus istrazivackog rada bila su eksperimentalna istrazivanja provedena na
uzorcima otpadne biomase (piljevine), polistirena, polipropilena te poliuretana. Proces pirolize
proveden je na 600 °C te su ispitani prinosi produkata za individualne uzorke te njihove smjese.
U prvom dijelu provedena je ko-piroliza piljevine sastavljene od hrasta, jele i topole s otpadnim
PS-om. Udio plastike u smjesi varirao je izmedu 25 1 75%. Analiza je pokazala da se uvodenjem
plastike mogu znacajno poboljSati svojstva pirolitickog ulja u usporedbi sa produktima
individualnih uzoraka. Dodavanjem 25% PS u smjesu bilo je dovoljno za udvostrucenje prinosa
tekucine s 31 na 62%. Istovremen je ostvareno smanjenje udjela kisika u konaénim produktima
te je ostvaren rast u prinosu aromatskih ugljikovodika. Za smjesu sa 75% PS ostvaren je prinos
ulja od gotovo 84%. Medutim, analiza kemijskih spojeva u dobivenom ulju pokazuje da
kvaliteta nije nuzno poboljSana. Razlog tomu lezZi u ¢injenici da se PS razgraduje na aromatske
1 policiklicke aromatske ugljikovodike (PAH). Iako su aromatski spojevi dobrodosli u sastavu
goriva, njihov udio ogranic¢en je ispod 40% zbog problema prilikom izgaranja Sto rezultira
gustim dimom te ¢adom. Glavni zakljucak provedene analiza je da se 25% PS u smjesi s
biomasom moze smatrati prihvatljivim udjelom.

Ko-pirolize poliuretanske pjene razmatrana je zbog znaCajnih ograni¢enja njenog
postupka recikliranja. Provedena analiza pokazala je da poliuretanska pjena ima vrlo ograni¢en
potencijal za proces ko-pirolize, osobito ako je namjera proizvodnja goriva. Navedeno proizlazi
iz ¢injenice da vecina identificiranih kemijskih spojeva u dobivenom ulju sadrzi dusik, te
pripada grupi benzenamina, koji ne zadovoljavaju kriterije goriva. Takoder, PU moZe samo
donekle povecati prinos ulja s obzirom da je razlika za ispitivanje smjese bila manja od 4%.
Medutim, analiza plinske frakcije pokazala je znacajan udio vodika, §to oznacava
rasplinjavanje kao prikladniju opciju za zbrinjavanje ovakve vrste otpada.

Kako bi se prikupile dodatne informacije o samom procesu razgradnje odabranih uzoraka,

provedene su termogravimetrijska i kineticka analiza. Cilj ovih metoda bio je istraziti
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mehanizme razgradnje te pruziti bolji uvid u dinamiku i medusobnu interakciju materijala
tijekom procesa. Promatrani parametri bili su utjecaj brzine zagrijavanja te sastava mjesavine
na ispitivane termogravimetrijske i1 kineticke parametre. Analiza je pokazala da brzina
zagrijavanja ima mali utjecaj na konac¢ni udio krutog ostatka iz procesa (~3%). Takoder,
povecanjem brzine zagrijavanja pomice se temperaturni raspon u kojem se odvija razgradnja
neznatno prema visim vrijednostima. Istodobno, sastav mjesavine igra presudnu ulogu u samoj
kinetici procesa. Kao Sto se i o¢ekivalo, povecanje udjela PS i PP smanjuje konacnu masu
uzorka zbog vece hlapljivosti plasti¢nih materijala, §to omogucuje bolju pretvorbu u tekuce 1
plinovite produkte. Utjecaj sastava mjeSavine jo§ je vidljiviji iz analize aktivacijskih energija.
U slucaju biomase, aktivacijska energija (Ea) kontinuirano raste tokom procesa, dok se kod
uzoraka plastike primjecuje obrnuti trend. U slucaju mjeSavina, kada udio plastike ne prelazi
50%, Ea moze biti ¢ak i niza u usporedbi s pojedinacnim uzorcima izmedu faze isparavanja i
promjene mehanizma razgradnje. To bi moglo znaciti da interakcija sirovine u prvoj fazi
pospjesuje ili sprje¢ava razgradnju. Ogromno povecanje Ea koji uslijedi kada se mehanizam
razgradnje promijeni s biomase na plasticnu komponentu sugerira da je razgradnja bila
sprijeCena u prvoj fazi. To ujedno znaci i da je vrijeme koje oslobodeni hlapljivi spojevi
provedu u reaktoru krace Sto sugerira moguci pozitivni utjecaj na visoki prirast pirolitickog
ulja.

Na temelju zapazanja prikupljenih u ranijim fazama istrazivackog rada odabrana je
mjesavina sa 50% piljevine, 25% polistirena i 25% polipropilena. Ovi udjeli su pazljivo
odabrani kako bi se povecao prinos pirolitickog ulja te povecao sadrzaj ugljikovodika. Kao
glavno zapazanje vrijedi navesti da se sastav smjese pokazao povoljnim za visok prinos ulja s
obzirom na udio od 80%, uz 8% plinova i 12% krutog ostatka.. U usporedbi sa kemijskim
sastavom ulja iz biomase, vrijedi izdvojiti znacajno smanjenje spojeva s kisikom, posebice
fenola. U usporedbi s uljem dobivenim iz PS-a, znafajno je smanjen udio aromatskih
ugljikovodika i PAH-ova. Konacno, u usporedbi s uljem dobivenim iz PP-a, moze se uociti
znacajno smanjenje alkohola uz odrzavanje visokog udjela ciklickih 1 alifatskih ugljikovodika.
Ukupni udio ugljikovodika iznosi gotovo 70%, od ¢ega 35% cine alifatski spojevi, dok 32%
otpada na aromatske ugljikovodike. Udio aromata, to¢nije stirena, u granicama je dopustenog
za konvencionalna goriva, uz visoki udio ostalih ugljikovodika. S toga se moze zakljuciti da je
odabrani sastav smjese izuzetno povoljan za proizvodnju alternativnih tekuéih goriva.

Konaéno za predlozeni proces provedena je analiza utjecaja na okoli§. Rezultati su
pokazali da ko-piroliza moze znatno nadmasiti spaljivanje u smislu smanjenja potencijala

globalnog zatopljenja (GWP) te ekotoksi¢nosti. U usporedbi s odlaganjem otpada, piroliza je
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takoder povoljna za smanjenje ekotoksicnosti te eutrofikacijskog potencijala. Vec¢ina emisija
povezanih s GWP-om dolazi od potroSnje elektricne energije za potrebe zagrijavanje
pirolitickog reaktora te za potrebne procese sortiranja i pripreme sirovine, $to ¢ini 77% ukupnih
CO:z2 eq. emisije. Nadalje, analiza osjetljivosti pokazala je da bi se integracijom ko-pirolize s
obnovljivim izvorima energije, kao Sto je fotonapon, moglo dodatno ostavriti smanjenje
emisija u gotovo svim kategorijama, a posebice u vezi potencijala globalnog zagrijavanja.
Takoder, analiza osjetljivosti je pokazala da bi prinos proizvoda mogao znacajno utjecati na
rezultate promatranih kategorija u sluaju smanjenog prinosa pirolitickog ulja ili nedovoljne
kvalitete proizvoda. Stoga se zakljucuje da su metode prethodne obrade kao $to su suSenje i
odvajanje plastike neizbjezne. Navedeno proizlazi iz Cinjenice da se poznavanjem udjela
smjese moze barem donekle predvidjeti prinos odredenih produkata procesa, $to direktno

utjece na njegovu ekolosku, ali i ekonomsku odrzivost.
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1. INTRODUCTION

The Introduction section starts with a motivation and background analysis of the research
topic. Firstly, an extensive literature review is carried out, and the results are published as a
scientific paper (PAPER 1). Furthermore, this section is extended with the most recent findings
and progress in the field. The research objectives and hypothesis are defined based on the
literature review and identified knowledge gap. In addition, scientific contributions that the

research aimed to cover are also given.
1.1. Motivation and background analysis

The energy transition represents one of the main challenges today, with fossil fuels still
being a major energy source used in all sectors, accounting for 53% in power generation, 66%
in industry, and up to 98% in transport [ 1]. Electrification is the primary goal for most processes
if electricity is produced from renewable energy sources (RES). Nevertheless, the remaining
gap where electricity is not an option seeks novel and sustainable solutions. Various alternative
fuels, novel technologies, and processes have been investigated so far, but without successful
deployment on a broader commercial scale [2]. Figure 1 illustrates the potential outlook of

future energy systems based on renewables coupled with alternative fuels.
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Figure 1 — Potential outlook of future energy systems [2]



As can be seen, the clean production of electricity from RES presents the backbone of the
future energy system. Once produced, electricity is directly consumed where needed or can be
used to synthesise alternative fuels. Alternative fuels may vary by origin and production
process. Still, the common for all of them is that they are produced through a sustainable and
clean procedure without the additional emissions of Carbon dioxide (CO2) [22]. The primary
production pathway consists of electricity surplus utilisation to synthesise electrofuels like
hydrogen (H2), ammonia (NH3), methane (CH4), etc. This term has lately been introduced to
emphasise electricity usage in production and distinguish it from alternative fuels produced
through another synthesis route [23]. Alternative fuels can be made in a liquid, gaseous or solid
state depending on the production pathway and utilisation goals. Liquid and some gaseous fuels
are the most promising solution for the transport sector [24], while solid fuels are likely to be
used for stationary needs in power plants [25].

Another promising method to produce alternative fuels is the thermochemical conversion
of raw and waste feedstock into valuable chemical compounds that can be further used or
refined into fuels. Pyrolysis and gasification are the leading conversion processes where liquid,
gaseous and charred products are obtained with an aim for further utilisation for heat and power
production. Biomass is one of the most investigated feedstocks for conversion processes since
some biofuels are already used commercially [3]. Nevertheless, biofuels nowadays have
inferior exploitation properties compared to conventional fossil fuels, implying that their
decarbonisation effect is limited and seeks further upgrading methods. In addition, one of the
most significant advantages of pyrolysis and gasification is the ability to process various
feedstock, including waste materials of different origins [4]. This implies that they could be
successfully used not only for alternative fuel production but also as a waste management
method to deal with non-recyclable, end-of-life waste [5]. This is especially important due to
the ongoing increment of waste generation and the abandoning the practice of landfilling and
open dumping [6]. Therefore, using waste materials to produce alternative fuels can
simultaneously solve waste management issues, enhance energy recovery, and substitute fossil
fuel consumption. A detailed review of all promising alternative fuels considered for future
energy systems is given in work by Stan¢in et al. [2]. Table 1 presents the selected review
publications of the most promising alternative fuels considered nowadays, which served as a

base for research topic background analysis.



Table 1 - Selected review publications for the most promising alternative fuels [2]

Type of review Authors Content

Production of electrofuels
McDonagh et al. [26] using curtailed energy from
Electrofuels VRES
Higher penetration of VRES
Lehtveer et al. [27] might not be sufficient to
achieve cost-competitiveness

e Production, transportation,
Abdalla et al. [28] storage and application
Hydrogen challenges
Parra et al. [29] ¢ Role of hydrogen for deep
system decarbonization
Giddey et al. [30] e Sustainable synthesis and

transport application
e  Highlights of previous

Ammonia ) research regarding utilization
Valera-Medina et al. [31] of Ammonia as a viable
energy vector for power
applications
Shukla and Kumar [32] e Review on alternative biofuels
Bajwa et al. [33] . Review on solid densified
Biodiesel/Biomass biomass products
Perkins et al. [34] »  Fast pyrolysis for the
production of liquid biofuels
Widjaya et al. [35] e Biomass gasification
e  Thermal and kinetic analysis
Sher et al. [36] of six different biomass fuels
for power generation
Verhelst et al. [37] e Methanol as an IC engine fuel
Alcohol derived Svanberg et al. [38] e  Methanol for shipping
fuels Celebi and Ayday [39] e Review on light alcohol fuels
Awad et al. [40] e Alcohol and ether alternative
fuels
N labl Makarichi et al. [41] e Review on waste incineration
on-recyclable
Al-Salem et al. [42] e Pyrolysis of waste plastics
waste . .
Hassan et al. [43] e  Co-pyrolysis of biomass and

plastics

Biomass is one of the rare feedstocks simultaneously being used as a carbon-neutral,
sustainable fuel and a feedstock for fuel production [7]. Its utilisation in the combustion process
is well known and used throughout centuries, while recently, the focus has shifted toward
thermochemical conversion methods since they can significantly enhance derived biofuel
properties [8]. Nevertheless, exploitation properties of such fuels are limited due to the nature
of the feedstock and high oxygen content, which results in lower heating value, higher acidity,
and thermal instability [9]. Catalysts or co-processing with hydrogen-rich feedstock have been

introduced to overcome these problems as a potential solution to enhance derived product



quality and quantity. Waste plastics are potential hydrogen-rich feedstock that can greatly
enhance biofuel properties [11].

Waste management of plastics that have reached their end-of-life stage is still primarily
based on landfilling (49%), while mechanical recycling (9%) and energy recovery (19%) are
at low rates. In addition, almost 23% of plastic waste is mismanaged, resulting in significant
leakages and overall land and water pollution. Furthermore, the term plastics encompasses the
family of polymer materials produced for various purposes nowadays, accounting for more
than 460 Mt of virgin-grade products and generating more than 353 Mt of waste annually [12].
Since the application differs, the production process and waste management practice also
differ. In the waste management hierarchy based on 4R (reduce, reuse, recycle, recover),
recycling is preferred over energy recovery [13]. Therefore, polymers like polyethylene
terephthalate (PET) or high-density polyethylene (HDPE), which exhibit good mechanical
recycling potential, should be only considered for energy recovery once they reach the end-of-
life stage [14]. On the other hand, packaging plastics like low-density polyethylene (LDPE),
polypropylene (PP) or polystyrene (PS) are very abundant in waste streams while having
meagre recycling potential. Furthermore, their production from virgin-grade feedstock is
cheaper with better properties than production from recyclates obtained through mechanical or
chemical recycling. Therefore, such waste materials represent the ideal biomass co-processing
feedstock [15]. Finally, waste management of polymers treated with various additives in
production stages, like polyvinyl chloride (PVC) [16], polyurethanes (PU) [17] or mixed
plastics waste (MPW) [18], requires special attention since they can yield some very harmful
and toxic compounds. Due to the high requirements for after-processing methods, they seem
more suitable for chemical recovery or direct combustion at high temperatures than for thermo-
chemical conversion.

Co-pyrolysis recently gained significant research attention since it allows the simultaneous
production of high-quality alternative fuels while dealing with the rising waste management
problem [19]. Pyrolytic products like oils, gases, and char can be further utilised based on
derived properties and chemical composition. The most valuable product from such process is
the liquid fraction obtained as pyrolytic oil. The comparative advantages of pyrolytic oils
compared to gases or char are related to storage and distribution logistics, number of
applications and market value [20]. Nevertheless, the chemistry of pyrolysis oils is
exceptionally complicated since they could be composed of hundredths of species, making
direct utilisation almost impossible. Regardless, chemical analysis of pyrolysis oil from

experimental investigations shows that derived properties are of higher quality from co-



pyrolysis compared to individual pyrolysis of examined feedstock [44]. Zhang et al. [45] co-
pyrolysed pine sawdust and plastics (PE, PP, and PS) at 600 °C to maximise the yield of
aromatics and olefins. The best result is achieved in the case of a PE/sawdust mixture with a
ratio of 4:1. In this case yield of aromatics and olefins could be enhanced by 36% and 35%,
respectively. Lu et al. [46] confirmed that feedstock interaction during co-pyrolysis can greatly
reduce the oxygen content in pyrolysis oil, increasing heating value and thermal stability.
Hassan et al. [47] co-pyrolysed torrefied biomass with PS, showing that the aromatic content
of derived pyrolysis oil is greatly increased by introducing PS at the expense of oxygenated
compounds. Moreover, the study gives a potential mechanism for the formation of major
aromatic hydrocarbons. Ozsin and Piitiin [48] investigated the co-pyrolysis of biomass with
different plastics, focusing on synergistic effect and product yield. The study concludes that
the major driver for the synergistic effect is the biomass-plastic ratio in the fuel blend, while
the influence of other parameters is less pronounced. Ephraim et al. [49] analysed the
synergistic effect and product yield from pine wood co-pyrolysis with PS and PVC. The
difference in experimental and theoretical yield is observed for all investigated mixtures, but
with the opposite trends. This implies that product yield depends on the feedstock type, and
some materials, like PVC, are not favourable for high liquid yield. Kai et al. [50] co-pyrolysed
corn stalk and HDPE observed the strongest synergistic effect for small plastic content (<20%).
Liu et al. [51] performed catalytic pyrolysis over the pine sawdust, finding that the addition of
a catalyst has a limited impact on product distribution. At the same time, it might promote
secondary reactions at higher temperatures to increase the gas yield. This is only a minor
number of conducted studies in the field. Some additional interesting studies also used during
this research work can be found here [9], [52], [53].

Thermal degradation and kinetic analysis of individual biomass and plastic samples are
widely investigated in the literature, while extensive research on co-pyrolysis kinetics has
recently emerged. Biomass was in research focus for a long time since it was already used
commercially. Due to the complex structure and the presence of various extractives and
minerals, it is especially interesting to investigate the decomposition kinetics of waste biomass
like sawdust. Alam et al. [54] co-pyrolyzed the bamboo sawdust with LDPE observing that the
increment of heating rates shifts the position of the peak temperatures and broadens the range
of degradation mechanism. Luo et al. [55] investigated the decomposition mechanism of beech
sawdust to determine conversion ranges and activation energies. Analysing the changes in
activation energies, three stages of the degradation mechanism have been identified following

the change in conversion rate. Zhang et al. [56] used wood sawdust, confirming the three stages



of decomposition, with the active pyrolysis stage as the most intensified. The main biomass
structure components, cellulose and hemicellulose, are decomposed in this area. Han et al. [57]
analysed the kinetic behaviour of pine sawdust mixtures with PP, LDPE, HDPE, and PVC. The
most important observation is that plastics soften at a lower temperature but without
decomposition. Softening hinders heat and mass transfer, preventing the complete release of
volatiles and resulting in lower conversion rates for biomass fraction in the mixture.
Suriapparao et al. [58] used microwave-assisted co-pyrolysis of PP and PS with various
biomass to investigate the plastic influence on bio-oil quality. An increment of bio-oil is
noticed, but without explaining the volatiles interaction and influence on final product
distribution. Burra and Gupta [59] investigated the kinetics of pinewood with plastic wastes.
The most interesting observation is that even built of monomer units, PP requires two pseudo
components for the modelling process. Furthermore, the highest synergistic effect was
observed for a mixture with a low share of PP. Stan¢in et al. [60] investigated the kinetics and
thermodynamics parameters from the sawdust and polyurethane mixtures co-pyrolysis at
different heating rates. The results show that Friedman’s method gives the most accurate data
regarding the activation energy (Ea). In addition, interesting results are observed regarding
polyurethane decomposition, which exhibits quite similar behaviour to biomass samples rather
than plastics. This results in overlapping the decomposition areas, suggesting significant
potential for volatile interaction.

Environmental impact assessment is an essential tool in determining the associated
emissions of the proposed process. Even though biomass-related emissions can be considered
neutral in the utilisation stage, increased deforestation and land use can negatively impact the
environment. Moreover, biofuel production has environmental impacts, especially in the pre-
treatment and drying stages, which should be addressed [61]. On the other hand, waste
management of end-of-life plastics causes tremendous environmental burdens and threatens
human health. Current treatment methods rely either on incineration (42%) or landfilling
(23%), while mechanical recycling accounts just for 34% [62]. Since alternative fuel
production from co-pyrolysis requires significant energy and material input, greenhouse gases
and pollutant emissions are inevitable. Therefore, it is necessary to quantify these impacts from
the process, and life cycle assessment (LCA) is the most comprehensive tool to achieve that.
Up to now, LCA has been carried out for different types of biomass and plastic thermochemical
conversion methods. Nevertheless, comparing the results is often very difficult since different
system boundaries, functional units, or impact assessment methods are applied. Global

warming potential (GWP) expressed in kg CO: eq. is the only impact category common for all



studies, which can be used to compare the results to some extent. This is because emissions
used to calculate GWP are similar to all assessment methods and consist of CO2, CHa, nitrous
oxide (N20), and various hydrochlorofluorocarbons (HCFC) [63]. Gahane et al. [64] carried
out a review of LCA for biomass pyrolysis. In the scope of the study, different types of biomass
feedstock, energy sources, pre-treatment and utilisation methods are considered. The study
concluded that biofuel production and utilisation emissions are lower than fossil fuels, and
biofuels can be considered a sustainable alternative. Fan et al. [65] compared biofuel
production emissions from raw and waste biomass. The lowest emissions are associated when
the pyrolysis oil is produced from waste wood since it enters the system free of burdens from
harvesting and cultivation processes. Nevertheless, waste wood comes with higher collection
and transportation impacts due to the lower product density. The main observation is that
pyrolysis oil could save between 77-99% of GHG emissions if used as a fossil fuel substitute.
Vienesecu et al. [66] emphasised that emissions from the process could be three times higher
compared to conventional fuels if poor fuel quality is achieved.

Antelava et al. [67] carried out a detailed review of LCA studies related to the waste
treatment of plastics. The main problem observed for mechanical recycling is associated with
the uncertainty of product quality. Therefore, even though mechanical recycling is the preferred
option, the quality of recyclate often constrains the complete replacement of virgin material.
Jeswani et al. [15] studied the LCA of chemical recycling for mixed plastic waste (MPW).
Pyrolysis as a chemical recycling method was found to have about 50% lower GWP than
energy recovery in the form of incineration. Nevertheless, the rest of the impact categories,
such as acidification and eutrophication potential, perform worse. Some studies found that
landfilling is a better option than thermal treatment from the perspective of GWP but worse for
the rest of the impact categories [68], [69]. Mechanical recycling often shows the most neutral
environmental impacts. However, the quality of recyclate must be at least 80% of that of virgin
material to be considered as an adequate replacement [70].

Finally, a limited number of studies focus on the LCA of co-pyrolysis. In fact, only Neha
et al. [71] assessed co-pyrolysis as a waste treatment method. In their research, food waste and
LDPE were co-pyrolysed, concluding that process outperforms landfilling or open dumping
several times in terms of GWP. Due to the high moisture content of food waste (>70%), the
drying requirements are significant, accounting for almost 57% of total energy demand. The
energy required to carry out the pyrolysis process is also high and responsible for an additional

33% of total energy consumption. Biomass drying and pyrolysis are found to be the main



contributors to the environmental impacts and should be carefully observed when planning the

process.
1.2. Knowledge gap analysis

Up to now, various feedstocks have been investigated in the pyrolysis and co-pyrolysis
process with different aims and research focus. This diverse research focuses also presents one
of the major drawbacks of scaling up the process on an industrial level due to the missing
consistency in experimental analysis and results interpretation. Therefore, the next step in
process development should be narrowing the research focus on the most prominent feedstock
for high liquid yield. Moreover, research attempts should find the optimal feedstock share in a
co-pyrolysis mixture that can give high hydrocarbon content while eliminating most unwanted
compounds, making the pyrolysis oil compatible with conventional fuels. This would
immediately enhance the exploitation properties of derived oil, resulting in lower after-
treatment and refinement costs.

Experimental investigations can reveal the most promising feedstock and process
parameters for further deployment on a commercial level. Based on the results from the
individual analysis, mixture composition can be prepared in a way to promote the yield of
preferred chemical compounds found in conventional liquid fuels. Furthermore, by observing
the synergistic effect that occurs during the feedstock interaction, product yield can be
predicted to some extent. Developing a prediction model for product distribution based on
initial feedstock parameters and characteristics is the final step in the commercialisation
process. A life cycle assessment (LCA) can be deployed to understand the environmental
impact of the process. Results from such analysis can evaluate the benefits compared to other
waste treatment methods. In addition, LCA analysis can identify the negative impacts of the
process, which could be substituted by more sustainable solutions, enhancing process outlook

and chances to be deployed on a broader scale.
1.3. Objectives and hypothesis of research

The objectives of this thesis are to:
e To quantify the co-pyrolysis product yields and distribution of waste biomass and end-
of-life plastics materials by examining the parameters, such as ultimate and proximate
analysis, and by investigating the synergistic effect that occurs during the feedstock

interaction, to reduce the need for continuous experimental investigations.



To estimate the acceptable plastic content in the fuel mixture by investigating the
chemical composition, and kinetic and thermodynamic parameters of the co-pyrolysis
process using model-free analysis methods to gain enhanced insights into the feedstock

interaction and the influence on the bio-oil quality.

The research hypothesis is that by conducting the series of experimental investigations it

is possible to determine the acceptable mixing ratio of biomass-plastic fuel blends and pyrolysis

process parameters for the production of high-quality bio-oils by observing the feedstock

parameters, bio-oil chemical composition and process kinetics to improve the scalability of the

process on an industrial level.

1.4. Scientific contribution

The expected results and contribution of this research are the following:

Enhanced prediction of product yield and distribution from the co-pyrolysis of biomass
and waste plastics by establishing correlations between the feedstock parameters and
process kinetics to avoid the need for continuous experimental investigations.
Determined eligible mixing ratios of biomass and waste plastics for the production of
high-quality bio-oils by analysing the chemical composition of derived bio-oil and
examining the process kinetic and thermodynamic parameters which will reduce the
need for expensive after-treatment methods.

Carried out environmental footprint analysis and potential integration of pyrolysis
procedure with the renewable energy sources to provide a better insight on process

scalability on an industrial level.



2. MATERIALS AND METHODS

This chapter gives a detailed overview of used materials and methods. Since the
experimental investigations were carried out on three different experimental set-ups, there
might be slight differences in the pre-treatment methods or operating conditions. Nevertheless,
these differences are considered during the planning stage of experiments, and parameters are

selected to minimise or have a negligible effect on results.
2.1. Materials used in experimental investigations

Feedstock used in the scope of this dissertation was collected as waste materials. They
were selected based on the observations from the literature review with an aim to produce high
quantity and quality pyrolysis oil. Sawdust is chosen as one of the most abundant by-products
of the wood industry. In addition, forestry residues like wood shavings, chips, bark, slender
twigs, and similar also represent potential feedstock for the pyrolysis process if moisture and
ash contents are low with the high volatile matter [34]. PS, PP, and PU are selected from the
family of plastic materials for in-depth analysis and evaluation of the potential for the pyrolysis
process. PS and PP are widely used as packaging materials with limited recycling potential.
High volatile matter and hydrogen content, coupled with a meagre share of ash, moisture, and
oxygen in their structure, marks them as the ideal feedstock to enhance bio-oil properties [58].
On the other hand, PU is selected due to their structural differences compared to conventional
plastics, which makes their mechanical recycling almost impossible [72]. At the same time,
their thermal degradation mechanism is very similar to biomass feedstock, raising research

interest in their potential co-processing to produce alternative fuels.
2.1.1. Sample preparation

Before subjecting to experimental investigations, samples were shredded, sieved, and
dried. Particle sizes were <0.125 mm for SD and <0.45 mm for plastics obtained through
sieving to ensure satisfactory mixture homogeneity. Drying was carried out in a vacuum oven
at 70 °C for at least three hours to remove moisture. Samples were prepared for individual
investigation, but also in the form of biomass-plastic mixtures with varying plastic content of
25%, 50%, and 75%. For the final assessment, and based on previous findings, a blend with
50% SD, 25% PS and 25% PP is prepared. These shares are considered the most promising for
the high yield of pyrolysis oil with dominant hydrocarbon content.

10



Analysis was performed according to the standard procedure to determine the elemental
composition of the samples [73]. Elemental (ultimate) and proximate analyses were carried out
whenever new feedstock was used in experimental investigations. The ultimate analysis was
carried out for raw samples and the charred residue collected from 600 °C. Proximate analysis
was carried out on 1+0.010 g of samples to determine the share of volatile matter (VM) [74],
moisture [75], and ash content [76]. Additionally, fixed carbon (FC) was calculated by the

difference.
2.2. Equipment and methods used in experimental investigations

The pyrolysis experiments were carried out in two types of reactors. In both cases, the
samples were heated from room temperature to 600 °C at a heating rate of 10 °C/min. Samples
masses and carrier gas flow rate were determined by reactor geometry. Moreover, since non-
condensable volatiles are the products of greatest interest, the carrier gas flow rate was selected
to be sufficient in removing volatiles from the reaction zone, preventing secondary crackings

and yield of gases.
2.2.1. Fixed bed reactor

This set-up design consists of a stainless-steel fixed bed reactor with a condensation flask
to collect condensable volatiles and directly integrated with a gas chromatograph to analyse the
non-condensable gases. The temperature was controlled by a PID controller with K-type
thermocouples to measure and control the temperature inside the reactor. Nitrogen was used as
a carrier gas with an 80 ml/min flow rate. The schematic view of the experimental setup is
given in Figure 2, while detailed explanations are presented in work by Hlavsova et al. [77].
The initial sample masses were approximately 2 g. The solid yield was calculated by weighing
masses before and after experiments. The yield of the gaseous fraction was calculated at N2
free-vol.% basis, and it is based on the obtained volume fractions from gas chromatography
(GC) and individual gas densities. Condensable gases are purged from the reactor and cooled
down using a condensation flask filled with ice. The yield of pyrolysis oil is calculated by the
difference between initial mass and solid and gas yield. Obtained oil is further diluted with
dichloromethane and stored in a freezer before being subjected to gas chromatography-mass
spectrometry (GC/MS) analysis to identify chemical composition. Analysis was done by
injecting 1 pl of sample in a split ratio 1:10 into chromatograph Agilent 7890 A equipped with

an HP 5ms column (60 m x 0.25 mm x 0.25 pum). The injector temperature was set at 250 °C,
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with helium as carrier gas with a constant 1 ml/min flow. The organic compounds were
separated using the following programme: 48 °C with a retention time of 2.5 min, followed by
heating up to 280 °C at 5 °C/min with a retention time of 0.5 min. The mass spectrometric
analysis was performed in the range m/z= 35-650. The compounds identification is carried out

using internal standards and library and comparison with literature.
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Figure 2 - Schematic view of the used fixed-bed reactor [78]

2.2.2. Infrared furnace

An infrared furnace with a glass tube was used for the experimental investigations of
individual SD, PS, and PP samples and their blend with 50% SD, 25% PS, and 25% PP. This
experimental setup was used to produce liquid and char fractions, while a separate micro-GC
unit was used to analyse the evolution of gases. Figure 3 presents the schematic view of the
experimental set-up, while detailed explanations are given in Strezov et al. [79].

In addition to 600 °C, pyrolysis oils were also collected at 500 °C to investigate the
temperature influence on oil quality. Nitrogen was used as a carrier gas at a 10 ml/min flow
rate. Initial sample masses varied due to their densities being 825, 950, 1250 and 1400 mg for
SD, mixture, PP and PS, respectively. The liquid fraction was collected at the end of the tube,
diluted with dichloromethane and stored in the freezer before being subjected to gas
chromatography-mass spectrometry (GC/MS) to determine chemical composition. The liquid
yield was calculated by the difference between initial mass and solid and gas yields. Before
GC/MS analysis, pyrolysis oils were dehydrated with sodium sulfite (anhydrous) to remove
moisture content and filtrated using washed silica gel to remove impurities. To remove organic
compounds, silica gel was previously baked at 450 °C between 24-48h.

Spectral analysis was carried out by Agilent Technologies 5977A MSD with an integrated
7890B GC system equipped with an HP 5 ms column (30 m x 250 pm x 0.25 pm). The samples

were injected at 300 °C in splitless mode with helium as carrier gas at a constant 1 ml/min flow
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rate. The organic compounds were separated by the oven programme starting at 40 °C with a
retention time of 2 min, heating at 4 °C/min to 300 °C and holding up time of 45 min. The
transfer line temperature was set at 300 °C, with quadrupole and ion-source temperatures of
150 and 250 °C, respectively. The organic compounds were identified and quantified by
internal standards of the Agilent Qualitative software database and through comparison with
literature.

The gas characterisation was conducted using Agilent Technologies 490 micro-GC.
Column 1 consisted of 5 m PBQ + 10m MS5A, while column 2 was 10 m PPU. Samples with
100 mg mass were pyrolysed from room temperature to 1000 °C at a heating rate of 10 °C/min.
Helium was used as a carrier gas with a 50 ml/min flow. Before entering the chromatograph,
gases were cooled in an ice bath to ensure that only non-condensable gases passed through.

The gas yield was calculated on a He-free basis.

ceramic insulators /"~~~

Figure 3 - Illustration of infrared furnace used for three-component mixture analysis [79]

2.2.3. Solid residue characterisation

Fourier Transform Infrared Spectroscopy (FTIR) was performed for the raw samples and
charred residue collected at 600 and 1000 °C. Samples were investigated individually and in
the form of mixtures. Nicolet 6700 FT-IR was used to determine the spectral compositions
from 4000 to 500 cm™! wavenumber. The results were compared with the internal software

spectra database (OMNIC Spectra) and related literature.
2.3. Thermogravimetric and Kinetic analysis

This section presents the methods used for thermogravimetric and kinetic analysis. In
general, thermogravimetric analysis (TGA) is carried out first to determine the sample's
decomposition mechanism. In this work, TGA is carried out for all investigated samples and
their mixtures. Values obtained from TGA analysis are further used for the kinetic and

thermodynamic study. However, kinetic and thermodynamic parameters are assessed for all
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individual samples and only two-component sawdust-plastic mixtures. The three-component

mixture, selected as the most promising one, is subjected to thermal analysis.
2.3.1. Thermogravimetric and thermal analysis

Thermogravimetric analyses (TGA) of the individual and final proposed mixture were
carried out on Mettler Toledo TGA/DSC 1 STARe system instrument. Samples with an initial
mass of about 11 mg were heated from room temperature to 1000 °C at a heating rate of 10
°C/min under an inert atmosphere. Nitrogen was used as carrier gas with a 20 ml/min flow.
Results were used to determine the sample decomposition mechanism and final masses of solid
residue.

Thermal analysis was carried out in an infrared furnace by heating the samples from room
temperature to 1000 °C at a constant heating rate of 10 °C/min. Samples masses were 1 g +
0.15 g. Nitrogen was used to ensure an inert atmosphere with a 5 ml/min flow rate. The
experimental setup and calculation methods are described in the work by Strezov et al. [79].
Besides determining the nature of reactions, results were also used to determine the final
temperature for pyrolysis, considering the temperature lag between the samples' surface and

centre.
2.3.2. Kinetic and thermodynamic analysis

The prepared samples are conducted to the Simultaneous Thermal Analysis (STA), which
provides data for TGA and DTA simultaneously on the same sample. The NETZSCH STA 445
F5 Jupiter system was used for STA measurements under the following conditions:

e sample mass: 10 + 0.5 mg.

e temperature range: from room temperature to 800 °C.

e heating rates: f =5, 10 and 20 °C/min.

e the carrier gas: pure argon with a total gas flow rate of 70 mL/min.

The first step in the kinetic analysis is a calculation of activation energies (Ea). Model-free
methods are used to calculate activation energies due to the heterogeneity of the mixtures,
which may result in the misidentification of the appropriate kinetic model. Besides, model-free
methods allow the analysis of activation energy as a function of conversion rate, giving better
insight into process dynamics. This is especially important in the case of multi-component

mixtures where shifts in decomposition mechanism are inevitable. Four model-free
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isoconversional methods are used in the scope of this work: Friedman (Eq. 1), Kissinger-

Akahira-Sonuse (Eq. 2), Ozawa-Flynn-Wall (Eq. 3), and Starink (Eq. 4).

da Ea

ae, _ _La Eq. 1
In(8 ) = In[Af (@)] — = q
B [ AR 1 Ea -
NG =@l T RT e
_[0.0048*AEa] o5z Ea s
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In(555) = s — 10008 Eq. 4

In the equations mentioned above, a represents the degree of conversion, f is the heating
rate, T is the temperature 4, Eq, and R are the pre-exponential coefficient, the activation energy,
and the universal gas constant, respectively. Thermodynamic parameters, including the pre-

exponential factor, are calculated using the following equations 5-8:

B * Ea*exp ( Ea )
e Pre-exponential factor (4) A = R * Ty Eq. 5
R T2
e Changes of enthalpy (4H) AH = Ea — RT, Eq. 6
, AH — AG
e Changes in entropy (45S) AS = T Eq. 7
m
e Changes of free Gibbs AG = Eq+R+T. * ln(KB * Tm) Eq. 8
energy (4G) B m hx*A 4

Where Kp represents the Boltzmann constant (1.381x10%* J/K), & Plank constant
(6.626x103* Js), T DTG peak temperature, and T, the temperature at the degree of conversion
a [80].

2.4. Evaluation of the synergistic effect

This section describes the methodology used to evaluate the synergistic effect that occurs
during the feedstock interaction, which can be crucial for product yield and distribution. In
addition, a brief overview of materials and methods used to develop a methodology for

predicting product yield is given.

15



2.4.1. Synergistic effect analysis

The synergistic effect is the main driver for product distribution from the co-pyrolysis of
biomass and waste plastics [81]. To determine the level of synergy, experimental results are
compared to the theoretical values. Theoretical values (Y cal) are calculated using the following
Eq. 9:

Y ca=WsDY sD+Wplast Y Plast Eq. 9

Where Wspyrlast stands for proportions of each component in investigated mixtures, and
Y sp/piast presents the values obtained from the individual pyrolysis [82]. The existence and level
of synergy are determined by the difference between experimentally obtained values and
calculated ones using Eq. 10. According to [43], it can be stated that synergy exists when the
difference between the experimental and calculated values is positive.

AY:Yexp-Yca] Eq 10

2.4.2. Methodology for prediction model development

Materials and methods used to develop a methodology for predicting product yield are
mostly taken from the available literature and coupled with the observations from conducted
experimental investigations. The main limitation observed while analysing literature is related
to the reliability and repeatability of presented results. Different process conditions, feedstock
types and investigation objectives make the comparison and, consequently, usage of derived
results very complicated. Furthermore, most of the consulted studies only present part of the
required input data. Comprehensive analyses that would examine initial feedstock properties
and their relation to final product yield and distribution are often missing. Consequently, this
results in a limited database and developed prediction models are only accurate in some narrow
range of process conditions. The most significant progress in modelling and predicting the
product yield is achieved in the field of biomass gasification [83].

On the other hand, modelling the thermochemical conversion of two different types of
feedstocks is still in the emerging phase. Developed models for homogenous feedstock are not
applicable in this case since they completely ignore the other constituent in the mixture. Even
more, such models do not consider feedstock and volatile interaction during the process, which
implies that the synergistic effect is completely neglected. Since the synergistic effect is one of
the main drivers for the product yield from the thermal degradation of multi-component

mixtures, its inclusion in the modelling process is inevitable.
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2.5. Life cycle assessment (LCA)

The LCA is used to assess the environmental impacts of the proposed procedure. The
system boundaries are set from feedstock collection in the form of waste materials to the
production of pyrolysis oil as the final step. This implies that oil refining and upgrading are not
considered, and no credits or burdens are assessed for oil utilisation. As the main product,
pyrolysis oil is evaluated with all environmental impacts, while credits are received for
producing by-products that can substitute fossil fuels elsewhere. Synthetic gas (syngas) is used
internally to provide heat, while char is sent to the market as a coal substitute. The functional
unit used for impact assessment is 1 t of the pyrolysis oil produced. The model of the proposed
system is given in Figure 4. As shown, co-pyrolysis is preceded by several processes related to
feedstock transport and pre-treatment. Input waste flows are free of production or cultivation
burdens, but there are environmental impacts derived from their collection. Biomass,
preferably in waste forms like sawdust or shavings, is collected and transported from the
sawmill or source of origin to a hypothetical co-pyrolysis plant, where it is dried and shredded
to a particle size below 2 mm. The plastic stream starts with waste collection in the form of
mixed plastic waste transported to the separation plant. MPW is further separated on monomer
fractions where non-recyclable components are diverted from landfilling or incineration to a
pyrolysis plant. Before mixing with sawdust, plastic is shredded to the same particle size to
ensure the homogeneity of the mixture. The prepared mixture is then introduced to the pyrolysis
reactor and heated to 600 °C under an inert atmosphere, where liquid, gaseous and solid charred

products are obtained.
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{ Fossil fuel substitutes
Gasoline/Diesel Air Electricity

Figure 4 - Proposed system model for LCA analysis
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The ecoinvent 3.8 database [84] is used as inventory data, while additional literature is
consulted for further information about specific consumptions and flows for processes inside
the system. Impact assessment is carried out in OpenLCA 1.11. [85] using the ReCiPe Midpoint
2016 (H) method. As a functional unit, the 1 t of pyrolysis oil is assessed using the
consequential approach. This implies that the environmental impacts present the comparison
between pyrolysis and incineration or landfilling from the perspective of waste materials
utilisation. Altogether 18 impact categories are assessed, of which nine are widely discussed.
The rest of the impact categories are briefly mentioned since their impact is primarily neutral.
The global warming potential (GWP) expressed in kg CO2 eq. is used to compare the results
with similar studies. The rest of discussed categories include human carcinogenic toxicity
(HTC), human non-carcinogenic toxicity (HTNC), freshwater ecotoxicity (FET), marine
ecotoxicity (MET), terrestrial ecotoxicity (TET), all expressed in kg 1,4-DCB. Additionally,
fossil resource scarcity (FRS) in kg oil eq., acidification potential (AP) in SO2 eq., and fine

particulate matter formation expressed in kg PM2.s eq. are briefly discussed.
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3. SELECTED RESULTS

In this chapter, selected results from research work are presented. Figures and tables are
directly taken from published papers and appropriately referenced where necessary. The most
important observations are briefly discussed here, while extensive analysis can be found in
published papers (PAPER 1-4). Additional results regarding the experimental investigation and

environmental assessment that have not yet been published are discussed more detailly.
3.1. Elemental and proximate analysis of considered feedstock

Elemental and proximate analysis was the first step in evaluating the feedstock suitability
for the considered process. From the elemental perspective, it is of special interest to observe
the share of carbon (C) and hydrogen (H), while volatile matter (VM) and ash content are
crucial proximate parameters. The results from the samples used in this research are
summarised in Table 2. The sulphur is only detected in traces (0.1%) for SD, PS, and PP, and
its therefore not included in the table to maintain better visibility. Since the experimental
investigations were conducted on the same type of feedstock but taken from different sources,
ultimate and proximate analyses were conducted twice. To emphasise the difference,

numeration is introduced.

Table 2 - Results from ultimate and proximate analysis

C H 0] N VM FC Ash Moisture
Sample Y
(1]
SD 47.3 6.0 44 .8 2.5 73.0 18.3 1.3 7.4
PS 89.6 8.2 0.9 98.4 0.2 1.3
PUR 63.9 6.5 17.0 6.7 82.0 9.5 5.8 2.7
PP 85.5 12.4 1.9 0.1 98.7 1.0 0.3
SD 2 46.2 6.4 47.4 87.9 2.2 0.6 9.3
PS 2 90.9 7.8 1.3 99.6 0.1 0.3
PP 2 81.9 14.6 3.5 96.3 0.7 2.5 0.6
Mix 62.9 8.6 28.5 93.9 0.2 1.1 4.8

From Table 2, it is interesting to observe that the results from elemental analysis of SD
samples are very similar even though the type of biomass differentiates. A mixture of oak, fir
and beech was used for the SD sample, while SD 2 consisted only of pine radiata. Yet, this
difference is obvious in the case of VM and moisture content. SD_2 sample has almost a 10%

higher share of VM and almost twice higher share of moisture. This suggests that SD 2 could
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be very favourable for liquid yield. The share of ash is 1.3% in the case of SD composed of
different types of biomass, while homogenous SD_2 has only 0.6%.

Polystyrene is known for its high C and H content, extreme volatility (>98%) and low
share of ash (1-2%). Similarly, high hydrocarbon content is founded in polypropylene
materials. The difference compared to PS is in the share of hydrogen, which is often above
10% for PP, while slightly lower values are observed in the case of PS.

Polyurethane exhibits the values between these found for sawdust or PS/PP samples. The
share of carbon is significantly higher than in SD yet pronouncedly lower than in PS or PP. A
notable share of nitrogen is also observed (6.7%) as a consequence of the synthesis process and
usage of flame retardants due to the application requirements [86]. Besides, the 17% of oxygen
content was calculated by the difference, emphasising the structural difference to conventional
polymers.

Finally, the mixture (Mix) comprising 50% SD_2, 25% PS, and 25% PP was analysed.
The share of carbon was in the range between those found for individual samples (63%), while
the share of hydrogen (8.6%) was higher compared to individual SD 2 and PS 2 but still
comparably lower to PP_2. Besides, almost 29% of oxygen is calculated by the difference.
Even more interesting is to analyse the results from the proximate analysis. The mixture was
found to be highly volatile, with VM accounting for almost 94%. This is a very encouraging
observation that suggests a high liquid yield might be obtained. In addition, only 1.1% of ash
content implies that most of the sample will decompose to volatiles that will either condense

to pyrolysis oil or will be collected as non-condensable gases.
3.2. Selected results from co-pyrolysis of waste materials

The pyrolysis of individual samples and co-pyrolysis of two-component biomass-plastic
mixtures was the first step in the research work. This section presents the observations
regarding the product yield, chemical composition of obtained pyrolysis oil, and their further
utilisation possibilities. In addition, a brief discussion is given regarding the potential

application of obtained by-products.
3.2.1. Co-pyrolysis of two-component biomass-plastic mixtures

Preliminary co-pyrolysis experiments have been conducted on two types of biomass-
plastic mixtures. Firstly, PS has been co-pyrolysed in mixture blends with SD, with varying

content between 25 and 75%. As can be seen in Figure 5, the liquid yield from individual
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samples greatly differs. Almost 50% of derived products from SD pyrolysis are non-
condensable gases, while liquid (bio-oil) yield is only 31.5%, with 20.5% solid residue. On the
other hand, the liquid yield from PS pyrolysis is remarkably 96%, with only 3.1% of solid
residue and an almost negligible share of gases (<1%). Based on results from the individual
analysis, it was assumed that PS could greatly enhance the oil yield if co-pyrolysed with
sawdust. Only a small introduction of PS (25%) to the mixture doubled the liquid yield (62.3%)
compared to individual SD pyrolysis. Further increment of PS increases the liquid yield to 73
and 84% for mixtures with 50 and 75% of PS. The increased liquid yield was exclusively at
the expense of gaseous fraction. The yield of gases from the mixture dramatically decreases
with the introduction of PS, accounting for only 17% of the mixture with 25% PS. Further
increment of plastic content decreases the share of gases to 11 and 6%. PS have a very small
share of solid residue; therefore, most of the residue from mixture pyrolysis is due to the SD
component. Consequently, as the share of PS in the mixture increase, the share of solid residue
decreases. The observed solid residue is 20.7% for the SD-dominant blend, which is halved to
only 10% for the blend where PS is a major constituent. Observations from product yield
analysis suggested that PS is a very promising feedstock for co-pyrolysis, and only a slight
introduction of it to the mixture can greatly enhance the liquid yield. The chemical
characterisation of derived pyrolysis oil is done to determine the acceptable share of PS in a

mixture blend that can be used for the production of alternative fuels.

PS
PS/SD 75-25
PS/SD 50-50

PS/SD25-75

SD

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Liquid (% wt) Gas (% wt)  ®Solid (% wt)
Figure 5 - Product yield from SD-PS co-pyrolysis [78]

The detailed characterisation and discussion of identified chemical compounds are
presented and published in PAPER 2. SD-derived oil or bio-oil expresses very heterogenous

structures with different organic species, of which most are present in traces. In total, 43
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compounds are present with a share higher than 1%, and they represent 80% of the bio-oil
composition. Most of the compounds have attached oxygen atoms in their structure and belong
to the family of phenols, ketones, aldehydes, acids, alcohols or sugars. The hydrocarbon
content of bio-oil is poorly 13%, with styrene, toluene and 2-phenyl tetralin as the most
significant identified compounds. On the other hand, the PS-derived oil has a more
homogenous structure, where the nine most prominent compounds account for 82% of the total
yield. The following compounds are found with the highest share: styrene, a-methylstyrene,
1,3,5-triphenyl cyclohexane, and 2-phenyl tetralin. They are all hydrocarbons, and most of
them belong to the aromatic group with a benzene-attached ring.

Similarly to the product yield, the small introduction of PS to a mixture blend (25%)
greatly changed the yield of identified compounds in the oil. The most important outcome of
feedstock interaction is almost complete removal of oxygenated compounds. Phenols are only
visible representative of SD found in mixture-derived oils, and their share decreases from 3 to
only 1% with the increment of plastic content. Even more, the identified compounds in derived
oils mostly belong to the family of aromatic hydrocarbons, containing benzene rings inside
their structure. Since the share of aromatics is limited to 40% in conventional fuels [87], it is
clear that the share of PS should also be limited in mixture blends. Besides, the increment of
PS content promotes the formation and yield of PAHs, which represent a threat to human
health. Finally, the conducted investigation showed that utilisation of PS in co-pyrolysis
mixtures greatly enhances the quality of obtained pyrolysis oil compared to bio-oil from
individual sawdust. Nevertheless, due to the nature of derived chemical species, its share in
mixture blend should be limited to some extent. The identified chemical compounds from
mixtures co-pyrolysis are given in Table 3.

Table 3 - Selected compounds from SD-PS co-pyrolysis [78]

. PS/SD 25-75%  PS/SD 50-50%  PS/SD 75-25%
Chemical compound

Share [%] Share [%] Share [%]
a-Methylstyrene 4.82 7.69 8.33
1,2-Diphenylcyclopropane 2.24 3.23 4.04
Benzene, 1,1'-(1,3-propanediyl) bis- 3.65 6.46 7.98
benzene, 1,1',1"—[5.—meth.yl—1—pentene— 5.10 0.90 0.61
1,3,5-triyl] tris-
Cyclohexane, 1,3,5-triphenyl- 19.97 8.99 11.70
Cyclopentane, methyl- 3.44 1.18 0.73
Ethylbenzene 7.25 11.28 8.76
Naphthalene, 1,2,3,4-tetrahydro-2-phenyl- 5.95 7.32 8.73
Styrene 27.38 23.40 15.21
Toluene 1.12 5.70 8.15
Sum of selected compounds 80.91 76.15 74.25
Compounds with share below 0.5% 19.09 23.85 25.75
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Figure 6 presents the product distribution from the co-pyrolysis of SD with rigid
polyurethane foam (PUR). Chemical structure and composition are greatly different in the case
of PUR compared to the rest of the plastics (Table 2). Consequently, the product distribution
from thermal degradation pronouncedly differs as well. The liquid is the most abundant
fraction, with almost doubled values (61.2%) compared to bio-oil (31.4%). Nevertheless, this
is still much lower compared to PS. Besides, the share of solid residue (22.1%) and a gaseous
fraction (16.7%) 1s significant, implying that the production of liquid fuels from such feedstock
has serious constraints. This is even more evident when the analysis is extended to the product
yield from PUR-containing mixtures. Introducing the PUR to the mixture blend increased the
liquid yield to 48.4% at the expense of non-condensable gases, whose share is halved (24.2%).
The share of solid residue is also increased to 27.4%, which is higher compared to individual
analysis of both samples. Nevertheless, further increment of PUR content has an almost
negligible effect on product distribution. As can be seen from Figure 6, mixtures with 50 and
75% of PUR have similar product distribution compared to the mixture with only 25% of PUR
content. This suggests that PUR can somewhat enhance liquid yield, but a high share of gases

and solid residue is inevitable due to the building blocks.
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Figure 6 - Product yield from SD-PUR co-pyrolysis [88]

Even more, the chemical characterisation of liquids suggests minimal utilisation
possibilities of such oil for fuel purposes (Figure 7). Altogether, 94 chemical species are

identified in PUR-derived oil, while eight of them are responsible for 75% of the total liquid
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yield. Benzenamines are the major organic group found in PUR-derived oil, responsible for
72% of identified compounds. Additionally, the share of aromatic hydrocarbons is 8%, while
phenols and alcohols account for 6% each. Benzenamines are valuable chemicals that can be
used to synthesise new chemicals, but their utilisation as an alternative fuel is not compatible
with the existing standards for conventional fuels. Hence, the analysis of the mixture’s oils is
crucial to confirm above mentioned statement. The share of benzenamines varies between 42
and 75% for mixtures with 25 and 75% of PUR content, respectively. Phenols are the second
most abundant organic groups, also found in oils from individual samples. Their share is
reduced with the increment of plastic content, but it is not completely removed since they are
structural compounds of the PUR building block. Similarly, alcohols are detected in all derived
oils, and their share is more-less stable and independent from the PUR content in the mixture.
Since benzenamines have a nitrogen atom in their structure, while phenols and alcohols contain
oxygen atoms, it can be stated that PUR is not an appropriate feedstock for liquid fuel
production. The presence of nitrogen in the fuel can cause the formation of NOx emissions,

while oxygenated compounds reduce heating value and cause thermal instability. Detailed

PUR
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chemical characterisation and discussion are given in PAPER 3.
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Figure 7 - Identified organic groups in derived pyrolysis oil from SD-PUR co-pyrolysis [88]
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3.2.2. Co-pyrolysis of a three-component biomass-plastic mixture

Based on the observations from previous experimental results and the literature, a three-
component mixture is selected to be utilised in co-pyrolysis with the aim to maximise high-
quality liquid yield. The proposed composition consisted of 50% pine sawdust, 25% PS and
25% PP. Sawdust is the principal constituent of a mixture blend that gives carbon neutrality to
produced oil. PS is selected to maximise the liquid yield and give aromatic content, while PP
is chosen to increase the share of aliphatic hydrocarbons in derived oil. The product yield for
individual samples and their mixture is given in Figure 8. Individually, the liquid yields are 98,
76, and 50% for PS, PP and pine SD, respectively. As expected, a high liquid yield is also
achieved in the case of the mixtures, with almost 81%. In addition, approximately 7% of gases
are collected, and solid residue at the end of the process is about 12%. The observed distribution
of pyrolysis products suggests that the proposed mixture could be very favourable for
producing alternative liquid fuels. Nevertheless, to confirm this statement, it is necessary to

carry out chemical characterisation.
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Figure 8 - Product yield from SD-PS-PP co-pyrolysis

Analysis of the mixture’s pyrolysis oil showed that hydrocarbon content is almost 70%.
Aromatics account for 32.1%, while cyclic and linear hydrocarbons share is 30.3 and 4.6%,
respectively. The remaining 2.6% of hydrocarbons are PAHs. The identified organic groups in
derived pyrolysis oils from all investigated samples are presented in Table 4. As can be seen,
the achieved hydrocarbon content and division on aromatics and aliphatics are in line with
conventional fuel standards. The most significant compounds identified in pyrolysis oil are

styrene (20%), l-propene, 3-(2-cyclopentenyl)-2-methyl-1,1-diphenyl (14.6%), and 2-
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Isopropyl-5-methyl-1-heptanol (7.1%). In addition, it should be emphasised that mixture
composition reduced the yield of 2-phenyl tetralin to only 2.2%, which is a significant
reduction compared to individual PS pyrolysis. Even more, such low yield is a great outcome
of the co-pyrolysis and feedstock interaction since 2-phenyl tetralin is quite often found in
derived pyrolysis oil of different feedstock types. Compounds with the most significant yield
from the co-pyrolysis mixture are presented in Table 5. As can be seen, the oil composition
also depends on the final temperature. With the temperature increment, compounds with higher
C-number tend to decrease in share. Nevertheless, their secondary cracking reduces oil

homogeneity since more compounds with lower C-number are produced.

Table 4 - Identified organic groups in pyrolysis oil from proposed mixture

Mix PS PP SD

Temperature [°C
P "l 500 600 500 600 500 600 500 600

Aromatic hydrocarbons 38.0% 32.1% 72.0%  74.6%
Cyclic hydrocarbons 284% 303%  0.2% 0.4%  36.8% 344%  3.0% 3.5%

Sulfoxides 1.7% 0.3% 1.1% 3.5%
Alcohols 10.8%  12.4% 383% 354% 9.1% 1.6%
Linear hydrocarbons 5.1% 4.6% 1.4% 4.8% 10.8% 11.3%
Ester/Acid 0.7% 3.6% 1.8% 1.4%
PAHs 3.6% 2.6%  20.5% 18.0% 2.3%
Other oxygenated 14%  1.4% 52%  64%  54%  0.3%
compounds
No-containing 0.9%  0.7% 33.5%  2.5%
compounds
Silanes 1.2% 0.8%
Polysaccharides 1.4%
Phenols 324%  71.8%
Ketones 5.4% 3.7%
Furans 0.6% 0.1%

The potential drawback of oil utilisation might be in a relatively higher share of alcohols
(12.4%) and acids (3.6%). The complete reduction of alcohols is complex since they are often
used as additives in plastic production. For illustration, alcohols were the second most abundant
organic group from PP pyrolysis, accounting for 35% of the oil composition. On the other hand,
the yield of acids is often promoted when the feedstock is not cleaned from organic impurities
before being introduced to the reactor. The catalytic co-pyrolysis might be beneficial for the
complete removal of oxygenated compounds, even though to which extent remains
questionable. Finally, it can be stated that the chemical characterisation of oil composition

confirms the significant potential for liquid fuel production from the proposed mixture.
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Table 5 - Most prominent compounds identified in mix-derived oil

Share [%]

Compound Formula 500 °C 600 °C

Styrene CsHs 29.2% 20.2%

1-propene, 3-(2-cyclopentenyl)-2-methyl-1,1-diphenyl CaiH2 19.3% 14.6%
2-Isopropyl-5-methyl-1-heptanol Ci1H20 6.6% 7.1%
1R,2¢,3t,4t-Tetramethyl-cyclohexane CioHzo 4.1% 5.8%
Benzene, 1,3-dimethyl- CsHio 2.8% 3.6%
Benzene, 1,1'-(1,3-propanediyl)bis- CisHis 2.5% 3.5%
.alpha.-Methylstyrene CoHio 2.1% 2.6%
1-Decanol, 2-hexyl- Ci6H340 1.7% 2.4%
Cyclohexane, 1,2,3,5-tetraisopropyl- CisHss 2.4%
Naphthalene, 1,2,3,4-tetrahydro-2-phenyl- CisHis 3.6% 2.2%
Carbonic acid, eicosyl vinyl ester CxHu03 2.0%
3-Heptene, 2,6-dimethyl- CoHis 1.8% 1.7%
1,7-Dimethyl-4-(1-methylethyl)cyclodecane CisHszo 1.7%
Cyclohexane, 1,2,3.,4,5,6-hexaethyl- CisHse 2.0% 1.2%

3.2.3. Process by-products analysis

Gas yield from the individual samples varies significantly in terms of cumulative
volumetric yields and composition. Gases started to evolve slightly below 500 °C, with the
maximum amount noted at 1000 °C. The highest yield of 974 ml/g is observed for SD at 1000
°C (Figure 9). If the co-pyrolysis temperature is 600 °C, the gas yield would be around 450
ml/g. PP also yields a significant amount of gases, which is also observed in the literature [89].
At 600 °C, 183 ml/g of gases is collected, further increasing to almost 500 ml/g at 1000 °C. The
high gas yield from these two samples shows that most volatiles are converted to non-
condensable gases, which might comprise liquid yield. On the other hand, the gas yield from
PS is almost negligible. At 600 °C, gases account for less than 10 ml/g, while at 1000 °C, only
27 ml/g is collected. Consequently, this shows that pyrolysis can convert volatiles from PS to
valuable liquids, as preferred. Even though SD and PP compose 75% of the mix, the gas yield
of the mixture is several times lower than their individual analyses. At 600 °C, only 47 ml/g of
gases are evolved, which is further increased to 135 ml/g at 1000 °C. This implies that feedstock
interaction and the introduction of PS greatly influence volatile conversion and favour liquid

yield at the expense of gases.
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Figure 9 - Cumulative gas yield

The gas composition differs among the investigated samples. At 600 °C, the pyrolysis gas
from sawdust is composed mainly of carbon monoxide (CO) and carbon dioxide (COz),
combined accounting for 83% of volume share (Figure 10a). The rest is comprised of methane
(13%), hydrogen (2%), and higher hydrocarbons (2%). With the further temperature increment,
the share of CO and CO: declines while the percentage of hydrogen notably increases. At the
final temperature of 1000 °C, gas is composed of CO (31%), CO2 (25%), and CH4 (13%), while
hydrogen accounts for almost 30%. Ethane and ethylene are present with a nearly negligible
2% combined.

A significantly different composition is observed for PP (Figure 10b). At 600 °C, a
representative amount of gases is collected, composed of light hydrocarbons (89%). The
combined yield of CO and CO:z is almost negligible throughout the process, ranging between
an initial 6% and 13% at the final temperature. At the final temperature, a significant share of
light hydrocarbons is converted to methane (32%) and hydrogen (24%). Nevertheless, the
percentage of hydrocarbons is still respective, with 17% noted for ethane and 14% for ethylene.

Since PS generally yields a small amount of gases, its composition is not of great interest.
At 600 °C, the gas yield is below 10 ml/g, with hydrogen (32%) and methane (24%) as the
main constituents (Figure 10c). With further temperature increments, the share of hydrogen is
significantly increasing at the expense of light hydrocarbon gases. At a final temperature of
1000 °C, it accounts for almost 70% of the total gas yield. For quantitative comparison, at 1000
°C, hydrogen yield is approximately at the same levels as in the case of SD at 600 °C.
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Finally, the composition of the gases from mixtures expresses similar trends to individual
SD sample (Figure 10d). At 600 °C, CO and CO2 account for 84% of gas composition. Methane
brings an additional 11%, while the rest are hydrogen and hydrocarbons. With temperature
increment, the share of hydrogen increases at the expense of hydrocarbons, but also because of
tar cracking at high temperatures. At 1000 °C, hydrogen is the principal constituent of the gas
composition with 32%, followed by CO2 (31%) and CO (29%). The share of methane is
reduced to only 6%, while ethane and ethylene are responsible for 1% each.
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Figure 10 - Composition of obtained pyrolysis gases

Spectra analysis of char samples collected from 600 and 1000 °C reveals which organic
groups remain are still present in the solid residue. This can be used as a preliminary assessment
for char further potential application. It should be emphasised that char yield from plastics is
minimal. Therefore, most of the volatiles are expected to be converted into liquid and gases,
and only a minor share remains in the solid residue. Results from FTIR analysis are presented
in Figure 11. Besides the char analysis, raw samples were subjected to FTIR to set the
benchmark for comparison. In the case of PP char from 600 °C, few peaks can be identified,
starting at 2956 cm™! with the stretching of a methyl group, reported for a raw sample as well.
Furthermore, intense stretching can be observed at 1016 cm! again, corresponding to the
inorganic group with silica content. It should be mentioned that the peak at 671 cm™, also found

in PP's spectra with talc, suggests the presence of the inorganics once again. Temperature
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increment to 1000 °C completely degrades the sample and ensures that most organics are
converted into volatiles. Between 1070 and 850 cm!, the rocking of remaining C-H bonds is
noted.

PS completely degrades almost without solid residue, and char traces can be collected
from the tube wall and the FTIR spectra for the char collected for both temperatures
corresponds to that of a solid carbon.

Analysis of char fraction from SD is the most important due to the highest yield of solid
residue. Compared to the raw sample, there are no peaks above 1600 cm™! in the case of char
from 600 or 1000 °C, implying complete conversion of oxygenated compounds into volatiles
at this range. In the case of char from 600 °C, notable bending is noted at 1573 cm'! indicating
the presence of aromatic hydrocarbons and benzene rings. Similar to the raw sample at 1157
cm’!, deformations of C-H and C-O bonds are noted suggesting presence of lignin compounds
[90]. This can be confirmed when observing spectra from 1000 °C, where this peak is not seen.
The 600 °C is sufficient to degrade cellulose and hemicellulose, but some of the lignin
component remains. Only further temperature increments can completely degrade biomass so
that no specific organic group can be identified. It should be mentioned that several additional
peaks can be seen in char spectra from 600 °C in the range between 865-500 cm',
corresponding most probably to hydrocarbons.

Analysis of mixture char shows similar observations. At 600 °C, most compounds are
degraded and converted into volatiles. Slight bending of aromatic rings can be seen at 1575
cm’!. Similar to individual PP sample, intense stretching occurs at 1018 cm!. The peak
absorbance is pronouncedly lower than individual PP since the share of PP in the mixture is
only 25%. Even though this peak seems to be the most prominent in char at 600 °C. Moreover,
similar to individual SD at 600 °C, several peaks are observed between 867-670 cm!,
suggesting the presence of hydrocarbons. Finally, in the case of mixtures char from 1000 °C,
the vast majority of organic compounds are completely degraded and there are almost no clear
peaks to identify the remaining compounds. The only pronounced peak is at 1070 cm™,

representing the deformations in C-O-C bonds.
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Figure 11 - FTIR spectra from investigated raw and charred samples

3.2.4. Comparison with other studies and summary of main observations

The results obtained from 3.2.2 were further compared to related studies from the literature
to draw conclusions from a critical perspective. Suriapparao et al. [58] investigated the co-
pyrolysis of PS and PP with different types of biomass, including mixed wood sawdust. Results
from the ultimate and proximate analysis show similarities, as well as product yield for SD and
PS, while in the case of PP main difference is in the oil yield. This study reports almost 15%
higher oil yield, which is unsurprising since the PP can be produced in various forms depending
on the application. Regarding the mixtures with biomass-plastic ratio 1:1, oil yield was 60% in
the PS case, with a notable gas share of 27%. In the case of PP-SD, oil yield was only 30%,
with almost 54% of gases. PS-derived oils were mostly composed of monoaromatics and
polycyclic aromatic hydrocarbons. On the other hand, PP oils were composed of aliphatics,
PAHs, and various oxygenated compounds with a lower share. The low oil yield for PP and

rubberwood seed co-pyrolysis was also reported in a study by Izzatie et al. [91], with only 37%
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noted at 550 °C. Simultaneously, the gas yield was between 40-70% in the temperature range
of 450-600 °C. Nguyen et al. [92] co-pyrolysed PS and pine SD showing a great reduction of
oxygenated and acetic compounds with a simultaneous increase in heating value. Nevertheless,
the used temperature of 500 °C seems to be slightly too low due to higher char yield. The
reduction of oxygenated compounds with only a slight introduction of PS to mixed wood SD
was also confirmed in a study by Stancin et al. [78]. Furthermore, this study shows that only
25% of PS in the mixture will greatly enhance aromatic selectivity. Nisar et al. [93] showed
that the polymers recovered from mixed waste should be pre-treated to avoid a higher yield of
oxygenated compounds, especially acids. Finally, Li et al. [89] investigated the gasification
potential of PS and PP, obtaining very limited gas yield without using CO2 as a gasification
agent. This suggests that PS and PP might be more appropriate for pyrolysis than gasification.

3.3. Results from thermogravimetric and kinetic analysis

This section reveals results from the thermogravimetric, thermal and kinetic analyses of
investigated samples. The main focus is on the results from the thermogravimetric and thermal
analysis of mixtures with 50% SD 2, 25% PS, and 25% PP. Additionally, results from the
kinetic and thermodynamic analysis of two-component biomass-plastic mixtures are discussed.
The aim of such analysis was to determine the decomposition mechanism, the influence of the
heating rate and mixture composition on process dynamics and calculate kinetic and
thermodynamic parameters. Observations from this analysis are useful for a better

understanding of feedstock interaction and process dynamics.

3.3.1. Thermogravimetric and thermal analysis of a proposed three-component

mixture

Thermogravimetric analysis is typically applied as a preliminary experimental method to
determine the decomposition mechanism of the sample. Plastic samples, such as PS and PP,
have been widely investigated [59], [91], [93], and results from their analysis are mostly very
similar among the studies. This is because polymer materials are built from monomer units
which decompose simultaneously in a very narrow temperature range [93]. Discrepancies can
occur if plastic is heavily treated with additives in the production stage or due to some external
impurities collected during the exploitation stage. Plastic samples used in this study have

degradation mechanisms already reported in the literature and corresponding to the results from
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their proximate analysis (Table 2). Since the share of ash and FC is initially low, the remaining
solid residue at the end of the process is also expected to be low.

PS starts to decompose at around 350 °C with a very steep mass loss in a single step. At
450 °C, decomposition is finished, with a final mass residue of only 1.1%. Similarly, PP
decomposition starts at a slightly higher temperature of 400 °C and continues until 490 °C,
where most of the sample is already decomposed, resulting in a final mass of 3.7%.

Biomass decomposition exhibits a more complicated degradation mechanism than plastic
samples. It consists of three structural constituents: cellulose, hemicellulose and lignin, which
are degraded in different temperature ranges. In addition, even the same kind of biomass could
express different degradation mechanisms because of ash or moisture contents. This is
especially evident when it comes to ash content, which is a consequence of the mineral presence
and related to the type of soil where biomass was grown [94]. The SD used in this study starts
with moisture evaporation until ~200 °C with a mass loss of about 7%. This step is immediately
followed by the most intensive stage of degradation, where mostly cellulose and hemicellulose
are decomposed. Between 200 and 400 °C, most of the initial sample mass has deteriorated,
and the residue is only 23% of the initial mass. Further heating results in additional mass loss,
even though degradation intensity slows down. At 500 °C remaining mass is around 18.5%,
which is further reduced to 15.5% at 600 °C. At the end of the process, the mass residue is only
12% of the initial mass. Between 600 and 1000 °C, only 3% of the sample mass is decomposed,
suggesting that selected SD could be a promising feedstock for pyrolysis since most of the
sample is decomposed when reaching 600 °C.

For the degradation of the biomass and plastic mixture, similar to the individual SD,
moisture evaporation starts immediately at the beginning of the process and goes up to 130 °C
with a total mass loss of approximately 4%. Mass loss is slightly less pronounced than
individual SD but corresponds to moisture content from the proximate analysis. The primary
decomposition step starts at around 250 °C with cellulose and hemicellulose degradation and
continues up to approximately 400 °C. Even though this area correlates with individual SD
degradation mechanism, the introduction of plastics reduces the intensity of decomposition and
shifts toward slightly higher temperatures. At approximately 400 °C, where 60% of the mass is
left, the degradation mechanism shifts due to initiated plastic degradation. From individual
samples, it was visible that plastic degradation is very intense and in a narrow temperature
range. The same is noticed for the mixture, even though the degradation intensity is lower than
for individual plastics, probably due to charred residue from the previous stage, which

interferes with heat transfer. By reaching 500 °C, most of the sample is already decomposed,
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and the remaining mass is only 13.2%. Further temperature increments have almost negligible
effects on final mass. At 600 °C, solid residue accounts for 12% of initial mass, which can be
only reduced to 10% if the sample is heated up to 1000 °C. TG curves for investigated samples

are given in Figure 12.
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Figure 12 - TG curves of individual samples and mixture

The thermal analysis results are complementary to the results from TGA and are presented
in Figure 13. Between 100 and 200 °C, the endothermic peaks indicating moisture evaporation
can be noticed for all samples except for PS. In the case of SD, this peak is related to the
evaporation of strongly bound water. PP showed a pronounced peak, which can be attributed
to the melting of the PP fibres without mass loss, which occurs at 170 °C [95]. The primary
decomposition stage for PP starts around 400 °C, even though changes in specific heat can be
observed already at 300 °C when vaporisation is initiated. By 500 °C, the sample is completely
decomposed, and specific heat is reduced to only 0.5 MJ/m3. At around 250 °C, slight
fluctuations in specific heat can be observed for SD and mixture. Since cellulose, hemicellulose
and lignin are decomposed in this range, this is expected. At 500 °C, the specific heat for SD
becomes constant, indicating that the main decomposition phase is completed. Biomass
decomposition generally consists of endothermic peaks in the early stages when moisture is
evaporated (100-150 °C) and at the beginning of cellulose and lignin decomposition (320-360

°C). Slight exothermic reactions are observed between these areas, already reported in the
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literature [96]. On the other hand, in the case of the mixture, specific heat sharply increases to
almost double values before reaching 400 °C since the plastic components decompose
immediately after the SD is carbonised. When comparing the results, it is clear that this sharp
increase is a consequence of PS presence. Individually, PS undergoes significant and
intensified changes in a very narrow temperature range where specific heat dramatically
fluctuates. Between 400 and 450 °C, a tremendous increase in specific heat is noticed, with a
peak at 431 °C. Shortly after the decomposition, specific heat drops back to a similar level as
the other samples. Finally, it is important to observe that the decomposition of all samples is
mainly completed at 500 °C, which indicates that for the maximised yield of volatiles, there is
no need to heat the sample further.
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Figure 13 - Specific heat of investigated samples

3.3.2. Thermogravimetric and kinetic analysis of two-component biomass-plastic

mixtures

The thermal degradation of mixtures with PS and PP is presented in Figure 14 and Figure
15, respectively. It is observed from TG curves that the samples with 25 and 50% plastic
content express two stages of degradation. The first stage, up to 400 °C, is primarily due to the
decomposition of the biomass component, while the second stage represents plastic
decomposition. Besides, for the mixtures with 25% of plastics, it can be noted small

evaporation step below 100 °C accounted for less than 5% mass loss. The influence of the
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heating rate on this first stage is just slightly visible for investigated mixtures of both plastic
materials. In the case of PS-containing mixtures (Figure 14), increment of heating rates shifted
the temperatures of the first peaks for approximately 5 °C with each increment of the rate, from
345 °C for 5 °C/min to 355 °C for 20 and 30 °C/min. Similar behaviour is also noted for PP
(Figure 14), with exactly the same positions as the first peaks. This implies that at this
temperature range, only sawdust is decomposed. It should be noted that the increment of plastic
content greatly reduces the intensity of the first peak. Even though this is expected, the
reduction is quite pronounced for the mixtures with an equal share of both feedstocks,
suggesting that plastics may hinder the complete sawdust decomposition in the first stage. This
phenomenon was already reported by Han et al. and here confirmed for both investigated
plastics [97]. This might directly affect the final product yield and distribution in the pyrolysis
process but should be examined more. The end of the first stage is at about 375 °C for the case
of 5 and 10 °C/min, while for higher heating rates of 20 and 30 °C/min, the end temperature is
increased to 390 °C. As expected, the mixtures where sawdust is the main compound have a
higher mass loss in this first stage due to the decomposition of cellulose and hemicellulose.
Almost half of the mass sample is decomposed in the first stage. As the share of the plastic
fraction increases, the mass loss decreases. Therefore, for the mixtures with an equal share of
both feedstocks, the remaining masses at the end of the first stages are between 70-75%. Further
increment of plastic content to 75% of the mixture composition reduces mass loss even more,
and the remaining mass is up to 80%. It should be emphasised that the heating rate has a limited
influence on mass loss in the first stage. A slow heating rate of 5°C/min ensures better heat
transfer and release of volatiles. Therefore, the mass losses are more pronounced in this case.
Nevertheless, the differences between the slowest and fastest heating rates are less than 10%
in sample mass. Finally, it can be stated that the decomposition mechanism of the first stage is
more influenced by the mixture composition rather than the heating rate [98]. The TG and DTG
curves clearly show that fast-heating rates of 20 and 30 °C/min express almost identical
behaviour. The only visible stand-out is noted for 5 °C/min, even though this influence also
disappears as the share of plastics increases.

The second stage follows up immediately after the completion of the first one. In the case
of PP-derived mixtures, the lag between the two stages of degradation is slightly more
pronounced, especially for the mixture with 25% of PP (plateau in Figure 15a). The second
stage almost overlaps with the first one for PS-containing mixtures, which can be expected
since the onset temperature for individual PS degradation is 375 °C. Consequently, the second

peak corresponding to plastic decomposition appears earlier in the case of PS than PP. The
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main degradation step of the second stage for PS-containing mixtures occurs between 420 and
430 °C and increases with the increment of the heating rate. The sawdust has a limited influence
on the position of the second peak since it is just slightly shifted to higher temperatures
compared to individual PS analysis. The end of the second stage is slightly above 450 °C,
similar to individual PS decomposition, which confirms that the influence of SD on the second
stage is limited. Nevertheless, the influence of the mixture composition is a crucial parameter
for the final mass. A mixture with 25% of PS has a quite high final mass of residue, which
accounts for the 25% of the initial mass. This is even higher than the results from individual
SD analysis, where approximately 20% of the final mass was observed. Further increment of
the PS reduces the final mass below 20%, with only minor differences observed between
applied heating rates. Generally, the heating rate has a moderate influence on the second stage
of degradation. While the impact on final mass is almost negligible, the intensity and the
position of the second peak are highly dependent on this parameter. An increment of the heating
rate shifts the peak positions and end temperatures to higher values, broadening the range in
which decomposition occurs. Besides, the degradation intensity is considerably higher with
high heating rates, suggesting that most volatiles are released in the narrow temperature range
shortly before the process completes. Due to that fact, the residence time of volatiles released
in the second stage is reduced, which might benefit the yield of condensable products obtained
as bio-oil [99].

For the PP-containing mixtures, the second peak's position corresponds to the peak from
individual PP decomposition. There are no visible differences among the investigated mixtures,
which means that PP decomposition dominates in this stage. This is also supported by the fact
that the mixtures with a higher portion of PP have a broader range in which decomposition
occurs, similar to individual analysis. Nevertheless, there are pronounced differences in terms
of applied heating rates. An increment of heating rate firstly shifts the temperature of the second
peak to higher values but also broadens the range in which decomposition takes place. This
difference between the slowest and fastest applied heating rate can be up to 40 °C in terms of
ending temperature. Since both investigated parameters, heating rate and mixture composition,
have a notable impact on the second stage, the differences between final masses are more
pronounced. The mixture with 25% sawdust has a final residue of 20%, similar to individual
SD. This is further reduced by incrementing plastic content to 15 and 10%, respectively. It is
interesting to notice that in the case of a mixture with 75% of PP, the lowest final mass (5%)

is noted for the heating rates of 10 and 20 °C/min, while almost 10% is observed for 5 °C/min.
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Thermogravimetric analysis is also conducted for sawdust-PUR mixtures, and the results

are presented in PAPER 4. Nevertheless, since the comprehensive analysis showed that PUR

is not a suitable feedstock for co-pyrolysis, they won't be discussed in detail here. Even though,

observations which are derived from this work could be very valuable in finding an appropriate

method for waste management of polyurethanes.
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3.3.3. Kinetic and thermodynamic analysis of selected feedstock

Similarly to the previous section, the analysis of kinetic and thermodynamic parameters
for sawdust co-pyrolysis with PS and PP are presented here, while the results from SD-PUR
analysis can be found in published work.

Results for all investigated mixtures and methods are summarised in Figure 16. The mean
activation energies reported for the SD sample are 241 kJ/mol for Friedmann and around 229
kJ/mol for other used methods. Nevertheless, mean activation energies don’t give a good
overview of the process since values are greatly dependable on the conversion range (a).
Hence, the division of SD decomposition based on conversion ranges is the following: the first
stage (a=0.05-0.45), the second stage (a=0.45-0.7), and the final stage (a=0.7-0.85). In the first
stage, the Ea sharply increase as a consequence of moisture evaporation. After this point, values
are gradually increasing until reaching a=0.5. In this area, most of the cellulose and
hemicellulose are decomposed. Between a=0.5-0.8, the values remain constant. This
corresponds to the TG curve, where a linear decrease in mass is observed because of lignin
decomposition. After a=0.8, values are dramatically increasing again, which is expected since,
at that point, most of the sample is already decomposed, and the remaining share requires
significant energy input.

While Ea values are increasing throughout the SD decomposition, a complete reversal
trend is observed for plastic samples. In the case of PS, the highest values (~290 kJ/mol) are
noted at the beginning of the process for a=0.1. As the decomposition proceeds, values are
gradually decreasing to the final value of approximately 220 kJ/mol at a=0.9. For the PP, the
initial Ea is slightly lower than PS, about 280 kJ/mol. When degradation starts, a minor
increment in Ea is seen at a=0.2, which is then immediately followed up by a continuous linear
decrease to the final value of 200 kJ/mol.

The activation energies from investigated mixtures show interesting behaviour. For the
mixtures where SD is the dominant constituent (75% share), the introduction of plastics
increases the Ea at the beginning of the process. This suggests that plastic presence influences
moisture evaporation in a way that more energy is required to initiate the process. Constant
values for Ea are then observed until reaching a=0.6. At this point, the decomposition
mechanism shifts from biomass to plastic feedstock, sharply decreasing values to even lower
than those reported for individual samples. This is followed up by a sharp increase in Ea for
a=0.7-0.9, which implies that biomass decomposition was hindered in the previous stage,

resulting in a tremendous increase in energy demand at the end of the process.
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Similar trends for the mixtures with equal shares of both constituents are observed for the
first stage of decomposition. The introduction of plastics increases the Ea to initiate the
decomposition process, which is followed up by constant values until reaching the point at
which the decomposition mechanism shifts. The difference between PS and PP containing
feedstock is at which point this shift happens. In the case of PS, this happens at a=0.4, while
for the PP, this is at a=0.3. Before reaching this point, activation energies are decreasing,
similar to mixtures with 25% of plastic content. Once again, the shift in the decomposition
mechanism requires tremendous energy input, resulting in a dramatic increase in Ea. This
increment seems to be more pronounced for the mixture with PS since differences in Ea, in this
case, are almost 200 kJ/mol, compared to 100 kJ/mol for the PP mixture. In the second stage,
the activation energy slowly decreases, which is completely opposite to the mixtures with 25%
of plastics and more similar to individual PS and PP behaviour. Nevertheless, the reported
values for Ea are higher than in individual samples, which is a direct consequence of feedstock
interaction during the process.

For the mixtures where plastic is the dominant constituent with a 75% share, reported
values of activation energies to have almost identical behaviour as individual plastic samples,

therefore, they won’t be discussed further.
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Figure 16 - Calculated activation energies for PS-containing mixtures left (a, c, ), and PP-
containing mixtures right (b, d, f)

Thermodynamic parameters are calculated using apparent Friedman’s activation energies;
therefore, the curve trendlines are more less like those presented in Figure 16.

The analysis of the pre-exponential factors (Figure 17a) and b)) shows that all investigated
samples express high reactivity immediately at the beginning of the process (A>10' s'1). In
the case of SD, they are increasing as the conversion proceeds and are between 10'3 and 10?7,
At the same time, plastics have high values at the beginning of the process (1.8x10%°, and
7.6x10'7 57! for PS and PP, respectively), but this reactivity fades away as conversion goes on.
The pre-exponential factors for mixtures show very similar behaviour to activation energies.
The step increment is noticed after the decomposition mechanism shift, implying the samples'
high reactivity. Since the values continue to increase in the second stage, released volatiles
from the SD degradation in the first stage, coupled with the volatiles released in this stage, are
frequently colliding inside the reactor. This steep increment in reactivity suggests that plastic
hinders sawdust decomposition in the previous stage, which reflects in high volatile interaction

in the second stage.
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The changes in enthalpy (Figure 17c) and d)) are firmly following the activation energy
trendline. From the thermodynamic perspective, this implies that minor introduction of plastic
might reduce the required energy needed to initiate the process, but this will inevitably result
in hindered decomposition in the first stage and a dramatic increase in energy demand in the
second stage.

Changes in entropy give information about the level of order inside the system Figure 17¢)
and f)). Higher entropy also implies higher reactivity of the system. As expected, the highest
level of disorder for analysed mixtures occurs after the change of decomposition mechanism.
Therefore, it can be stated that interaction between biomass and plastic-derived compounds can
only happen in the second stage of decomposition. In this stage, temperatures are sufficient to
initiate plastic decomposition and support the complete decomposition of the solid and volatile

products obtained in the previous step.
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3.4. Results from the evaluation of the synergistic effect and prediction model

development

This section presents the observations from the evaluation of the synergistic effect.
Moreover, these observations are further discussed from the perspective of how they can be

utilised to develop a methodology or model for predicting product yield.
3.4.1. Evaluation of the synergistic effect

The analysis of the synergistic effect starts with its evaluation for two-component mixtures
(Table 6). In both cases, for PS and PUR-containing mixtures, the highest level of synergy is
observed for a liquid fraction for mixtures with 25% of plastic content. In the case of mixtures
with 25% PS, the positive synergy level of almost 15% is calculated entirely at the expense of
gaseous fraction (-19.3%). The yield of solid residue is slightly higher than expected but still
below 5%. As the plastic content increase in the mixture, the synergistic effect fades away.
Interestingly, this trade-off between liquid and gas fractions follows the linear trend. With each
increment of plastic content for 25%, the level of synergy for both liquid and gas fractions
decrease by approximately 5%. Even more interesting is to observe that this trend is noted in
both cases for PS and PUR, even though the results from the rest of the analysis greatly differ.
The main difference, in this case, can only be observed for the yield of solid fraction. With the
increment of PS content in the mixture, the level of synergistic effect fades away, and values

approach what is theoretically expected. In the case of PUR, the level of synergy is constant
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for a solid fraction and accounts for approximately 6%. Besides, for the mixture with 75% of

PUR, an even lower yield of liquid fraction is observed than was calculated.

Table 6 - Evaluation of the synergistic effect for two-component mixtures

Sample Liquid fraction Gas fraction Solid fraction
P Cal. Exp. AY Cal Exp. AY Cal Exp. AY
SD - 31.3 - 48.1 - - 20.5 -

0.25 PS 475 623 148 363 170 -193 162 20.7 45
0.5 PS 63.7 732 95 245 111 -134 118 157 39
0.75 PS 79.8  83.8 4.0 12.7 6.1 -6.6 7.4 100 2.6
PS - 96.0 - 0.9 - - 3.1 -
0.25 PUR 389 485 96 403 242 -l16.1 209 274 65
0.5PUR 463 499 3.6 324 227 97 213 274 6.1
0.75PUR 538 52.1 -1.7 246  20.1 -4.5 217 278 6.2
PUR - 61.2 - - 16.7 - - 22.1 -

There are some very interesting observations from the evaluation of synergistic effect for
three-component mixtures. Since plastic accounts for 50% of the mixture composition, but each
plastic constituent is present with 25% of the share, it was of great interest to see how this will
reflect on the synergistic effect. As can be seen in Table 7, the highest positive synergy is
achieved for liquid yield (12.2%). Once again, this trade-off was completely on the expanse of
the gas fraction. The yield of the solid fraction was just slightly higher than expected (~3%).
Positive synergy for liquid yield is higher than the values observed in Table 6 for mixtures with
50% of plastics. This is a very interesting observation suggesting that the level of synergy could
be manipulated by the selection of a multi-component mixture. Nevertheless, the influence and
role of biomass content for the synergistic effect remains unknown and should be investigated
more. This is especially due to the fact that there are a wide variety of different biomass types

which have a different elemental and structural composition which directly reflects the product

distribution.
Table 7 - Evaluation of synergistic effect for the three-component mixture
Liquid fraction Gas fraction Solid fraction
Sample
Cal. Exp. AY Cal. Exp. AY Cal.  Exp. AY
PS 2 - 97.8 - - 0.8 - - 1.5 -
PP 2 - 75.5 - - 19.9 - - 4.6 -
SD 2 - 50.4 - - 34.0 - - 20.6 -

Mix 68.5 807 122 222 7.1 -15.1 9.3 12.1 2.8
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3.4.2. Discussion on methodology for the prediction model development

Prediction of the product yield from the thermochemical conversion processes has recently
emerged as a very interesting research topic. Most of the attempts have been made for biomass
due to general higher research attention [100]-[102]. Nevertheless, the complex structure of
biomass samples most often results in limited application potential for the developed models
since they are mostly applicable to the feedstock they are developed for. Changes in biomass
type can show great discrepancies between predicted and actual values. Consequently, the
prediction of product yield from co-processing is even harder. Besides the inaccuracy of
individual models, the feedstock interaction that results in a synergistic effect only increases
the uncertainties.

The most important parameters for product yield and which requires special attention are
the following:

e Type of the feedstock with their elemental and structural composition

e Pyrolysis temperature that affects the extent and rate of the pyrolysis reactions

e Heating rate which influences the reaction kinetics and degradation mechanism

e Residence time with direct impact on the extent of the conversion and the degree of
secondary reactions

e Feedstock particle size that influences heat and mass transfer rates during the process

e (Catalysts which can promote specific pyrolysis reactions and selectivity toward
preferred chemical compounds

e Reactor type with their geometries

It is important to note that the effect of these input parameters can be interdependent and
greatly vary depending on the specific feedstock and pyrolysis conditions used. Nevertheless,
for co-pyrolysis, the type of feedstock seems to be a critical factor for yield, but also product
quality [103].

Firstly, it is important to discuss the structural composition of considered feedstock and
how they affect the product yield. For biomass, the chemical composition can vary widely
depending on the type of biomass and its origin. It typically consists of three main pseudo-
components: cellulose, hemicellulose, and lignin. Besides, various minerals, proteins or fats
can be found depending on the soil type and cultivation conditions. Cellulose and hemicellulose
are carbohydrates that are composed of glucose and other sugar units, while lignin is a complex

aromatic polymer that provides structural support to the plant cell walls. Biomass feedstocks
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that are rich in cellulose and hemicellulose can produce more bio-oil with higher oxygen
content, while feedstocks that are rich in lignin can produce more char with higher carbon
content [100].

On the other hand, the chemical composition of plastics can also vary widely depending
on the production process and utilisation purposes. Plastics are generally composed of long-
chain polymers made up of repeating units of monomers (i.e. ethylene, propylene, styrene) with
additives such as plasticisers, stabilisers, and pigments. In general, plastics are characterised
by highly volatile matter that favours the yield of liquids and gases from pyrolysis. As can be
seen, the level of structural complexity greatly differs between biomass and plastics. Therefore,
it is necessary to know the initial structure of feedstock due to its direct influence on product
selectivity [104].

Even more important seems to be to know the initial ultimate and proximate parameters
of the samples. The ultimate analysis provides information about the feedstock's elemental
composition and involves determining the feedstock's carbon, hydrogen, nitrogen, sulphur, and
oxygen contents. The information obtained from the ultimate analysis can be used to predict
product yields in different ways. For example, the carbon and hydrogen contents of the
feedstock can be used to calculate the theoretical heating value and assume the hydrocarbon
content of derived products. The presence of nitrogen and sulphur is generally not welcomed
since it lowers the exploitations properties of obtained products. The oxygen content of the
feedstock is particularly important in co-pyrolysis, as it can affect the trade-off between final
products. Higher oxygen share will result in higher oxygen-containing compounds in derived
oils, but even more, it will result in a high yield of carbon dioxide and monoxide in the gaseous
fraction. Furthermore, the elemental composition will directly influence the compound's
selectivity and quality inside the obtained products, while its influence on product distribution
itself is limited. This is supported by the fact that elements detected in the initial sample
composition are later observed in all obtained products. This implies that they will be
distributed to all pyrolytic products with random mechanisms rather than following some
pathway. This is confirmed by carried out experiments.

Simultaneously, the proximate analysis could be an important tool in the prediction of
product yield from co-pyrolysis because it provides information about the key components that
directly reflect on product distribution. Such analysis typically involves the determination of
the moisture, ash, volatile matter, and fixed carbon contents of the feedstock. The moisture
content of the feedstock is important because it affects the heating value and the pyrolysis

temperature required to achieve the desired product yields. Excessive moisture in the feedstock
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can also lead to incomplete pyrolysis and low product yields. Ash content noted at the
beginning of the process will surely result in solid residue at the end. In the meantime, it can
serve as a catalyst for secondary crackings of volatiles and their conversion toward lower
carbon numbers. The volatile matter of the feedstock is the most important parameter for the
yield of liquid and gaseous fractions. High volatile matter content results in a high share of
liquids and non-condensable gases. Like ash content, the fixed carbon also affects the char
produced at the end of the process and high fixed carbon results with high solid residue [105].

To most convenient way to use results from ultimate and proximate analysis could be
through their incorporation into a statistical model by using the input parameters as independent
variables. Nevertheless, a significant problem, in this case, represents the lack of reliable data
in the literature that could be used for required statistical analysis. Process conditions such as
temperature, heating rate, and residence time often significantly vary between experimental
investigations. This means that even though different process conditions have been
investigated, the available data for each of them are quite limited. This results that the proposed
models having a very limited application scale [106]. Most efforts have been given to develop
empirical models that use experimental data to develop mathematical equations among input
variables. Statistical analysis, such as regression analysis or artificial neural networks, can then
be applied to establish correlations between input parameters [107]. Some of the commonly
used empirical models can be additive, multiplicative, statistical or artificial neural networks.
The additive model assumes that the product yield from the co-pyrolysis of biomass and plastic
feedstock is equal to the sum of the product yields from individual pyrolysis processes, and
there is no interaction between feedstock during co-pyrolysis. The multiplicative model, on the
other hand, assumes that the feedstock interacts during the process and that product yield is
equal to the product of the product yield from individual pyrolysis processes. This model
assumes that there is a synergistic effect, but it doesn’t quantify its influence. Statistical models
use regression analysis to develop mathematical equations and correlations between input
parameters, such as the type and composition of the biomass and plastic feedstocks, the
pyrolysis conditions, and the reactor type. Finally, artificial neural networks use machine
learning techniques to learn from experimental data and develop complex nonlinear
relationships between the input parameters and the product yield.

Since experimental investigations show that feedstock does interact during the process,
the additive model can be discharged from further analysis. Artificial neural networks require

extensive input data but also significant computational resources and proficiency, which makes

49



them complicated to run. Finally, multiplicative and statistical models are showing the most
perspective to be developed anytime soon.

In the case of the multiplicative models, it is necessary to find a way hot to include
synergistic effect into the equation. It is known that the synergistic effect can be higher under
certain conditions, such as lower pyrolysis temperatures, longer residence times,
complementary properties of the waste materials, like differences in their thermal stability,
reactivity, and composition, and finally, optimal mixing ratio. The mixing ratio seems to be the
most influential parameter based on experimental investigations, and even though it may vary
on the type and composition of the mixture, it is best to balance the amounts of the waste
materials to achieve the highest synergistic effect (Table 6 and Table 7).

The statistical model for the prediction of product yield uses regression analysis to develop
a mathematical equation and correlations between input parameters. The regression analysis
involves fitting a mathematical equation to a set of experimental data by minimising the sum
of the squared differences between the predicted and actual product yield values. The resulting
equation can then be used to predict the product yield for new sets of input parameters. The
accuracy of the statistical model depends on the quality of the experimental data used to
develop the model and the choice of input parameters. Some general steps for developing a
statistical model consist of the following activities:

e Experimental data collection for different input parameters, such as the type and
composition of the feedstock, pyrolysis conditions, and reactor type. The product yield
is measured and recorded for each experiment.

e Data pre-processing by removing outliers, missing values, and other anomalies that
can affect the accuracy of the model.

e Model selection based on the nature of the experimental data and assumptions. Linear,
polynomial or stepwise regression are some of the commonly used regression models.

e Model fitting with experimental data using a regression algorithm, such as least
squares. The algorithm estimates the coefficients of the model equation that best fit
the experimental data.

e Model validation where the accuracy is evaluated using statistical measures such as
the coefficient of determination (R-squared) or root mean squared error (RMSE). The
model is also validated using independent experimental data to ensure its reliability.

Nevertheless, all models are developed and validated on specific types of feedstock and

process conditions and, when applied elsewhere, show notable differences between predicted
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and experimental yield. The lack of reliable experimental data and its dispersion over a wide

range of observed parameters makes the development of the universal model for the prediction

of product yield almost impossible. During this research, a significant amount of experimental

data is collected and analysed from the perspective of prediction model development.

Nevertheless, coupling these data with the literature showed significant constraints due to the

different process conditions. Therefore, developing a reliable prediction model did not give

reliable results. To overcome such problems in future work, several recommendations are

drawn that can help tailor methodology for the prediction of product yield that could be applied

to a different type of feedstock:

Firstly, knowing the initial parameters from the ultimate and proximate analysis, as well
as the structural composition of the sample, is an absolute necessity. Based on a wide
range of experimental data, mathematical correlations should be established. Instead of
aiming to achieve a high statistical agreement for one type of feedstock, research should
focus on achieving a satisfactory level for a wide range of feedstock, even if accuracy
is slightly compromised.

Secondly, by narrowing the research focus to temperatures between 500 and 600 °C,
the influence of this parameter could be greatly reduced, which would help in
developing the universal model. Experimental investigation in this research showed
that in the case of co-pyrolysis, the influence of the heating rate is limited since the
mixture composition plays a dominant role in product dynamics. In addition, the
analysis of the synergistic effect showed that this influence is the strongest for a lower
share of plastic content inside the mixture. All this suggests that the research focus
should shift toward the investigation of mixture blends with different types of
feedstocks and a share of plastics up to 50% while maintaining the same process
conditions.

The final step in developing a prediction model should be coupling the results from the
initial ultimate and proximate analysis with the final synergistic effect analysis. First, it
is needed to achieve high accuracy and statistical agreement for independently
developed correlations between the results from ultimate and proximate analysis and
final product yield for individual samples. Secondly, since the feedstock interacts
during the co-pyrolysis, this will lead to the occurrence of a synergistic effect, which
consequently affects product distribution. Therefore, by conducting a series of

experimental investigations, appropriate correlations should be established between the
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share of plastic content and the level of synergy. Again, with high accuracy and
repeatability. Once when established correlations give a could prediction for the
product yield from the individual sample analysis, they could be used to calculate
theoretical product yield. This theoretical yield can further be used to calculate the
theoretical yield of products from co-pyrolysis. Finally, at this point, a calculated level
of synergy from established correlations could be introduced, giving the approximate

values for product yield from the process.
3.5. Selected results from Life cycle assessment (LCA) analysis

In the scope of the work, three scenarios are considered based on the current waste
management methods used to deal with end-of-life plastic waste. This implies that mechanical
recycling is not considered, and pyrolysis is evaluated as an alternative to incineration or
landfilling. Each scenario represents a specific country: S1 - Germany, S2 - Croatia and S3 -
Australia, but the results are comparable to other countries with the same end-of-life treatment
methods. Table 8 summarises the assessed scenarios alongside waste management methods
currently used to deal with waste plastics. The values for S1 and S2 scenarios are taken from
the ecoinvent database [108], while for the S3 are taken from national strategic documents
[109], [110] due to the lack of data in the database. As shown, the S1 scenario is vastly
dominated by incineration, while S2 and S3 scenarios are based on landfilling with the
difference if they are sanitary or unsanitary. Open dump, in the case of S3, represents a waste

plastic leakage to the environment based on [111].

Table 8 - Analysed scenarios in scope of LCA analysis

Scenario S1 DE S2 HR S3 AU
Treatment method [Yo]
Incineration 99 1 1
Sanitary landfill 0.5 27 80
Unsanitary landfill 70 10
Open burning 0.5 2
Open dump 9

3.5.1. Life cycle assessment of proposed co-pyrolysis process

Global warming potential is one of the most important categories when discussing
environmental impacts. As shown in Table 9, the greatest savings of CO2 eq. are in the case of

scenario S1 (-574 kg COz2 eq.). At the same time, S2 and S3 have almost identical values and
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positive contributions to this impact category (~400 kg CO2eq.). The reason behind the GWP
reduction in scenario S1 is due to avoided incineration of waste plastics, which would emit
emissions into the air. In the case of S2 and S3 scenarios, waste streams are mostly diverted
from sanitary and unsanitary landfills, and credits for this are considerably lower compared to

S1. In such cases, received credits are insufficient to compensate for the rest of the process

burdens, and overall values are positive.

Table 9 - Summary of environmental impact assessment category

Reference

Impact category unit S1 DE S2 HR S3 AU
Global warming potential kg CO» eq. -547.0 408.5 394.9
Freshwater ecotoxicity -9.9 -80.1 -84.1
Terrestrial ecotoxicity 2410.2 3823.3 3762.7
Human carcinogenic toxicity kg 1,4-DCB 99.8 30.6 40.3
H“ma'tlo':i’c“i;;am“”gemc ot 814.3 -2862.9 -2498.0
Marine ecotoxicity -23.3 -115.9 -122.4
Fossil resource scarcity kg oil eq. 270.9 153.5 109.2
Fine ff,’f,:;ctﬂ:ite matter kg PMa s eq. 3.2 0.5 0.5
Freshwater eutrophication kg P eq. 1.2 -0.3 -0.1
Marine eutrophication kg N eq. 0.1 -0.2 -0.1
Terrestrial acidification kg SO, eq. 6.2 1.3 1.3
Ozone formation, Human health 2.9 0.9 0.9
i i kg NOx eq.
Ozone :(c);:r;:tt;(::s, Terrestrial g q 3.0 0.9 10
Ionizing radiation kBq Co-60 eq. 62.3 13.1 13.7
Land use m?a crop eq. 1001.3 700.5 674.2
Mineral resource scarcity kg Cu eq. 2.1 1.8 1.6
Stratospheric ozone depletion kg CFC11 eq. 0.0 0.0 0.0
Water consumption m’ 189.3 158.0 157.0

Results of the toxicity impact categories expressed in kg 1,4-DCB eq. significantly differ

between the three considered cases. The proposed process reduces freshwater and marine
ecotoxicity, especially when the waste is diverted from landfills (S2-S3). The credits received
for avoided landfilling are several times higher than for avoided incineration. In the case of
freshwater toxicity, avoided emissions are around 80 kg 1,4-DCB eq. for scenarios S2-S3,
compared to 10 kg 1,4-DCB eq. in the case of S1. Credits are even higher in the case of marine

toxicity, with savings of more than 115 kg 1,4-DCB eq. for S2-S3, while only 23 kg of
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emissions are prevented for S1. Some credits are received for char fraction sent to market,
around 11 and 8 kg 1,4-DCB eq. for marine and freshwater ecotoxicity, respectively.

Human carcinogenic impact (HTC) is mainly associated with the sawdust drying process
and the combustion of synthetic gas to provide heat. Emissions are not directly related to the
combustion itself but to the background process for delivering air for the combustion (27.03
kg 1,4-DCB eq). Similarly, water used for cooling comes with substantial burdens, but most
are associated with the distribution network development rather than the pyrolysis process. The
HTC is higher in the case of S1 (99.8 kg 1,4-DCB eq.) compared to other scenarios (30.6 and
40.3 for S2 and S3, respectively). This is because avoided incineration requires higher input of
fossil fuels to compensate for lost electricity and heat production. Increased demand for fossil
fuels consequently requires more mining operations, resulting in rising environmental burdens.
Char fraction, which can be sent to market as a lignite substitute, saves around 15% of the
emissions related to HTC.

Human non-carcinogenic toxicity shows the most significant differences between
scenarios. The S2 and S3 scenarios show a remarkable reduction of emissions associated with
HTNC, 2862.9 and 2498 kg 1,4-DCB eq. On the other hand, for the S1 scenario, the process
generates significant emissions (814 kg 1,4-DCB eq.) For all scenarios, around 300 kg 1,4 DCB
eq. is saved since char is used as a coal substitute which prevents mining operations. Additional
credits of 37 kg 1,4-DCB eq. are associated with synthetic gas sent to market.

Terrestrial ecotoxicity (TET) is the category with the highest impact in terms of absolute
values. There are several reasons behind these. Firstly, when comparing the results between
scenarios, it is noticeable that the treatment methods play an essential role. Avoided
incineration brings tremendously higher credits than avoided landfilling, especially in the case
of waste PP. Avoided waste plastic landfilling also brings some credits, but not nearly enough
to compensate for process burdens. Moreover, significant burdens associated with TET come
from sawdust stream flows and feedstock transport to the processing unit. Almost 2000 kg 1,4-
DCB eq. is related to the drying process with burdens associated with the production of
compression equipment used for air supply. Furthermore, sawdust is heavily burdened with
emissions related to various processing techniques like slab, siding, chopping, suction and
similar. Finally, significant emissions come from the transport sector due to break wear
emissions of copper and antimony to the air. This is the only impact category where the
transport sector plays a significant role in environmental impacts.

Regarding fossil resource scarcity, all scenarios generate environmental burdens.

Nevertheless, it should be emphasised again that produced pyrolysis oil could substitute
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conventional naphtha, which would get significant credits, which are still not given in this case
due to system boundaries. In general, most of the burdens in this category come from the
consumption of fossil fuels to produce the electricity required for the process. In the case of
S1, avoided incineration requires higher input of other fuels to satisfy heat and electricity
production, therefore, burdens are even higher in this case (270.9, compared to 153.5 and 109.2
kg oil eq. for S2 and S3). About 33 kg of oil eq. is saved for sending the char to the coal market.

The process has a minor or neutral environmental impact for the rest of the impact
categories. For terrestrial acidification, it can be observed how avoided incineration increases
SO2 eq. emissions since higher fossil fuel inputs are required to produce electricity and heat.
Land use and water consumption have a notable impact. Land use is associated with forestry
activities, unrelated to the pyrolysis itself, but it is present here as a background process for
acquiring sawdust. Even though system boundaries are set up at feedstock acquisition as the
first step, some background processes are inevitable when using a consequential approach.
Water used for cooling and condensing volatiles also has a significant impact. Still, this
parameter would greatly depend on the cooling system, which is closely related to the reactor

design and, as such, may vary greatly.
3.5.2. Life cycle assessment of pre-treatment processes

Figure 18 presents the global warming potential for each process preceding pyrolysis.
Environmental impacts from waste streams present cumulative credits or burdens gained
through the pre-treatment process for each feedstock separately. They merge into a single flow
in the mixing process which is then subjected to pyrolysis in the next step.

It can be seen from Figure 18 that the diversion of plastic waste from current waste
treatment methods, like incineration or landfilling, brings immediate GWP credit to the
proposed process. As already discussed, avoiding incineration is beneficial for reducing GWP
due to avoiding direct emissions of COz2 to the air. Therefore, emissions savings are several
times higher in the case of S1, compared to S2 and S3, where pyrolysis prevents methane
leakage from landfills. On the other hand, sawdust utilisation comes with burdens associated
with forestry and post-processing actions. The sawdust pre-treatment increases GWP until the
grinding stage with the same rate for all analysed scenarios. Nevertheless, in the grinding step,
a slight reduction is noticed in the case of S1, while a small increment occurs for the rest. This
depends on the treatment method for dust collected at this stage, but the overall impact is

limited since grinding is considered efficient, with minimal losses. Nevertheless, it should be
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mentioned that sawdust initially comes with a very low GWP of only 34 kg CO: eq., confirming
the hypothesis about its carbon neutrality. Before mixing, when all pre-treatment methods are
performed, the GWP of the sawdust stream is between 141 and a maximum of 175 kg CO2 eq.
for S1 and S2, respectively.

After the mixing stage, the S1 scenario negatively contributes to GWP, while S2 and S3
express positive values. The primary reason for this is because credits for using waste plastics
are insufficient to cover the burdens from the sawdust side. Furthermore, the electricity mix
used to power up the process plays an important role, and electricity consumption is the primary

source of environmental burdens associated directly with pyrolysis.

Plastic separation

Plastic transport

Plastic shredding

Sawdust transport

Process

Combustion Syngas
Sawdust drying
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Figure 18 - Global warming potential of separate processes

Environmental impacts from electricity are associated with emissions directly emitted to
the environment from power plants and the background processes required to produce
equipment. Electricity consumption is several times lower for pre-treatment processes
compared to pyrolysis itself. Consequently, GWP associated with electricity consumption is
several times higher in the case of pyrolysis than for the rest of the processes together. The
GWP from electricity consumption varies between very low 67 kg CO2 eq. for S1 to high values
in the case of S3 and S2 with 272 and 334 kg CO: eq., respectively. All emissions from the
electricity sector are based on ecoinvent electricity mixes for selected countries using
consequential system modelling. Plastic separation accounts for approximately 7% of the
emissions associated with GWP. Sawdust drying with the combustion of synthetic gas has
negligible electricity consumption. Sawdust and plastic grinding processes together contribute

to additional 6-7% kg CO2 eq. Mixing has only slightly higher values, accounting for about
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8%, while the remaining 77% of the emissions associated with electricity consumption come
from pyrolysis and reactor heating. The results are summarised in Figure 19. The rest of the

impact categories have a similar share of emissions for the pre-treatment processes.
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Figure 19 - Global warming potential associated with electricity consumption

Feedstock transport, for both SD and plastics, brings some burdens to the process. Since
the transport distance and market are assumed to be the same for all scenarios (S1-S3), values
do not differentiate between them. Global warming potentials for this process are 14 and 11 kg
CO2 eq. for SD and plastics, respectively. Slightly higher values in the case of the SD are due
to the significant moisture content, which is later removed with the drying process.
Nevertheless, mass loss in the drying stage indicates that the initial feedstock requirement is

higher for the sawdust stream than the plastic, resulting in higher transport emissions.
3.5.3. Waste flow analysis

Plastic consists of two separate waste streams for PS and PP. Their utilisation in pyrolysis
comes with either credits or burdens, depending on which treatment methods they are diverted
from. Simultaneously, waste sawdust comes to the process with burdens. Nevertheless, these
burdens are several times lower than the plastic counterparts for most impact categories,
implying that plastics utilisation in the process is the major source or sink of the emissions.

Global warming potential is significantly reduced by using both PP and PS in all scenarios
(Figure 20). The biggest savings are achieved for avoided incineration (S1) of waste PS and
PP with -541 and -410 kg COz eq., respectively. A comparison of scenarios S2 and S3 shows
that diverting waste plastics from unsanitary landfills brings slightly bigger credits than
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sanitary ones. Once again, more considerable savings are achieved for waste PS. On the other
hand, sawdust positively impacts this category due to the background processes related to
forestry activities, and emissions are about 48 kg CO:2 eq. Treatment of plastic impurities from
separation and grinding increases GWP, especially if treated by incineration. In general, dust

from biomass grinding has a negligible impact on all categories.
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Figure 20 — Global warming potential of waste flows

Regarding human toxicity categories, the results are quite the opposite (Figure 21), and
the biggest differences are observed in S1. The main source of carcinogenic emissions from
the incineration of plastics is chromium VI emissions into the water. Chromium VI, or
hexavalent chromium, is used as a pigment in ink, dyes, paints and plastics. In Figure 21a,
waste PP has a slightly bigger impact than waste PS, even though values are very similar at
37.8 and 36.1 kg 1,4-DCB eq., respectively. Treatment of plastic impurities in S1 by
incineration brings some credits (6.6 kg 1,4-DCB eq.). Landfilling, either sanitary or
unsanitary, negatively impacts the carcinogenic impact category. In both S2 and S3 cases,
diverting the plastic wastes from landfills brings negligible credits to the process of only 1 kg
avoided 1,4-DCB eq. emissions. In this case, emissions are primarily associated with arsenic
and chromium leaking into the groundwater.

Sawdust does not have a visible impact on human toxicity categories. The carcinogenic
impact is 0.2 kg 1,4-DCB eq., while around 21 kg 1,4-DCB eq. is noted in the case of non-
carcinogenic toxicity. Nevertheless, in Figure 21b, it can be seen that the non-carcinogenic
toxicity potential for waste plastics, associated with zinc and vanadium emission to the water,

is enormous. This is especially evident in the case of waste PS, in which utilisation brings
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substantial credits for pyrolysis. The highest emissions savings are achieved in S2, where
~2400 kg 1,4-DCB eq. is saved, compared to 2200 kg 1,4-DCB eq. in S3. The utilisation of
waste PP in pyrolysis instead of landfilling brings notable savings of 969 and 930 kg 1,4-DCB
eq., for S2 and S3, respectively. Nevertheless, incineration might be better than pyrolysis
regarding HTNC emissions (Figure 21b). For the S1, emissions associated with using waste PS
and PP are 479 and 328 kg 1,4-DCB eq., respectively. From plastic impurities treatment, it can
be seen that incineration reduces non-carcinogenic toxicity slightly better than pyrolysis, while

landfilling increases emissions drastically (~400 kg 1,4-DCB eq.).
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Figure 21 - Human carcinogenic (a) and non-carcinogenic (b) toxicity

Ecotoxicity categories presented in Figure 22 are primarily associated with zinc emissions
to the air. For the waste PP, vanadium is also emitted. Zinc is used as a heat stabilizer in plastic
production, as a coating material in the metal industry, in rubber production and other
applications. This is important because zinc emissions are found almost in all processes, from
waste treatment and electricity production to feedstock transport.

The same trends and similar values are obtained for the marine (Figure 22a) and freshwater
(Figure 22b) ecotoxicities. For MET, diverting waste PP from current treatment methods to
pyrolysis saves between 63 and 87 kg 1,4-DCB eq. On the other hand, diverting waste PS from
incineration brings only slight credits to the process (15 kg 1,4-DCB eq.), but diverting waste
PS from landfills brings tremendous credits of almost 100 kg 1,4-DCB eq. for scenarios S2 and
S3. Treatment of plastic impurities from separation and grinding burdens the process,
especially if waste is landfilled (S2-S3).

Regarding the FET, waste PP saves between 43 to 62 kg 1,4-DCB eq., while waste PS
brings an additional 10 and 70 kg 1,4-DCB eq. Similarly to MET, avoided landfilling brings
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bigger credits than avoided incineration. Sawdust has a negligible impact on these two
ecotoxicity categories.

Terrestrial ecotoxicity shows different values and trends between the analysed scenarios
and the other two ecotoxicity categories. In Figure 22c, obtained values for waste PP greatly
differ. In S1, more than 2000 kg 1,4-DCB eq. is saved if waste PP is pyrolysed rather than
incinerated. Compared to unsanitary (S2) and sanitary (S3) landfilling, pyrolysis saves almost
300 and 40 kg 1,4-DCB eq., respectively. All these savings are achieved due to the prevented
emissions of vanadium into the air. Simultaneously, the impacts of waste PS show even more
interesting results. For the S1, waste PS does not reduce emissions but increases for almost 300
kg 1,4-DCB eq. If unsanitary landfilling is prevented, about 136 kg 1,4-DCB eq. are saved,
while only 17 kg of emissions is prevented in the case of sanitary landfilling. Landfill emissions
from waste PS are due to the release of mercury in the air, while vanadium and, to a lower
extent, cadmium is responsible for PP emissions. When it comes to sawdust, tremendous
emissions of 722 kg of 1,4-DCB eq. are observed (Figure 22c). High contributions come from
the slab and siding process, but the market for transport is the most significant generator of
emissions. Biomass feedstock is generally transported several times between chopping and
final processing, which requires continuous usage of transport services, resulting in zinc and
antimony emissions from break-wearing to the air. This category is similar to the analysed
scenarios since they use the same transport markets. This is the only environmental impact

category where sawdust impacts exceed waste plastics.
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Figure 22 - Ecotoxicity impact categories marine (a), freshwater (b), terrestrial (c)

3.5.4. Sensitivity analysis

Additional scenarios are built to carry out sensitivity analysis. Varying parameters were
electricity mix and product yield. Results are presented in percent of changes to allow easier

orientation.

Electricity mix
Two additional scenarios are made to investigate the electricity mix influence and the

potential emission reductions by powering the process entirely with renewables. Scenarios S4
and S5 represent the variation of scenarios S1 and S3. All flows are kept the same, except the
electricity, where the market group for electricity is wholly substituted by electricity production
from a solar tower power plant of 20 MW. In the case of S4, the provider is selected for the
rest of the world, while for S5 provider is dedicated to Australia. Figure 23 represents the
impact categories of most significant concern. For scenario S4, analysed impact categories
show emission reductions of up to 10% compared to S1. The limited impact is because, in S1,
76% of electricity already comes from renewable wind production. Marine and freshwater
ecotoxicity express almost 100 and 200% reduction, respectively. On the other hand, GWP is
reduced by only 10%, or an additional 60 kg CO2 eq., and avoided emissions are now more
than 600 kg CO2 eq. It is worth mentioning that TET is reduced by almost 25% but still
accounts for 1780 kg 1,4-DCB eq.

In the Australian case, the emission reduction is much more pronounced. In S5, solar
energy needs to substitute almost 70% of fossil fuels, primarily natural gas and coal, compared

to the electricity mix in S3. Since a high share of fossil fuels is substituted, emissions are more

61



significantly reduced (Figure 23). The most considerable emission reductions are achieved in
fossil resource scarcity (68%) and GWP (61%), even though the overall GWP of the process
is still positive with ~155 kg COz2 eq. Notable reductions are also seen in AP by 41% to only
0.8 kg SO2 eq. and HTC, where the decrease is 25% from 40.3 to 30.3 kg 1,4-DCB eq. The rest
of the impact categories have emission reductions of around 10%.

For both scenarios, the introduction of solar energy reduced the environmental impacts.
In case when fossil fuels are substituted (S5), the reduction can be large. Solar energy can bring
only small further savings if the electricity mix already consists of a high share of renewables,

like wind in S4.
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Figure 23 - Sensitivity analysis — electricity mix

Product yield

Two additional scenarios, S6 and S7, are also created here, representing the variation of
S1 and S3 (Figure 24). In these cases, it was assumed that pyrolysis oil yield was halved to
only 403 kg, while new masses for char and gas fractions are 367 and 230 kg, respectively. The
new mass of char and syngas fraction is calculated by the difference and maintaining the same
ratio between them. Since the yield of products depends on process conditions and feedstock
quality, it is assumed that due to some impurities or feedstock composition, the yield of
products might vary, also affecting the environmental impacts. Figure 24 shows that product
variation has more influence on environmental impacts than the electricity mix. The low liquid
yield would cause a 100% increase in GWP for S7, while a more than 100% reduction occurs
for S6. This is because low liquid yield requires more feedstock initially to meet production
requirements. As a result, more plastic waste is diverted from incineration (S6), consequently
reducing the emissions. In the case of S7, more feedstock demands more electricity from fossil

fuels to power the process, thus doubling its emissions. Significant reduction is noticed in the
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case of TET for both scenarios. This results from a substantial char fraction sent to market as
a coal substitute, reducing the need for background mine operations. In general, high char yield
is beneficial in reducing the demand for coal and associated emissions with coal mining. If
credits were given to pyrolysis oil for substituting petroleum products in the first place, a

change in yield would likely result in worsened environmental impacts.
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Figure 24 - Sensitivity analysis - product yield
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4. CONCLUSIONS AND FUTURE
WORK

4.1. Key findings

Alternative fuels are inevitable in future energy systems, especially in transport and
industry sectors, where electricity isn’t a suitable solution. Fuels that can be utilised within the
existing infrastructure and without significant modifications are preferred with greater potential
to be deployed on a commercial scale. Up to now, significant research efforts have been given
to develop suitable alternatives; however, full-scale deployment is still lacking. This thesis
examines several waste materials that could be utilised in the thermochemical conversion
processes with an aim to produce alternative fuels. The presented results and conclusions are
based on an in-depth literature review, experimental investigations, and environmental
assessment of the procedure. Valuable observations are discussed throughout chapters and can
be used for further process development and scaling up on a commercial level.

Firstly, detailed literature review is given for all considered alternative fuels in future
energy systems. A systematic review is carried out by analysing and selecting relevant
scientific publications indexed in citation databases. Results showed that alternative fuels are
gaining more and more research attention due to their crucial role in decarbonising high-energy
intensive processes. Chemicals like hydrogen, ammonia or alcohol-derived fuels like methanol
have been widely investigated as potential solutions. Nevertheless, all of them require either
the development of dedicated storage and distribution systems or the development of dedicated
utilisation technologies like fuel cells which limits their enrolment on a full scale. On the other
hand, liquid fuel like biodiesel can easily be stored, distributed, and utilised in existing internal
combustion engines without significant modifications. Biofuels are already deployed
commercially, accounting for approximately 10% of total energy consumption, even though
the vast majority is solid biomass inefficiently combusted in household stoves. Such practice
raises serious sustainability concerns since future consumption is expected to increase.
Therefore, novel biofuel production methods are necessary, focusing on waste biomass like
sawdust, forestry and agricultural residues. However, due to the biomass nature, which has a

high share of oxygen within their structures, derived fuel properties will always lag behind

64



fossil fuels regarding heating values. This implies that in order to substitute fossil fuels, they
have to be consumed at a higher rate, only deepening sustainability issues.

At the same time, waste management and disposal of end-of-life materials are still seeking
for innovative solutions that could increase the recycling rates and enhance energy recovery
where mechanical recycling isn’t a viable option. Nowadays, incineration is the only energy
recovery option used to process waste with an aim to produce heat and electricity from
recovered embodied energy. Nevertheless, waste is often incinerated without appropriate
treatment, resulting in a lower-efficiency process. In general, energy production from biofuels
and waste continuously increases but at a slow pace due to the abovementioned drawbacks for
both feedstocks. Between 2000 and 2019, their consumption for energy production increased
from 36.7 to only 43.4 EJ.

Thermochemical conversion processes like pyrolysis and gasification seem to be very
promising methods to process biomass and plastic feedstock with an aim to produce high-
quality alternative fuels. Derived products are collected in liquid, gaseous and char form and
can be easily utilised within existing technologies after refinement. Finally, co-processing
biomass and plastic feedstock in fuel mixtures can enhance bio-fuel properties, making the
product more competitive to fossil fuels and other alternatives. Based on the literature review,
co-pyrolysis of sawdust with polystyrene, polypropylene, and polyurethane is selected as the
feedstock of interest for further research investigations.

Experimental investigations are carried out for individual samples and their respective
mixtures to investigate the product yield and composition and the decomposition process
kinetics. Firstly, the co-pyrolysis of a sawdust mixture composed of oak, fir and poplar wood
with waste PS was carried out at 600 °C. The plastic content in the mixture varied between 25
and 75%. The analysis shows that adding plastic can significantly enhance the derived product
properties compared to individual sawdust pyrolysis. Only 25% of PS in the mixture was
enough to double the liquid yield from 31 to 62% while simultaneously reducing the share of
oxygenated compounds and promoting the yield of aromatic hydrocarbons. A mixture with
75% of PS expressed the highest liquid yield of almost 84%. Nevertheless, the analysis of
identified compounds in the mixtures shows that oil quality is not necessarily enhanced. This
is because PS decomposes on aromatic and polycyclic aromatic hydrocarbons. While aromatics
are welcomed in fuel composition, their share is restricted to below 40% due to the combustion
process's problems with released smoke and particles. On the other hand, PAHs pose a threat
to human health and are not preferred in fuels. Therefore, the analysis suggested that 25% of

PS in the mixture with biomass could be considered an acceptable share. Furthermore, this
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work suggested introducing PP to sawdust and PS mixture to enhance the selectivity toward
aliphatic hydrocarbons, which would further increase oil quality.

In the scope of the thesis, the co-pyrolysis potential of polyurethane foam was investigated
due to its recycling limitations, marking it as a potential feedstock for thermochemical
conversion. The results show that polyurethane foam has limited potential to be utilised in co-
pyrolysis, especially if the intention is to produce fuel-quality grade oil. This is derived from
the fact that most of the identified compounds from PU decomposition are nitrogen-containing,
like benzenamines, that do not meet fuel criteria but seem more appropriate for chemical
synthesis. In addition, PU can increase liquid yield only to some extent since the difference
between the mixtures with 25 and 75% of PU content was less than 4%. On the other hand, gas
fraction from PU decomposition consists mainly of hydrogen, which marks gasification as the
more suitable option for end-of-life treatment.

Additionally, thermogravimetric, kinetic and thermodynamic analyses were carried out to
investigate the decomposition mechanisms and gather better insight into process dynamics and
feedstock interaction during the process. The primary goal of these investigations was to
investigate the influence of the heating rate and mixture composition on investigated
thermogravimetric and kinetic parameters. The analysis showed that the heating rate has a low
impact on feedstock decomposition since only slight differences are observed in the yield of
solid residue (~3%). Additionally, an increment in the heating rate shifts the temperature range
where decomposition takes place slightly toward higher values. Simultaneously, the analysis
showed that mixture composition plays a crucial role in decomposition kinetics. Firstly, as
expected, an increment of PS and PP content reduces the final mass of the mixture residue due
to the higher volatile matter of plastic materials, allowing better conversion to volatiles. Even
more, it is interesting to observe the values for activation energies. In the case of SD, activation
energy continuously increases with the increment of conversion rate, while a reverse trend is
observed for plastic samples. At the beginning of the process, sawdust Ea is two to three times
lower than plastics. When conversion reaches 50%, the values are at a similar level. After that
point, activation energies for plastics decrease until the end of the process. At the same time,
in the case of sawdust, the steady increment is followed up by a tremendous jump at the end
when less than 20% of the initial sample mass is left. In the case of the analysis of the mixture,
very interesting results are observed. For the mixtures where plastic share does not exceed
50%, Ea can be even lower compared to individual samples between the evaporation stage and
the change of decomposition mechanism. This could imply that feedstock interaction in the

first stage can either promote or hinder degradation. Nevertheless, the tremendous increase in
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Ea observed once when the decomposition mechanism switches from sawdust to plastic
samples suggests that degradation was hindered in the first stage. To understand the
consequence of such feedstock interaction on product distribution, synergistic effect analysis
should also be considered. Since high synergy levels in liquid yield are noted for a mixture
with 25 and 50% of PS, it can be stated that hindering sample degradation in the first stage
helps in better yield of liquid products due to the limited time for their secondary cracking and
conversion into light, non-condensable volatiles.

Important observations are collected from the comprehensive experimental investigation
of sawdust, PS, PP, and their mixture, which is considered promising for co-pyrolysis. Based
on the previous findings, blending shares were 50% sawdust, 25% PS, and 25% PP. These
shares are carefully selected to maximise the oil yield and enhance its hydrocarbon content.
There are several main findings observed in this work. Firstly, the mixture composition is
favourable for high liquid yield since more than 80% is reported, with the solid residue
accounting for approximately 12% and the rest being a gaseous fraction. Moreover, oil quality
is greatly improved compared to individual pyrolysis of samples. Compared to SD-derived oil,
the most remarkable results are achieved in reducing the yield of oxygenated compounds,
especially phenols, which are the leading organic group in bio-oils. Compared to PS-derived
oil, significant improvement is achieved in reducing the yield of aromatics and PAHs. These
reductions are especially important since their presence in fuels can cause severe environmental
and health consequences. Finally, compared to PP-derived oil, a notable reduction of alcohol
yield can be observed while maintaining high hydrocarbon content with cyclic and linear
hydrocarbons. Therefore, selected feedstock and mixture composition is exceptionally
favourable for the production of alternative liquid fuels. The hydrocarbon content of derived
oil is almost 70%, with 35% aliphatics and 32% aromatic hydrocarbons. The share of
aromatics, more precisely styrene, is sufficient to meet conventional fuel requirements. On the
other hand, the share of aliphatics could be further improved by increasing the share of PP in
the mixture.

Finally, the Life cycle assessment (LCA) was carried out for the proposed process. Besides
the product quality, the justification for the co-pyrolysis is associated with environmental
impacts and the fact that each feedstock enters the process with embodied emissions. These
emissions could either bring credits or burdens to observed environmental impact categories.
Most sawdust emissions are associated with high-energy requirements for feedstock pre-
treatment and, to some extent, initial cultivation and processing activities. On the other hand,

emissions associated with waste plastics result from their end-of-life treatment methods. The
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assessment showed that co-pyrolysis could significantly outperform incineration in terms of
global warming potential (GWP) and freshwater and marine ecotoxicities. Nevertheless, the
negative impacts on human carcinogenic and non-carcinogenic toxicities, terrestrial ecotoxicity
and acidification potential are observed. Compared to landfilling, pyrolysis is favourable for
reducing human non-carcinogenic toxicity, freshwater and marine ecotoxicity, and
eutrophication potential. Nevertheless, it is much worse in terms of GWP due to associated
activities with energy production for the process requirements. Most emissions associated with
GWP come from electricity consumption to power up the reactor and pre-treatment processes,
accounting for 77% of total CO2 eq. emissions. Sensitivity analysis showed that integrating co-
pyrolysis with renewables like solar energy can significantly reduce environmental impacts in
almost all categories, especially related to GWP. Furthermore, sensitivity analysis showed that
product yield could significantly impact environmental categories in case of reduced oil yield
or insufficient product quality to substitute fossil fuels. Therefore, pre-treatment methods like
drying and plastic separation are inevitable because they ensure that product yield and quality

will be in the expected range.

4.2. Limitations and future directions

The main limitation of this research work is that it does not investigate upgrading
requirements and direct utilisation possibilities of the obtained pyrolysis oil. Therefore, future
work should focus on the refinement procedure, which would give final remarks regarding the
oil quality and suitability to be used as a petroleum substitute. Additionally, large-scale
experiments are necessary to confirm observations from lab-scale investigations. Finally, the
continuous operation of a pyrolysis reactor is one of the challenging tasks and should be
investigated more.

Uncertainties about product yield from the process represent one of the greatest
challenges. Product distribution reflects utilisation possibilities, environmental impacts, and
economic viability. Therefore, developing a method to predict product yield based on initial
sample characteristics is of significant interest. Kinetic analysis and a better understanding of
the synergistic effect could be effective tools in these attempts.

Finally, collecting measurement data for process requirements and emissions could give
more reliable results regarding the environmental impacts of the proposed process. This also
implies the inclusion of emissions from pyrolysis oil refinement and usage in internal

combustion engines. Integrating process with renewable energy sources is the final step that
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would make the derived product carbon neutral and, therefore, fully acceptable in future energy

systems.
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Transition and decarbonization of the energy sector require the utilization of new technologies
and energy sources. Higher penetration of intermittent renewable energy sources implies the
installation of energy storage, to store electricity excess and enhanced system efficiency. These
electricity surpluses that will occur more often in the future energy system could be effectively
utilized for the production of alternative fuels. Most of the alternative fuels that are considered
for future applications are already known chemicals or products, nowadays used for other
purposes. Another great advantage of some alternative fuels lies in their possibilities to act as
an energy carrier. This feature might be crucial while discussing their utilization potential and
further development. Fuels which can simultaneously be used for power generation and as an
energy carrier will have a more important role in the future and are likely to be utilized on a
greater scale. Renewable energy source like biomass, on the other hand, is already widely used,
and their role in the future system is not questionable. Even though significant increment in
biomass consumption raises serious concerns about its sustainability, and seeks for new
approaches. In this work, the authors tried to review alternative fuel characteristics, alongside
their utilization and production opportunities. To come up with the optimal solutions, the
authors compared various proposed alternative fuels, alongside their advantages and

drawbacks with an aim to find the most appropriate role for each fuel.

Hrvoje Stan¢in - writing original manuscript, review and editing; visualisation,
conceptualisation; methodology. Hrvoje Mikul€i¢ - writing original manuscript, review and
editing, methodology. Xuebin Wang - review and editing, formal analysis, supervision. Neven

Dui¢ — supervision.

84


https://doi.org/10.1016/j.rser.2020.109927

PAPER 2
Stancin, Hrvoje; Safaf, Michal; Ruzickova, Jana; Mikuléié, Hrvoje; Raclavska, Helena; Wang,
Xuebin; Dui¢, Neven: Co-Pyrolysis and Synergistic Effect Analysis of Biomass Sawdust
and Polystyrene Mixtures for Production of High-quality Bio-oils; Process Safety and
Environmental Protection; 145 (2021), https.//doi.org/10.1016/j.psep.2020.07.023

Usage of traditional biomass raises serious concerns regarding its sustainability due to the
inefficient combustion in household stoves and potential over-usage if the intention is to
replace fossil fuels in power plants. Co-pyrolysis of biomass feedstock with different waste
materials, especially plastics, might be a promising alternative for sustainable usage of
enhanced biofuels. Even more, co-pyrolysis can help to integrate waste management schemes
into the power production sector. Plastics materials have properties similar to those of fossil
fuels in terms of heating value and the absence of oxygenated compounds; therefore, they could
significantly improve the properties of biomass products, especially bio-oils. Especially
interesting for this method is polystyrene (PS) since it yields a high share of liquid fraction,
which is the most valuable pyrolytic product. In this work, co-pyrolysis was performed for a
mixture of waste biomass sawdust (oak, poplar and fir wood) and waste polystyrene from dairy
product packaging. Pyrolysis was carried out for sawdust and polystyrene alone, and their
respective fuel blends (PS/SD 25-75%, PS/SD 50-50%, PS/SD 75-25%) from room
temperature to 600°C with a retention time of half an hour. The highest yield of liquid fraction
was noticed for mixtures with 75% of PS, while the lowest one was for blends with 25% of PS,
with a yield of 83.86% and 62.33%, respectively. Additionally, the mass spectrometric analysis

was carried out to determine the chemical composition of the obtained oil.
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Current disposal of end-of-life plastics by landfilling or incineration raises serious
environmental concerns, simultaneously representing an irretrievable loss of valuable
resources. Especially this is evident for materials that have a complex structure, like
polyurethane foams. In this work, co-pyrolysis with sawdust was carried out to analyze and
evaluate the product quality for further utilization as alternative fuels. The introduction of
polyurethane increased the oil yield but in a limited range since no significant difference was
observed between the mixture with 25 and 75% of polyurethane content. In addition, the
chemical analysis showed that small addition of polyurethane is sufficient to eliminate most of
the oxygenated compounds derived from sawdust. Nevertheless, the obtained liquid products
are mostly benzenamines that do not meet the criteria for fuel composition. Analysis of the
synergistic effect shows that the strongest impact is visible for a small branch of plastic content
where liquid yield was promoted at the expense of gas. With a further increment of plastic
content, this effect fades away, except for the solid residue which remains constant. Finally, a
brief analysis of the gaseous fraction showed that obtained products are preferred in syngas

composition, with notable hydrogen yield as the most valuable constituent.
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Alternative fuels are crucial for the decarbonisation of high-energy demanding processes.
The utilisation of waste materials to produce alternative fuels is especially interesting since,
the co-pyrolysis of waste plastics and biomass was lately introduced as promising method since
the synergistic effect might enhance the product properties compared to those from individual
pyrolysis. Furthermore, the utilisation of waste biomass, like sawdust, is interesting since it
does not influence the sustainability of biomass consumption, and even more, it avoids the

usage of raw feedstock. Thermogravimetric analysis is performed to determine the thermal
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degradation behaviour and kinetic parameters of investigated mixtures to find the most
appropriate utilisation method. Co-pyrolysis was conducted for three mixtures with the
following biomass/polyurethane ratios: 75-25 %, 50-50 %, 25-75 %, over a temperature range
of 30-800 °C, at three heating rates 5, 10 and 20 °C/min, under an inert atmosphere. Obtained
results were subjected to comprehensive kinetic analysis to determine effective activation
energy using the isoconversional model-free methods and provide a detailed analysis of the
samples' thermal degradation process. This work aimed to identify the main thermal
decomposition stages during co-pyrolysis of biomass and polyurethane mixtures and provide

the mixture composition's influence on the considered thermochemical conversion process.
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Thermogravimetric and kinetic analysis of biomass and plastic co-pyrolysis can provide
valuable inputs for a better understanding of decomposition mechanisms. Such inputs are
important for selecting the appropriate process conditions but can also be helpful for process
modelling. This work investigates the properties of heterogenous sawdust in a mixture with
polypropylene and polystyrene. Thermogravimetric analysis is conducted to determine the
decomposition mechanism and kinetic parameters of investigated mixtures and to derive
appropriate conclusions regarding their further utilization potential. Co-pyrolysis was
performed on mixtures with the following biomass/plastic ratios: 75-25%, 50-50%, 25-75%,
over a temperature range of 30-550 °C, at four heating rates 5, 10, 20, and 30 °C/min, with
pure argon as a carrier gas. Obtained results were then subjected to comprehensive kinetic and
thermodynamic analysis. The primary goal was to determine effective activation energies using
model-free methods, pre-exponential factors, and elementary thermodynamic parameters such
as changes in enthalpy, entropy, and free Gibbs energy. Finally, the influence of the heating

rate and mixture composition was extensively investigated by analyzing calculated parameters.
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Thermochemical conversion of waste materials recently gained significant attention since it
opens the opportunity for the simultaneous production of alternative fuels while tackling issues
related to waste management. Co-pyrolysis of waste biomass and plastics is very promising
since the demand for feedstock can be satisfied from different streams, while obtained products
have higher value properties. In this work, detailed experimental analysis and product
characterisation is performed for three individual samples (pine sawdust, polypropylene,
polystyrene) and their respective mixtures with 50% of sawdust, and 50% of plastics equally
divided between polypropylene and polystyrene. Results showed that feedstock interaction
during co-pyrolysis generally enhances the product properties compared to individual
pyrolysis. In the case of pyrolysis oil, a high yield of almost 80% is obtained, with
hydrocarbons as the most prominent constituents. Higher than theoretically expected liquid
yield is achieved at the expense of gaseous fraction. Since sawdust is the primary source of
gases, the mixture’s gas composition was weakly affected by the introduction of plastics.
Finally, the synergistic effect that occurs between biomass and plastics moderately impacts
solid residue, which is slightly increased compared to theoretical values. It can be stated that
introducing plastics greatly improves the properties of pyrolytic products, especially when

aiming to maximise high-quality liquid yield.
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In the scope of energy transition and overall decarbonisation, various alternative fuels are
investigated as potential substitutes for conventional fossil fuels. Co-pyrolysis has emerged as
a potential solution for production of alternative fuels, while dealing with waste management
issues, due to its ability to process different feedstocks. Biomass-derived fuels, with all their
constraints, are already used on a commercial scale. Simultaneously, significant efforts are
given to scale up fuel production from the thermal treatment of waste plastics. The fuel must
be produced sustainably with minimal environmental impacts to be considered an alternative.
This study presents the life cycle assessment (LCA) of waste biomass and plastic materials, co-
pyrolysed with an aim to produce pyrolysis oil that could be used as a petroleum substitute.
Moreover, the environmental impacts from the co-pyrolysis are compared to incineration and
landfilling, which are today mostly used to deal with end-of-life plastics. The LCA is carried
out in openLCA software using ReCiPe Midpoint 2016 method. Results show that co-pyrolysis
mostly reduces emissions associated with environmental impacts, even though this greatly
depends on the treatment method used to divert the feedstock. Furthermore, most process
emissions are associated with electricity consumption, therefore, integration of plastic
processing with renewable energy sources can further reduce the environmental impacts.
Finally, the products derived from the process should be of high quality with minimal after-

treatment requirements to effectively substitute fossil fuels.
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ABSTRACT

Transition and decarbonization of the energy sector require the utilisation of new technologies and energy
sources. Higher penetration of intermittent renewable energy sources implies the installation of energy storage,
to store electricity excess and enhanced system efficiency. These electricity surpluses that will occur more often
in the future energy system could be effectively utilized for the production of alternative fuels. Most of the
alternative fuels that are considered for future applications are already known chemicals or products, nowadays
used for other purposes. Another great advantage of some alternative fuels lies in their possibilities to act as an
energy carrier. This feature might be crucial while discussing their utilisation potential and further development.
Fuels which can simultaneously be used for power generation and as an energy carrier will have a more
important role in the future and are likely to be utilized on a greater scale. Renewable energy source like
biomass, on the other hand, is already widely used, and their role in the future system is not questionable. Even
though significant increment in biomass consumption raises serious concerns about its sustainability, and seeks
for new approaches. In this work, the authors tried to review alternative fuel characteristics, alongside their
utilisation and production opportunities. To come up with the optimal solutions, the authors compared various
proposed alternative fuels, alongside their advantages and drawbacks with an aim to find the most appropriate

role for each fuel.

1. Introduction

The transition toward a 100% Renewable Energy System is a com-
plex process with different technical and economic challenges. In order
to achieve predetermined goals, several steps should be carried out
simultaneously, including increment of energy efficiency, savings in
primary energy consumption, and finally, deployment of variable
renewable energy sources (VRES) [1]. A high share of intermittent re-
newables like wind and solar in the electricity mix consequently affects
the grid stability and requires the flexible operation of conventional,
baseload power plants [2]. Moreover, a higher share of VRES indicates
that the periods with an excess or lack of electricity production will be
more often; therefore, it is necessary to include short- and long-term
energy storage [3]. Fig. 1 illustrates the penetration of VRES into the
power system for the case of the European Union (EU28). It is known
that about 30% of VRES can be balanced by the grid. Up to 80% of VRES
can be integrated using demand response technologies like
vehicle-to-gird (V2G), thermal storages, and other types of short-term

* Corresponding author.
** Corresponding author.

storage. To integrate 100% of VRES, long-term energy storages are a
necessity. Hydropower and biomass are renewable energy sources,
suitable for flexible operation in a decarbonized energy system. Never-
theless, these resources may be scarce in some countries or geographical
regions, and even more, their over-usage to fill the remaining gap of 20%
may be unsustainable [4]. Lately, the chemical conversion of electricity
surplus into some form of alternative fuel (Power-to-X) is introduced as a
promising solution since they can act as an energy source or carrier, but
also as long term energy storage [5].

Alternative fuels may vary by its origin and production process, but
the common for all of them is that they are produced through the sus-
tainable and clean procedure, without the additional emissions of Car-
bon dioxide (COg2) [6]. There are two main pathways for the synthesis of
alternative fuels: direct utilisation of electricity surplus and thermo-
chemical conversion of raw feedstock. For the former one, the term
electrofuels has lately been introduced to clearly emphasize the pro-
duction route and wusage of electricity [7]. Electrofuels are
carbon-neutral fuels synthesized from the VRES electricity surplus in a
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Fig. 1. Integration of Renewable Energy Sources into Electrical Grid [4].

gas, or liquid form, and carbon neutrality is achieved by closing the loop
in a way that used CO; is captured from the exhaust gases or directly
from the air [8]. In addition, electrolysis which is a crucial technology
for the synthesis of electrofuels can be operated in a flexible mode in
accordance with the production of the renewables, increasing the
overall system efficiency and simultaneously allowing higher penetra-
tion of VRES [9]. The basic synthesis components of electrofuels are
Hydrogen (Hj) and CO; therefore production targets are synthetic hy-
drocarbon gases like methane (CHy4) or butane, or in liquid form alcohol
fuels like methanol (CH3OH) [10]. Another, aforementioned, pathway
for the synthesis of alternative fuels is through the thermochemical
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conversion of a raw feedstock into useful gaseous or liquid fuels [11].
These processes are widely investigated nowadays since they can
convert different waste materials or raw feedstock into valuable alter-
native fuels or chemicals. The main challenge for broader application of
thermo-chemical conversion is to couple synthesis process with VRES
and lower the production costs. On the other hand, the main advantage
of alternative fuels is derived from the fact that once produced; they can
easily be stored and distributed where needed [12]. Fig. 2 presents po-
tential pathways for the clean synthesis and utilisation of alternative
fuels in future energy systems.

Alternative fuels can be synthesized in a liquid, gaseous or solid
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Fig. 2. Production pathway for Alternative Fuels synthesis using VRES.
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Table 1
Recent review papers on various alternative fuels.

Renewable and Sustainable Energy Reviews 128 (2020) 109927

Type of review Authors

Content

Electrofuels McDonagh et al. [18]
Lehtveer et al. [19]
Hydrogen Abdalla et al. [20]
Parra et al. [21]
Ammonia Giddey et al. [23]
Valera-Medina et al. [22]
Biodiesel/Biomass Chandra Bhan, Lata Verma, and Jiwan Singh [32]

Bajwa et al. [14]
Perkins et al. [25]
Widjaya et al. [26]
Sher et al. [33]
Alcohol derived fuels Verhelst et al. [34]
Svanberg et al. [28]
Celebi and Ayday [27]
Awad et al. [35]
Makarichi et al. [29]
Al-Salem et al. [30]
Hassan et al. [31]

Non-recyclable waste

Production of electrofuels using curtailed energy from VRES

Higher penetration of VRES might not be sufficient enough to achieve
cost-competitiveness

Production, transportation, storage and application challenges

Role of hydrogen for deep system decarbonization

Sustainable synthesis and transport application

Highlights of previous research regarding utilisation of Ammonia as a
viable energy vector for power applications

Review on alternative biofuels

Review on solid densified biomass products

Fast pyrolysis for the production of liquid biofuels

Biomass gasification

Thermal and kinetic analysis of six different biomass fuels

for power generation

Methanol as an IC engine fuel

Methanol for shipping

Review on light alcohol fuels

Alcohol and ether alternative fuels

Review on waste incineration
Pyrolysis of waste plastics
Co-pyrolysis of biomass and plastics

e o o o o o o

phase, depending on the application needs and production processes.
Liquid and some gaseous fuels are the most promising solution for the
transport sector [13], while solid fuels are likely to be used for stationary
needs in power plants [14]. Additionally, fuels that might be utilized in
more than one form, and simultaneously being used as an energy carrier
or storage will be deployed on a greater scale. To maximise fuel and
overall system efficiency, cross-sectoral integration is mandatory [15].
This implies, combined heat and power (CHP) production, but even
more, deeper integration of transport and industry within the power
generation sector [16]. Cogeneration plants have notably higher effi-
ciency compared to conventional power plants; therefore, they are
preferred in the future energy system. Moreover, waste heat can be
utilized for district heating or industrial purposes, or directly for the
production of alternative fuels. Term alternative fuels will be used for all
considered fuels in this review, including electrofuels, to avoid potential
confusion.

The majority of alternative fuels still haven’t reached the commercial
scale of application due to the limitations in production or consumption
processes and technologies. Mainly, this is related to a high energy
penalty which fuels need to undergo during the life-cycle or the eco-
nomic viability of the production process itself [13]. At the moment,
biomass is the only one commercially used, while its consumption is
expected to increase even more. Other alternative fuels like hydrogen,
ammonia, methanol, biodiesel, biogas, waste-derived fuels, etc. still
haven’t reached commercial maturity, and their current consumption is
almost negligible [17]. Table 1 presents recent reviews on considered
alternative fuels with a brief description of the main objectives. McDo-
nagh et al. [18] analysed the cost and efficiency of electrofuels pro-
duction using curtailed energy when VRES penetration is between 40
and 60%. It was shown that up to 56% more could be achieved in pro-
duction with approximately similar cost reduction. Lehtveer et al. [19]
analysed the cost-competitiveness of electrofuels in future energy sys-
tems, showing that they are unlikely to become feasible even with
higher penetration of VRES. Abdalla et al. [20] and Parra et al. [21]
reviewed the role of hydrogen for deeper system decarbonization,
concluding that pronouncedly more needs to be done by policymaking
to boost up the broader deployment of hydrogen as an alternative fuel.
Valera-Medina et al. [22] and Giddey et al. [23] evaluated the role of
ammonia in the future energy system. They find that ammonia might
have an important role as energy storage or carrier. Biodiesel and
biomass were widely investigated over the years as a carbon-neutral
energy source. Lately, the research focus was shifted to the solutions

that could significantly improve the properties of biofuels and enhance
their efficiency. The utilisation of waste biomass feedstock [24] through
thermochemical conversion processes such as pyrolysis [25] or gasifi-
cation [26] could significantly improve the sustainability of biomass
consumption. Various alcohol derived fuels are widely investigated as a
potential substitute for IC engines [27]. Especially interesting is the
methanol, as the simplest alcohol, which has great potential for uti-
lisation in the shipping sector [28]. Finally, non-recyclable waste could
be effectively utilized as a feedstock for fuel production overcoming the
problems related to waste incineration [29]. Waste plastic materials are
lately investigated for fuel production [30], especially to improve the
properties of bio-oils through co-pyrolysis processes [31]. The list of
alternative fuels is extensive, and this paper covers mainly the most
promising at the moment.

This review paper aims to present and analyse the most prominent
alternative energy sources, which are nowadays widely investigated as a
potential alternative fuel, and energy carriers or storage. Up to now,
various alternatives fuels have been investigated and detailed reviews
have been carried out as summarised in Table 1. Nevertheless,
comprehensive review which would summarise and evaluate considered
alternatives with their advantages and drawbacks, as well as the pro-
spective for greater deployment is widely missing. In addition, alterna-
tive fuels are often compared in competitive way, promoting the usage
of one fuel for all applications. In this work, the authors analysed the
most prominent chemicals, biofuels and alcohol derived fuels with a
goal to find a complementary role for each of them in future energy
systems. Finding a complementary role is especially important to
continue with the research in a way which would maximise application
potential of each considered fuel.

2. Materials and methods

The research method is based on a three-step procedure, consisting of
(i) systematic literature review and information synthesis, (ii) grouping
of studies by selecting the most prospective and promising solutions and
(iii) assessment of accuracy and topic relevance. The literature search
was done by searching scientific databases Scopus and Web of Science.
Fig. 3 presents a flowchart of how the literature review was done. Firstly,
the scientific databases were searched for general terms like alternative
fuels, synthetic fuels and electrofuels by keywords, abstract and title.
The great number of publications can be found when these terms are
searched, and most of the studies are not directly relevant to the topic
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Fig. 4. Number of publications for alternative fuels in the Scopus database [36].

and objectives of this work. Therefore, additional refinement related to
the field of energy was applied, narrowing the results to approximately
5000 recent studies which were marked as promising by scanning the
title, and keywords. Based on the obtained and synthesized results from
the last 5 years, the most promising alternative fuels are selected. This
selection was based on the research activity and a number of available
publications. Each fuel was additionally investigated and reviewed
regarding the application needs, utilisation technologies and production
routes.

Fig. 4 presents the number of publications per year that can be found
in the Scopus database regarding alternative fuels. From the figure, it
can be seen that alternative fuels are gaining research momentum since
the 2000s.

3. Review of alternative fuels and utilisation possibilities

To present current and future energy demand, “Global Energy
Transformation: A roadmap to 2050” 2018, by International Renewable
Energy Agency (IRENA) was used [17].

3.1. Overview of current and future energy demand

According to the IRENA roadmap, the share of renewable energy in
total primary energy supply (TPES) was 15% in 2015. This should be
increased by two-thirds of overall consumption to meet goals for 2050,
while TPES should remain at nowadays level. In 2017, the share of all
renewable sources (RES) in the power sector was 25%, with an aim to
increase this share to 85% by 2050. This will ensure that electricity from
RES accounts for 60% of total renewable energy (RE) in TPES. In a
reference case for 2015, electricity accounts for about 20% of total final

energy consumption (TFEC), while the rest are other sources, mainly
fossil fuels. To meet projected goals, more than 13 000 new, renewable
gigawatts needs to be installed. The major increment is expected from
VRES, wind and solar photovoltaic (PV) energy, where most new ca-
pacities will be installed. The high share of VRES indicates more periods
with excess or lack of electricity production, requiring some form of
energy storage. Synthesis of alternative fuels from electricity surplus can
offer multiple benefits, especially in terms of transport and industry,
where very little has been done so far. In 2015, the share of renewable
energy in the transport sector was around 4%, while this is expected to
increase to 58% by 2050. The most are expected from electric vehicles
(EV), especially for light-duty transport; while decarbonization of
aviation, shipping, and high-duty vehicles seeks for different solutions.
This gap may be filled with high-energy density alternative fuels like
hydrogen, advanced biofuels or electrofuels. Transition and decarbon-
ization of an industry sector will be a particularly challenging task. The
share of renewable energy for the industry was approximately 14% in
2015, with biomass and renewable electricity equally represented.
Electrification of the low-temperature processes will significantly
contribute to decarbonization of the sector, while high-temperature
processes require the introduction of alternative fuels. Besides
biomass, a higher contribution is expected from emerging alternative
fuels like hydrogen, enhanced bioenergy and similar. The overall share
of renewable energy in the industry is expected to be 60% of TFEC in
2050 [17]. Fig. 5 illustrates the current and predicted renewable energy
and electricity consumption according to the IRENA scenario. Current
and expected share of renewable energy is on the left, while the share of
electricity is on the right side for each sector. In case of power genera-
tion, the number refers only to share of renewable energy.
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3.2. Alternative fuels

3.2.1. Hydrogen

Hydrogen is the cleanest known energy source that can be produced
from various energy sources like fossil fuels, nuclear energy or VRES
[20]. Currently, hydrogen is widely used as rocket fuel in the aerospace
sector [37], as a refining material for the petrochemical industry as well
as in multiple other industrial processes [38]. Almost 50% of hydrogen is
globally used only for the production of Ammonia (NH3) [39]. When
used as a fuel, hydrogen oxidation releases only water and heat, without
additional emissions (Equation (1)). Even though hydrogen is the most
abundant chemical element in the universe, its natural, elemental
occurrence on earth is seldom. Nevertheless, hydrogen can be found in
various hydrocarbons, water or synthesized chemicals.

2H,(g) + 01(g)— 2H,0(g) + heat 1

One of the biggest advantages lies in high energy density which
varies between 120 and 142 MJ/kg [40]. High energy density coupled
with the maturity of production processes promotes hydrogen as po-
tential seasonal storage in the future energy, as well as the alternative
fuel [21]. Fuel cells look like the most promising solution for hydrogen
utilisation for both portable and stationary use [41]. Nevertheless, due
to the low volumetric energy content, the efficient application requires
liquefication at —253 °C, or compression to 700 bars. Both processes are
highly energy-intensive, resulting in energy losses around 10% for
compression, and about 40% for liquefaction [39]. In addition, high
flammability requires cautious handling procedures and raises several
safety issues. Materials used for hydrogen storages must not react with
hydrogen in any form and simultaneously serve as an excellent heat
insulator [41]. In addition, problems with a hydrogen distribution
network are even greater, and it is estimated that new infrastructure
would costs over several billion dollars in the coming decades [39]. Even
though serious issues are ahead of hydrogen utilisation as a fuel, strong
strategic pushback by policymakers and notable research efforts, pre-
sume that hydrogen will have a role in the future. To overcome existing
problems and open the path for broader application, an appropriate
distribution network needs to be developed, and cost-competitive pro-
duction from renewables should be met.

3.2.2. Ammonia

Ammonia (NH3) is an entirely carbon-free chemical compound
widely used as a fertilizer, which recently gained significant attention as
a potential energy carrier or alternative fuel [23]. Ammonia is nowadays

widely used chemical and its production accounts for approximately 200
million tons yearly. Currently, the primary feedstock for the synthesis
via the Haber-Bosch process are fossil fuels like natural gas, coal, and oil
as well as nitrogen from the air [22]. Ammonia is at room temperature,
and 10 bar pressure in the liquid phase and its storing is quite easy with
already developed distribution infrastructure. The energy density of
ammonia is around 22.5 MJ/kg, with one of the highest gravimetric
hydrogen densities (17.8 wt%), making it an ideal energy carrier for
hydrogen fuel [23]. Sustainable usage of ammonia implies that elec-
tricity surplus from VRES is utilized for electrolysis and production of
hydrogen, which is then synthesized with the nitrogen from the air.
Where needed ammonia is once again converted to the hydrogen and
then utilized for power generation [23]. Even though this process is
highly energy-intensive and results with a significant energy penalty,
the procedure is quite easy, and infrastructure is already in place [42].
Moreover, ammonia can be effectively used as energy storage since its
price is more competitive than storing pure hydrogen. According to the
study, storing hydrogen in the form of ammonia for 182 days costs 0.54
$/kgH,, compared to the 14.95 $/kgH, if the pure hydrogen is stored
[43]. There are already existing storage facilities in Qatar that use
ammonia for storing hydrogen [44]. If the ammonia is solely used as a
fuel, its energy content is equal to Hy energy content. Complete
ammonia oxidation is clean since the products are nitrogen, water and
release heat (Equation (2)).

4NH; + 302—>2N2 -+ 6H20 + heat (2)

The main problem of using ammonia is its high toxicity and haz-
ardous nature. Ammonia is a colourless gas with a sharp odour, lighter
than air, and it can cause serious health issues. In the liquid phase,
ammonia is strongly corrosive, especially if mixed with water [45].
Moreover, incomplete combustion of ammonia leads to the formation of
pollutant NOx emissions. Issues related to the direct application of
ammonia in IC engines or gas turbines are related to the high ignition
temperature (~650 °C), and comparably lower energy density than
gasoline which requires engine modifications [23]. Moreover, ammonia
has low burning velocity and often needs additives like Hy, CHy4, or
diesel to be ignited. Direct application in fuel cells is only feasible for
solid oxide fuel cells (SOFCs) due to the high working temperatures,
where ammonia could be cracked and utilized through hydrogen [42].
The utilisation of ammonia as fuel has several concerns; nevertheless,
the International Environmental Agency (IEA) classified ammonia as a
potential energy carrier and remarkable efforts are conducted globally
to establish clean production.
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3.2.3. Biodiesel

Biodiesel consists of monoalkyl esters; a long chain of fatty acid oils
derived from renewable lipid sources such as non-edible vegetables,
lignocellulose biomass or animal fats [46]. There are four generations of
biodiesel, even though only two of them reached commercial scale. The
1st generation biodiesel was firstly introduced biofuel, produced from
food crops like corn, sugar cane, wheat, and vegetable oils. The second
generation is produced from energy crops and non-edible vegetables,
waste oils and lignocellulose feedstock. It is important to emphasize that
biodiesel can only be produced sustainably if production does not
compete with the food supply chain. The 3rd and 4th generations of
biodiesel are still emerging, and they include algal biomass and genet-
ically modified microorganisms, respectively [47]. Up to know, bio-
diesel was successfully applied for the transport sector in fuel blends
with conventional oil. There are two standards for biodiesel production,
for the EU (EN14214) and for the U.S. (ASTM 6751) [48]. The calorific
value of biodiesel is between 38 and 45 MJ/kg, which is comparable to
conventional diesel [49]. Problems with biodiesel are mainly related to
its higher viscosity and density resulting with fuel injection problems.
For this reason, biodiesel is blended with diesel to improve cold start and
fuel intake. In addition, lower energy density implies slightly higher fuel
consumption [50]. On the other side, the performance of biodiesel in
conventional IC engines is quite remarkable [51]. The reduction of
pollutant emissions can be up to 78%, depending on the fuel quality and
blend ratio [52]. Particularly, biodiesel combustion decreases the for-
mation of Carbon monoxide (CO), CO,, particulate matter (PM), and
unburned hydrocarbons emissions, while NOx emissions are slightly
higher [53]. It was shown that engine performance could be increased
by 3% when 20% of biodiesel was mixed with gasoline [54]. Currently,
biodiesel is produced through transesterification, where feedstock is
mixed with methanol or ethanol [49]. Pyrolysis might be a new poten-
tial method for the production of high-quality biodiesel fuels from the
various feedstock [55]. The yield of bio-oil in such a process is up to
75%, with a heating value between 36 and 42 MJ/kg depending on the
feedstock type, while the process is carried out on mild temperatures
between 400 and 600 °C, with the feedstock that contains low moisture
content [25]. The interesting research topic is upgrading the bio-oils
through the co-pyrolysis process with waste materials to improve
quality and fuel properties [56].

3.2.4. Alcohol derived fuels

Alcohol derived fuels like methanol, ethanol, and Dimethyl Ether
(DME), have already been successfully deployed for internal combustion
engines (ICE). Due to the application limitations, alcohol fuels are often
introduced in fuel blends where it shares does not exceed 20% [53]. This
review covers methanol as the simplest form of alcohol, ethanol as the
commercially used fuel, and DME as the prominent fuel to be used in IC
engines in the future.

3.2.5. Methanol

Methanol, known as methyl or wood alcohol is one of the simplest
alcohols which oxides as a clean fuel when produced with recycled CO,
(Equation (3)) [57]. Currently, the primary market for the methanol is
the chemical industry, even though significant efforts are given for
utilisation as an automotive fuel as well (around 20 million tons/yearly
for fuel blends) [34]. At the standard room temperature and pressure,
methanol is in a liquid state, which makes it easier for handling and
distribution. Nowadays it is mainly produced from catalytic conversion
of carbon monoxide and hydrogen from natural gas, or from the gasi-
fication of coal. To be used in the future decarbonized energy system, the
production process must shift toward cleaner solutions like
Power-to-Liquid, which involves CO5 capture technologies and elec-
trolysis of water [58]. The alternative solution includes the
biomass-to-energy approach where bio-methanol is produced [59], or
solar production [60]. If the sustainable and cost-effective production is
met, there are no further technical barriers for greater usage of methanol
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as a fuel, especially in the shipping sector [34]. Methanol has been
widely shipped over the globe, which encouraged investigations for its
utilisation as a fuel. Tanks and IC engines can easily be modified, while
several refilling stations have already been installed [28]. Toxicity and
high corrosion potential (higher than gasoline), as well as the swelling
and shrinking of polymers, represents the main drawback of its uti-
lisation [61]. Besides, methanol energy density is halved compared to
conventional marine fuels, which makes it unsuitable for long voyages
[62]. Lower energy density implies multiple refilling or the installation
of additional tanks. Fuel blend of methanol and diesel can reduce NOx
emission by 30%, while methanol can increase overall engine perfor-
mance and efficiency [34]. Up to know methanol was used in existing IC
engines, while specific methanol engines are under development for
smaller vessels, road and commuter ferries [61]. Methanol can also be
utilized in the fuel cells, even though this produces relatively lower
voltage and has poor conversion efficiency [63]. It should be mentioned
that if methanol is not produced from renewable sources, the GHG cycle
is even higher than conventional heavy fuel oils. Methanol is also
investigated as a potential hydrogen carrier in Power-to-X systems, due
to the fact that is it the simplest form of electrofuels [64].

2CH;0H + 30, -2C0O, + 4H,0 3

3.2.6. Ethanol

Ethanol or ethyl alcohol is the simple form of alcohol, commonly
produced from the fermentation of biological matter. Today, a tremen-
dous amount of ethanol is used for the medical application, as well as for
the production of alcoholic beverages. Efforts to utilize ethanol for the IC
engine started in the 1930s in the USA, with an even greater increase
following the oil crises in the 1970s. In that period, significant impor-
tance ethanol gained in Brazil, where a national program for the pro-
duction of alcohol fuels was established alongside subsidies for blending
conventional fuels with ethanol. As a result, around 20% of the cars in
Brazil are operated solely on ethanol, while the rest can have ethanol
share up to 20%. The heating value of ethanol is around 27 MJ/kg,
which is pronouncedly lower compared to gasoline (44 MJ/kg) and
requires the installation of bigger storage tanks [65]. Besides, oxygen
content in ethanol is around 35%wt., followed up by high latent heat of
vaporization, indicating problems with a cold start. Ethanol oxidation
releases CO3, HoO, and heat, as presented in Equation (4). Since the fuel
is produced from biological feedstock and crops, CO2 emissions might be
considered neutral [66]. Nevertheless, if higher consumption of such
fuel is expected in the future, problems with sustainability may arise due
to over usage of biomass feedstock. Another drawback of ethanol com-
bustion in IC engines is related to uncomplete combustion where sig-
nificant amounts of formaldehyde emissions are released, which
promotes the formation of ground-level ozone. The performance of an
engine ran on ethanol fuel blend is satisfactory with efficiency similar to
those powered by gasoline. Simultaneously, the reduction of CO,
emissions could be up to 20% when “well to tank” is calculated [67].
Finally, in dedicated modified engines, ethanol performance is pro-
nouncedly better, especially if a comparison is carried out for fuel blends
or standard engines [68].

C,HsOH + 30, -2C0O, + 3H,0 “4)

3.2.7. Dimethyl ether (DME)

Dimethyl ether is the simplest ether widely used as a precursor for
the synthesis of a wide variety of organic chemicals. Lately, blending the
DME with fossil fuels for spark-ignited engines has been proposed as an
interesting method for the enhancement of combustion properties and
improvement of engine thermal efficiency [69]. The DME can be pro-
duced in a two-stage process where firstly methanol is produced from
methane steam reforming and then dehydrated to DME [70]. Sustain-
able production could be achieved if syngas is obtained from biomass
gasification or methanol is produced using CCU technologies and
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electrolysis [71]. The DME is a non-toxic and non-carcinogenic com-
pound with very low global depletion potential, which makes it an ideal
substitute for fossil fuels in IC engines. In addition, the DME burns with a
visible blue flame, and it has a sweet odour which is an important safety
issue. It has the highest heating value of alcohol derived fuels (~29
MJ/kg), and cetane number similar to that of diesel (55-60), which
marked him as a potential diesel substitute [72]. The main advantages of
the DME utilisation as a fuel are the following: decreased emissions of
NOy, hydrocarbons, CO and complete absence of soot and SOx emis-
sions. Significantly reduced pollutant emissions promote the DME as a
potential solution for the substitution of diesel fuel in IC engines [73]. A
major drawback for wider application is related to comparably lower
heating value, which implies the installation of bigger storage tanks. In
addition, lover viscosity results with significant injection and leakage
problems, demanding a new, dedicated fuel delivery system [74].

3.2.8. Biomass

Biomass is one of the few energy sources, simultaneously used as a
fuel and feedstock for fuel production [75]. In 2010, total biomass
consumption reached 56 EJ/yr, mainly for residential and building
heating and cooking in individual, poorly efficient stoves. In addition,
biomass is used as a fuel for cogeneration (CHP) power plants (4.5
EJ/yr), and also in industry and transport sector with the cumulative
consumption of approximately 13 EJ/yr. It is expected that inefficient
stoves will be replaced by 2050 with modern ones, and biomass will
remain an important energy source in rural areas. In the future, demand
for the biomass is expected to double by 2030 from nowadays levels to
approximately 108 EJ/yr. The increase is expected in all sectors, and it is
estimated to be ~31 EJ/yr in transport, and ~21 EJ/yr for the industry.
The remaining 56 EJ/yr is foreseen for power generation and heating
(individual and district heating) [75]. Traditional biomass (i.e. fire-
wood) which is now widely used, strives for new approaches in order to
find more appropriate solutions to enhance the sustainability of its
consumption [76]. Firstly, the usage of traditional biomass for heating
and cooking in rural areas should be minimized and replaced by elec-
tricity. Furthermore, the usage of traditional biomass with low exploi-
tation properties should be abandoned, while the research focus should
shift toward enhanced biofuels [11]. Such biofuels have improved
combustion properties, easier are for handling and distribution, and
finally, can be produced from waste biomass residues. Waste biomass
sources like agricultural waste, sawdust, tree shavings, cutters, and
wooden chips, are bulky by-products of some other industrial activity,
but most importantly they could be efficiently utilized in forms of
densified fuels. The most prominent solutions are pellets, briquettes, and
cubes. Densified, solid fuels share similar characteristics in terms of
density (450-750 kg/mg), moisture content (8-12%), and heating value
(15-21 MJ/kg). The difference is that pellets are mainly used for heating
stoves and individual boilers, while briquettes are used for industrial
applications [77]. The main advantage of densified fuels over traditional
biomass is in the lower moisture content (up to 40%), which enhance
overall combustion performance up to 40-68%, depending on the wood
type [78]. The promising solutions for upgrading the biofuels could be
the pyrolysis [79] or gasification [26]. Obtained product are
high-quality biochars, bio-oils, and syngas. Biochar can be used as an
environmentally friendly soil fertilizer, bio-oils can be further refined for
biodiesel, while syngas can be utilized in gas turbines. Biomass pyrolysis
occurs in the temperature range between 300 and 600 °C, in the absence
of oxygen, while gasification is carried out between 800 and 1000 °C
with controlled air and oxygen content [26]. Some catalysts are used to
enhance the selection of product yield [79]. Lately, microalgae are
examined for the production of biogas, composed of typical syngas
compounds (CO, CO,, CH4, H30, Ho) with a calorific value between 10
and 35 MJ/kg [80]. Even though the cultivation of algae still didn’t
reach commercial applications due to the production costs, the idea
looks promising since they are not competing with food production.
Finally, biomass can be upgraded through co-pyrolysis with waste
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materials in order to enhance the synergistic effects of individual com-
ponents and to obtain high-quality products [81]. More on this will be
discussed later.

3.2.9. Non-recyclable waste

Firstly, it needs to be stated that Waste-to-energy should be the last
measure in waste management systems. Prior to energy recovery,
reusing and recycling are preferable, while waste incineration should be
applied for the non-recyclable waste only. Currently, a widely used
energy recovery method is waste incineration for cogeneration of elec-
tricity and heat [29]. Waste is used in the form of solid recovered fuel
(SRF), refuse-derived fuel (RDF) or through direct combustion of
municipal solid waste (MSW) [29]. Since the waste generation is inev-
itable and will be generated at higher rates in the future, sustainable
solutions for waste management practice is necessary. Thermochemical
conversion is a highly efficient method for reduction of mass and vol-
ume, but higher SOy, NOx and other pollutant emissions raise serious
environmental concerns [82]. Decreasing NOx emissions is especially
important since they are a source of multiple health issues [83].
Thermo-chemical treatment of waste is lately introduced as a method to
deal with waste materials that reached recycling potential, or their
recycling is economically inefficient (low-quality plastics, composite
materials, end-of-life plastics). Such materials might be used as feed-
stock to improve the exploitation properties of biomass or MSW [84]. It
was shown that plastics could significantly enhance biomass properties
through a synergistic effect when optimal fuel blend is pyrolyzed [85].
In addition, various waste, like rubber [86], MSW [87], or sewage sludge
[88] have been co-pyrolyzed with biomass, and again it was shown that
fuel blends products (liquid, gas, char) are noticeably upgraded
compared to the individual pyrolysis [89]. Using non-recycling waste to
upgrade biomass properties offers several benefits. Firstly, over usage of
biomass could be prevented since the feedstock needs are partially
satisfied with waste. Secondly, the waste management sector can be
effectively integrated into the energy system in order to find an appro-
priate and sustainable disposal solution [90]. Finally, obtained products
of high quality can be further utilized where appropriate (bio-liquids for
biodiesel, syngas for steam generators). General characteristics of waste
fuels could not be provided since the composition of waste significantly
varies over the regions and countries, but also over time. This is one of
the main drawbacks of waste utilisation as a fuel since the multiple in-
vestigations should be continuously carried out to determine the waste
composition, characteristics, and appropriate pre-treatment methods.
Furthermore, exhaust gases may contain toxic and harmful compounds
that require complicated and expensive after treatment [91]. Never-
theless, since the generation of waste is inevitable in the future, sus-
tainable solutions for its disposal should be found. Energy recovery
seems the most promising and cost-effective solution, even though
public acceptance of this method is still mostly missing. In further
chapter to avoid confusion, when implying to energy recovery of
non-recyclable waste, “waste fuel” expression will be used.

3.3. Form of utilisation (solid/liquid/gaseous fuels)

Form of utilisation implies the state of matter in which fuel could be
utilized. The most of considered alternative fuels might be utilized in
more than one state, with the different efficiencies. This section briefly
discusses the possible form of utilisation for considered fuel alongside
their advantages and drawbacks.

Solid fuels are nowadays widely used for stationary purposes in
power plants, or for satisfying high-energy demand in industrial pro-
cesses [92]. Solid alternative fuels might have an especially important
role in the decarbonization of heavy industry, currently dependable on
fossil fuels [93]. Alternative solid fuels, like biomass or waste-derived
fuels, could be an adequate substitution for fossil fuels without signifi-
cant infrastructure modifications [94]. Besides space and dry conditions,
no additional requirements are needed. Application of solid fuels for the
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power generation will most likely be in CHP power plants (i.e. district
heating), while notable consumption of biomass is expected to remain in
rural areas as well [76]. Biomass is already used in the form of densified
fuels like firewood, wood chips, pellets, briquettes for heat and power
production on a commercial scale [95]. In addition, biomass is often
used in fuel blends to decrease GHG emissions of fossil fuels like coal
[96]. To achieve sustainability in biomass consumption, new ap-
proaches and utilisation technique are necessary. This includes gasifi-
cation, pyrolysis, and anaerobic digestion of raw biomass with an aim to
enhance the properties of derived products. Similar to biomass, waste is
also already used as an energy source [97]. Nevertheless, current waste
management practice relies on unsustainable methods, where waste is
incinerated in CHP power plants or cement kilns without appropriate
pre-treatment [93]. This implies that the pre-selection process, where
valuable materials would be recovered is skipped, resulting in economic
losses as well [98].

Liquid fuels like gasoline, diesel, and heavy oils are conventionally
used in IC engines for all types of transport (road vehicles, shipping,
aviation) [99]. Even though it is expected that electric vehicles (EVs)
will dominate the future transport sector, additional alternative fuels are
needed as well [100]. This is due to the fact that heavy, cargo vehicles
need high-density fuels for a drive, or propulsion [101]. In addition,
battery capacities are still not enough for long-range voyages since they
demand multiple charging stops. This becomes a severe issue for over-
seas transport since multiple stops for charging are unpractical and
time-consuming [40]. Alternative fuels that can be utilized in the liquid
state are biodiesel and ethanol on a commercial scale, and methanol and
DME in the concept proof stage [46]. Pyrolysis oil could also be utilized
in a liquid state, even though more research is required to find an
appropriate application and production procedure. Finally, hydrogen
and ammonia, as potential transport fuels are both facing storage
problems when liquified. While ammonia is strongly toxic and usage
raises safety concerns; cryogenic technology is necessary to liquefy
hydrogen below the critical point of —252 °C, resulting with high energy
penalty [22].

Type of fuel Form of utilisation
Biofuels
Alcohol derived fuels | > Liquid
Pyrolytical oil
Biomass

Non-recycable waste

Hydrogen

Ammonia — Gaseous
Syngas

Biogas

Utilisation technology
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Gaseous fuels are important transition fuel, while their importance
will increase even more since they can be used in a flexible ramping
mode. This is especially important for grid balancing once when a high
share of VRES is achieved [102]. Gaseous fuels are utilized in gas tur-
bines or steam boilers, preferably in the CHP cycle with high efficiency
[103]. Syngas and biogas are the most prominent alternative fuels to be
used for stationary applications like CHP [104]. They are obtained
through conventional gasification [105], pyrolysis [106] or anaerobic
digestion [107]. The main component of gas fuel is methane, while a
notable portion of CO, CO,, Hs, and higher hydrocarbons are obtained as
well [108]. The main drawback of such fuels is inconstant and lower
heating value (10-35 MJ/kg) compared to natural gas (19-21 MJ/kg)
[109]. On the other hand, hydrogen is the most prominent gaseous fuel
to be used for mobile applications, and it is already utilized for auto-
motive purposes, using fuel cell technology [110]. In addition, a lot is
expected from hydrogen as a fuel in aviation, heavy-duty vehicles and
long-range shipping. Even though hydrogen needs to be compressed to
700 bars, this is still a more appropriate and practical solution for the
commercial application then cryogenic liquefication [111]. Used stor-
ages are made entirely from composite materials (IV carbon-composite
technology) which endures high pressures, and deformation in case of
crushing [20]. Lastly, if ammonia is going to be utilized as a fuel, most
likely, it will be in the gaseous state [23]. In the gas phase, ammonia can
be co-fired with similar gas fuels to improve combustion performance
and to overcome problems related to liquid ammonia. Fig. 6 presents the
potential application and utilisation technologies for considered alter-
native fuels. As it was already mentioned, some fuels might be utilized in
more than one form and in different technologies. Nevertheless, the
efficiency of utilisation in each technology is pronouncedly different,
requiring additional insights and research to find the most appropriate
solution. More on this will be discussed in the next section.

3.4. Utilisation technologies

This section aims to present the efficiency of considered alternative
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Fig. 6. Form and Technology utilisation perspectives for Alternative Fuels.
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fuels demonstrated on commercial or research scale. Majority of
considered alternative fuels were tested for all presented technologies
with different success. Technologies and alternative fuels that are used
commercially are discussed briefly, while more attention is given to the
emerging ones.

3.4.1. Fuel cells (FCs)

Fuel cells become widely discussed and investigated technology
when hydrogen was introduced as a potential alternative fuel. Proton-
Exchange Membrane Fuel Cell (PEMFC) and Solid Oxide Fuel Cell
(SOFC) are the most attractive and investigated nowadays [40].
Hydrogen utilisation in fuel cells has gone farthest, and it is already
commercially available, with the Toyota Mirai as a notable example of a
hydrogen-powered vehicle [112]. Fuel cells are also foreseen for other
types of transport, including shipping and aviation sectors [110]. They
are relatively small in size, and therefore ideal for portable applications.
For the hydrogen case, both fuel cells show a similar efficiency of
approximately 50-60% depending on the fuel purity. While PEMFCs
seems like a logical solution for portable applications due to the low
operating temperature (up to 100 °C), the SOFCs could be the solution
for stationary use. High working temperatures (500-1000 °C) of SOFCs
requires longer start-up time, therefore more practical application for
this technology is in power plants. The efficiency of compressed
hydrogen used in PEMFC with all loses is about 40% [9]. Methanol can
also be utilized in PEMFC, without reforming, making a new subgroup of
proton-exchange fuel cells, called direct methanol fuel cells (DMFC).
Operating conditions of these FCs are relatively similar to those of
PEMFC, while conversion efficiency varies between 13 and 29% [63].
Ammonia is the last alternative fuel tested with fuel cell technology. Due
to the high operating temperature of SOFCs, ammonia can be directly
utilized without reforming, with the efficiency between 39 and 50%
[22]. Highest efficiency is achieved when ammonia is used for stationary
CHP production directly without reforming. If ammonia is used as a
vehicle fuel, PEMFC is required due to the lower operating temperature,
implying that ammonia is used as an energy carrier, and before being
introduced to FCs needs to be reformed to pure hydrogen, which results
with significant energy penalty. In the end, the net efficiency for the
best-case scenario is between 11 and 19% [23].

3.4.2. Internal combustion engines (IC engines)

Biodiesel is the only fuel utilized in the conventional IC engine on a
commercial scale. In addition, biodiesel can be used solely as a fuel or in
blends with the conventional diesel. When the bottom one is applied, the
share of biodiesel is indicated with factor “B" and the respective share (i.
e. B20, indicates that share of biodiesel is 20%, while rest is diesel) [52].
The share of biodiesel in the fuel mix is limited by the engine itself,
quality of fuel, and requirements that need to be satisfied. The especially
important criterion is fuel quality which mainly depends on the feed-
stock used for the production, and it is determined based on fuel vis-
cosity, flash point, calorific value, and specific density [54]. Quality can
be controlled during the production process by appropriate
pre-treatment methods and processes parameter manipulation (tem-
perature, pressure, or used catalyst) [113]. The overall performance of
the engine can be enhanced, while concentrations of exhaust emissions
may vary. Even though it can be stated that the overall reduction of GHG
emission can be achieved when biodiesel is blended with conventional
diesel, this strongly depends on operating conditions. While NOx emis-
sions in most cases are decreased, CO and CO, emissions seem to be
slightly increased [114]. Nevertheless, it is expected that biodiesel will
be used in the future for IC engines since it has been proven in the
operating environment, and it is widely discussed as a potential fuel for
the aviation sector in the form of bio-jet fuel [115]. Usage of methanol
for IC engines has been discussed for a long time with some actual ex-
amples of implementation. The problem of methanol deployment for IC
engines is related to its high corrosive potential, which requires engine
modifications [116]. Finally, methanol has lower energy content
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compared to petroleum fuels which imply a need for larger tanks.
Nevertheless, simple production procedures, coupled with the increased
engine performance and efficiency, opens the possibility to use meth-
anol in the shipping sector as a partial substitution for fossil fuels. This is
supported by the fact that methanol can reduce NOyx emission by up to
30%, which is a remarkable success for the shipping sector [28].
Ammonia was tested for IC engine applications as well [110]. The main
problem of using ammonia in the IC engine is related to the high burning
temperatures, which require the addition of some other fuel like diesel
to enhance the start-up process [117]. These problems are prevailing
when spark-ignition engines are used [23]. Generally, when ammonia is
used as fuel for the IC engine, it must be in conjunction with some other
conventional fuel to ease the start of the combustion process. Relatively
low reactivity followed by high auto-ignition temperature and low flame
velocity limits the application of ammonia solely as a fuel. Achieved
overall efficiency of ammonia combustion in IC engines is between 35
and 40% [22]. The advantage of using ammonia in the IC engine is
derived from the fact that high octane numbers (~130) can reduce
knocking and improve combustion properties. The main issue related to
ammonia application in IC engines is in fact that potentially higher NOx
emission can occur if there is incomplete combustion.

3.4.3. Gas and steam turbines

Biomass is already used in the CHP cycle, and its consumption will
only increase [114]. The great advantage of biomass is that it can easily
be introduced to existing power plants where can be combusted solely or
in fuel blends with fossil fuels. Even though the efficiency is slightly
lower, a remarkable reduction of pollutant emissions in exhaust gases
might be achieved, especially in terms of NOx, SOx, and particulate
matter emissions [118]. Furthermore, emitted CO5 can be considered
neutral since it was consumed during plant life. If there is high moisture
content (i.e. firewood), combustion efficiency is notably lower due to
the fact that a considerable amount of energy is used for vaporization
[119]. Lately, significant efforts are noticed in the research, to achieve
synergistic effects of biomass and other types of solid fuel in order to
enhance fuel quality and properties [120]. Such fuel blends (i.e.
biomass-plastics) could be effectively applied in power plants since the
treatment systems for exhaust gases are already in place [121]. Biogas
and syngas, as the products of biomass upgrading, can be utilized in gas
turbines for the combined cycle as well [122]. The quality of biogas
obtained from anaerobic digestion (AD) depends on feedstock type, but
even more on production conditions [123]. More on AD will be dis-
cussed in the following section. Syngas is, on the other hand, derived
from biomass gasification (800-1000 °C) or pyrolysis (300-600 °C) and
again, slight shifts in the temperature region significantly affect its
composition [26]. This is directly reflected in its calorific value and
consequently, overall efficiency. When obtained gaseous fuels have a
higher share of hydrocarbons and hydrogen, combustion characteristics
are better, and efficiency is higher [124]. If gaseous fuels are synthesized
from renewables, emitted CO, can be considered carbon neutral. In
order to decrease the share of CO, in biogas composition, a further
upgrade is required. This implies amine scrubbing for CO, removal or
co-pyrolysis of biomass with high calorific waste on high temperatures,
to increase hydrocarbon content [125]. The utilisation of biogas in
power plants has a significant drawback since it may cause acidification
and eutrophication several times higher compared to fossil fuels [126].

Waste incineration is a long-time used practice for energy recovery of
waste materials. Solid waste is introduced to the power plant where it is
burned at high temperatures between 750 and 1100 °C [98]. Because of
the feedstock content, exhaust gas contains various pollutants like SOx,
NOy, COx, Polycyclic Aromatic Hydrocarbons (PAHs) and heavy metals.
This requires complicated and expensive treatment of flue gases, and it is
considered as a major drawback. Nevertheless, stringent control emis-
sions make this process quite effective for waste management, simul-
taneously producing heat and electricity with an efficiency of up to 80%
[127]. Hydrogen and ammonia could also be utilized in gas turbines,
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Table 2

Summary of main fuel characteristics.

Waste

Biofuels

Chemicals

Type of fuel

Syngas/biogas

Biomass

Biodiesel

Alcohol derived fuels

NHj3

Ho

Vary

10-35 Syngas
15-22 Biogas

15-21

38-45

~19 (Methanol)
~27 (Ethanol)
~29 (DME)

22.5

120-140

Calorific Value

(MJ/kg)

MSW, RDF, SRF, non-

Sawdust, agricultural waste, tree Biomass, non-recyclable

Energy crops, waste oils,
lignocellulosic plants

Biomass, CO, (CCU), Hy

(electrolysis)

H, (electrolysis) + Nj

(air separation)

Electrolysis, Biomass and
waste gasification

Feedstock and

recyclable waste, sewage

sludge

waste, biodegradable waste

shavings and cutters and similar

production

CO,, NOy, SOy, various

pollutants

CO3, CO, NOx

H0, N2 CO,, H,0 CO, CO,, NOx CO,

Heat

H,0,

Combustion

Heat

products
Utilisation efficiency

Fuel cell

13-29% (DMFC)

11-19% (SOFC)

35-40%

50-60% (PEMFC/SOFC)

Varies

Up to 40% (depends on
the type of engine)

IC engine

Up to 80% (CHP); only

electricity ~22%

Up to 80% (CHP), Electricity production; 30-34% dry biomass, 45%

co-firing

55-60%

Gas and heat

turbines
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even though seldom work was done in this field. Ammonia was used in
various fuel blends and achieved efficiency in combined cycle with gas
turbines is between 55 and 60% [23]. Problems reported with the
application of ammonia for IC engines are similar in this case as well.
Direct combustion of hydrogen in gas turbines have a severe drawback
related to its high reactivity which results in high burning temperatures,
flame speed and similar. Therefore, hydrogen utilisation in gas turbines
requires the development of dedicated technology [128]. Table 2 sum-
maries all presented alternative fuels with their main characteristics
such as calorific value, feedstock for production and derived combustion
products. Between the considered alternative fuels, hydrogen has the
highest calorific value without emission of greenhouse gases. Moreover,
it can be produced from the completely clean procedure, if the elec-
trolysis is powered by renewable energy sources. Ammonia and alcohol
derived fuels, express the most disadvantaged characteristics required to
meet fuel specifications. They have the lowest calorific values, and
incomplete combustion might result in even higher emissions.

4. Production pathways

This section aims to present essential technologies and processes for
the synthesis of considered alternative fuels. Water electrolysis might be
a key technology for fuel synthesis, since it can be driven in flexible
mode, allowing higher penetration of VRES. Even more, clean hydrogen
is inevitable for the production of other forms of alternative fuels as well.

4.1. Sustainable methods for clean production of alternative fuels

4.1.1. Hydrogen production

Hydrogen production from fossil fuels is a known procedure where
natural gas or coal is used as a feedstock. Today, hydrogen is most often
produced from steam reforming of methane, while it can be produced
from partial or autothermal oxidation or gasification as well [20].
Nevertheless, production from fossil fuels is not possible in the future
decarbonised energy system, and procedure must shift toward sustain-
able solutions. Production from renewable energy sources implies py-
rolysis or gasification of biomass [26] or water electrolysis from the
electricity surplus from VRES [129].

One of the most prospective ways to produce clean hydrogen is water
electrolysis (Equation (5)). Notable research efforts are conducted to
bring this procedure on a commercial scale, and even though this ac-
counts for only 4% of today’s production, perspective is bright [129].
There are several types of electrolysers, divided by the nature of elec-
trolyte they use. The most prominent ones are Polymer Electrolyte
Membrane (PEM) electrolyser, alkaline electrolyser, and Solid Oxide
Electrolysers (SOE) [129]. Electrolysers have the capacity to produce
hydrogen with high purity (99.999 vol%) with the efficiency of between
70 and 85% [130]. Process efficiency mainly depends on the load factor
of renewables and electrolyser efficiency itself. Since the water is
carbon-free, and technology reached the maturity stage, the last step for
broader deployment of electrolysis is the economic competitiveness of
the procedure. At the moment, production costs of hydrogen from
electrolysis (~$3/kg) are double than those from natural gas reforming
($1.2.-1.5/kg) [20]. Since the electricity is the main driver of electrol-
ysis production costs, once when higher penetration of VRES is ach-
ieved, this procedure would be entirely competitive to steam reforming
of fossil fuels. This is especially important in the future energy system,
where it will be more periods with electricity surpluses, which can be
effectively utilized for electrolysis. This would ensure grid stability,
avoidance of production curtailment, and more importantly, clean
production of hydrogen [128]. Furthermore, hydrogen can be directly
produced from solar, nuclear or waste heat utilisation from industrial
processes. If the hydrogen is produced directly from solar energy,
concentrating solar power (CSP) seems like the optimal solution since
higher temperatures are required [21]. Production using nuclear energy
implies the integration of waste heat for high-temperature electrolysis,
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even though this requires further research efforts [131].
2H,0->2H, + 0O, 5)

Technological maturity implies that clean hydrogen production
could be completely viable once when a higher share of VRES is inte-
grated since this will cause a further reduction of electricity costs which
are the main driver for full commercialization and broader application.

4.1.2. Ammonia synthesis

The main constituents for ammonia synthesis are Hy and nitrogen
(N3) via the Haber-Bosch process. Hydrogen is most often obtained from
the reformation of natural gas, which accounts between 1 and 2% of the
annual energy demand [45]. The Haber-Bosch process is energetically
demanding and kinetically complex. It is important to emphasize that
Haber-Bosch production of ammonia operates as a continuous process
whereby each pass through the reactor converts only about 15% of the
N, and Hj to NH3, yet with continuous recycling and overall conversion
rates are around 97% [132]. This recycling implies that intermittency of
VRES is not a severe problem since the feedstocks can be produced when
there is electricity excess and stored for later use. Some types of “green”
ammonia synthesis processes have been demonstrated in America,
Australia, Africa, Canada, Germany, the Middle East, Norway, and the
United Kingdom [133]. Moreover, a small-scale solar ammonia facility
has been operating for a few years at Pinehurst Farm in Iowa. The
ammonia thus produced is used as a fertilizer and as a fuel for tractors
[134].

Switching to clean production implies the electrolysis and air sepa-
ration, which can be entirely powered by VRES. Cryogenic air separation
provides Ny, used for ammonia production and oxygen, which has other
valuable applications. To maintain a fully green process, and avoid COy
emissions, the electrolyser should be powered by electricity surplus from
the grid or by direct renewable solar energy installed in situ [22]. If the
direct solar energy is used, due to the low solar conversion efficiency
(~16%), the overall primary energy input increases, from 16.4
MJ/kg-NHj3 of methane to 236.7 MJ/kg-NHj of solar energy. Low effi-
ciency leads to higher production costs due to higher energy demands. In
the best-case scenario, 27.2 MJ of solar electricity displaces 16.4 MJ of
natural gas, required to manufacture the same amount of ammonia (1
kg) [45]. Nevertheless, in regions endowed with wind and solar re-
sources and with a high share of VRES, green ammonia could be
competitive. In these ideal locations, the cost of solar and wind elec-
tricity is predicted in the range of $30/MWh, which translates into a
cost-competitive $2/kg of Hy from water electrolysis. In other words, if
solar electricity is available, usage for ammonia production is subopti-
mal at least until the electricity mix becomes nearly 100% renewable
[431.

4.1.3. Methanol synthesis

An innovative trend becoming increasingly evident in the scientific
literature is the use of light to drive or assist chemical reactions and
processes to produce clean methanol. The prospect of using solar energy,
CO4 and water to synthesize methanol could lead to an economically
viable technology, capable of replacing fossil fuel heavy industry with a
renewably sourced alternative [59]. There are different ways to produce
light-assisted chemical products, including direct utilisation to convert
CO5 and water through solar thermochemistry, photochemistry, or
photoelectrochemistry. Another potential solution is the gasification of
biomass feedstock to produce syngas [64]. Solar concentrators in
conjunction with complementary focusing elements, intensify the sun-
light incident on the biomass gasification reactor. The temperatures
thereby achieved should be sufficient to affect biomass gasification
(~850 °C) without the need for external heating. Again, similar to
ammonia, the low efficiency of solar-to-power technology is consider-
able constraint affecting overall processes efficiency. Therefore, an
interesting solution might be coupling hydrogen from electrolysis and
integration with CCU technologies utilising electricity surpluses from
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the grid [60]. An excellent example of sustainable and clean methanol
production is in Reykjavik, Iceland. This industrial facility commis-
sioned in 2007, annually produces 4000 metric tonnes of methanol
made from captured COy and Hj. This corresponds to 5500 MT of
recycled CO; per year. The location of the facility allows utilisation of
geothermal steam from the 75 MW, Orka’s Svartsengi power station to
provide renewable heat and electricity., while captured CO, accounts
for about 10% of total annual power plant emissions. Electricity is
mainly used to power alkaline water electrolysis to produce Hy, which in
turn reduces COs in the presence of a catalyst, in a process operating at
250 °C and 5-10 MPa [129].

4.1.4. Anaerobic digestion

The anaerobic digestion is a process that includes four bio-
metabolism steps (hydrolysis, acidogenesis, acetogenesis, and meth-
anogenesis) in which biodegradable waste is converted into valuable
biogas, consisting mainly of methane [123]. The AD is an optimal pro-
cess for treating a biodegradable fraction of MSW, agriculture waste
(animal manures, energy crops, algal biomass, harvest remains), food
industry waste (food/beverage processing, dairy, starch) or sewage
sludge [135]. The four-step process can be carried out into single-stage
or multi-stage AD systems, even though the bottom one requires addi-
tional research. The overall process is determined by complex relations
between various operating parameters, growth factors, system design,
and the type of reactor [123]. Type of the feedstock is essential for the
selection of system design and type of the reactor, as well as it affects
growth factors and operational parameters [107]. During the process,
pH is stringently controlled since it influences the bacteria efficiency,
consequently the success rate of the process as well. Nowadays, most of
the AD systems are operated in continuous single-stage mode, process-
ing various biodegradable waste [136]. Even though anaerobic diges-
tion is a complex process with higher investment and operational costs,
installed capacities increased from 2 to 11 million tonnes, over the last
two decades [123]. Installed capacities are expected to increase even
more since the generation of biodegradable waste is inevitable, while AD
looks like a promising waste management method [137]. Nevertheless,
further research focus should be given to multi-stage AD, where
high-quality biogas can be produced, and cost reduction to achieve
economically viable production.

4.1.5. Carbon capture and utilisation

Carbon capture and utilisation technologies are an important part of
the supply chain for the production of alternative fuels using recycled
CO, emissions. The title indicates that carbon capture technologies are
focused on extracting CO2 emissions from the point source or directly
from the air and then utilising it where needed [4]. Lately, these tech-
nologies have been marked to play a complementary role in future en-
ergy systems since they can be operated in flexible mode. This allows
grid stabilization through Power-to-X (PtX) processes once when higher
penetration of VRES is achieved [64]. PtX implies the utilisation of
captured CO; into some form of electrofuels, reducing the need for
battery storages, simultaneously producing a valuable liquid or gaseous
fuels [138]. Major technologies for carbon capture, include
pre-combustion capture, oxyfuel combustion, chemical looping com-
bustion (CLC), post-combustion capture, capture from fermentation
processes, and direct air capture (DAC). An extensive review of the
presented processes is given by Mikul¢i¢ et al. [4]. Even though CCU
technologies might have remarkable efficiency (up to 98% for amine
scrubbing) in terms of CO, emissions, they inevitably affect overall
system efficiency due to the high energy penalty for its operation. The
techno-economic analysis which was carried out by Bhave et al. [139],
estimates the cost at 145-185 €/t for 50 MW plant, with CLC being the
least expensive, and pre-combustion being the most expensive. It should
be mentioned that CCU technologies are mostly in the R&D phase,
except post-combustion amine scrubbing and pre-combustion natural
gas processing [140]. Since the introduction of electrofuels, the CCU
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technologies are assessed through their role in PtX production pathways,
which might become an essential market for scaling up technology on a
commercial level. Finally, even though carbon capture has an important
role in the future energy system due to operational flexibility, meeting
the cost-competitive price of operation is a crucial step for broader
deployment [141]. The bottom one is especially important since the
installation of a carbon capture system results with significant energy
penalty and reduced overall system efficiency.

4.2. Fuel blends pyrolysis for enhanced characteristics of biofuels

Pyrolysis is a thermochemical conversion method where thermal
decomposition takes place in the absence of oxygen. Derived products
are carbonized residue, liquids, and gases. Lately, pyrolysis has been
introduced as a promising technique for the conversion of waste mate-
rials into valuable fuels and chemicals [30]. Depending on the desired
product distribution, pyrolysis is operated at different temperature
ranges. In case the liquid yield is preferred, temperatures go up to 600 °C
for most of the feedstock, while gasification is carried out on tempera-
tures above 700 °C [55].

Biomass pyrolysis is most often carried out on temperatures between
200 and 450 °C, where feedstock is converted to high-quality liquids,
pyrolytic gases, and carbon-rich char residue [79]. Product yield de-
pends on operating conditions and the feedstock type, while obtained
products usually need to undergo refinery processes prior to utilisation.
In an example, bio-oils generally contain lower heating values and are
unstable at a higher temperature, while pyrolysis gases may contain a
high share of CO5 [142]. Recently, significant research efforts are given
to convert biomass feedstock into valuable fuels and chemicals. Espe-
cially interesting is the pyrolysis of waste materials like sawdust, agri-
cultural waste, various straws, energy crops and similar [126]. Even
though pyrolysis can significantly enhance biomass properties, further
upgrade in terms of heating value, lower viscosity, high acidity, and
thermal stability requires additional efforts. Interesting might be the
synergistic effect that occurs during the co-pyrolysis of biomass with
waste plastics [143]. Plastic has a high share of carbon and hydrogen,
and the heating value similar to those of fossil fuels [144]. Besides, low
share or complete absence of oxygen in the elemental composition re-
duces the yield of oxygenated compounds, marked as the main draw-
back of biofuels. Several research showed that co-pyrolysis significantly
enhance the bio-oil properties in terms of heating value, thermal sta-
bility and viscosity. Since the chemical and mechanical recycling of
plastics is expensive, while for some types not even feasible, co-pyrolysis
seems like a promising method for waste management as well [145].
Besides, the different type of non-recyclable waste can be co-pyrolyzed

Table 3
Ultimate and Proximate Analysis of different biomass and plastic materials.
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with biomass, like sewage sludge (SS) [95], food waste [108], MSW
[82], rubbers [86], etc. Even though conducted investigations showed
that product properties are greatly enhanced in the co-pyrolysis process,
more needs to be done to reduce the yield of various pollutants that
constrain immediate utilisation. In Table 3, Ultimate and Proximate
analysis of various waste materials, investigated as a potential
co-pyrolysis feedstock is given. Characteristics given in Table 3 are
essential for the feedstock selection and adjustments in co-pyrolysis or
co-gasification process.

The most valuable pyrolysis product is bio-oil, which yield is favored
when a high concentration of Volatile matter (VM) in the feedstock is
present. This is found for waste plastic, marking them as an ideal feed-
stock for co-pyrolysis to enhance bio-oil properties. Moreover, the ash
content and fixed carbon, which constrains liquid yield, is pronouncedly
low for plastics. Finally, the pyrolysis of plastic yields a significant
number of different hydrocarbons which is preferred in terms of heating
value [144]. Nevertheless, using plastics in energy recovery raises
several serious issues as well. Since the plastic materials are produced
from fossil fuels and synthesized with different additives, toxic and
hazardous compounds might be found in the obtained pyrolysis product
[152]. Mainly, this is related to the formation of different PAHs, dioxins,
furans, toxic hydrocarbons, and similar [125]. Moreover, a significant
amount of chlorine-containing compounds might be found in both liquid
and gaseous phases, which are not just toxic, but corrosive and there-
fore, unfavorable for further exploitation [153].

Conducted experimental investigations showed that the liquid yield
of co-pyrolysis is of better quality than those of plastics and biomass
pyrolysis alone [154]. Zhang et al. [155] investigated the catalytic
co-pyrolysis of pine sawdust and plastics (polyethylene PE, poly-
propylene PP, and polystyrene PS) in order to maximise the production
of aromatics and olefins. The best-case scenario showed that the overall
yield of aromatics and olefins could be enhanced by 36%, and 35%
respectively for PE/pine sawdust ratio 4:1 at 600 °C. Lu et al. [156],
confirmed the thesis that the interaction of plastic and biomass leads to
the reduction of oxygen and water content in the liquid fraction, and as a
consequence, obtained oil has higher heating values and stability. Zhang
et al. [56] investigated the potential for bio-jet fuel upgrade through the
synergistic effect of biomass and plastic co-pyrolysis. Results showed
that catalytic microwave pyrolysis could yield a sufficient number of
hydrocarbons (42.66%) to meet jet-fuel specifications. There are
numerous other examples of biomass/plastic co-pyrolysis under
different conditions and with different goals. Conducted research
showed that the synergistic effect significantly enhances individual
characteristics, even though a cautious approach should be maintained
due to the evolution of toxic and hazardous compounds. Besides plastics,

Ultimate Analysis

Proximate Analysis

Volatiles Moisture Ash Fixed carbon C H N (o]

wt.% (different basis) wt.% dry basis
Miscanthus [146] 69 4.7 3.0 22.67 49.6 5.9 1.06 42.84
Grasses” 69.0 12.6 4.3 16.8 49.2 6.1 0.9 43.7
Straws” [147] 66.7 10.2 7.8 15.3 49.4 6.1 1.2 43.2
Shells and husks® [147] 64.6 12.4 18.6 4.4 50.2 6.3 1.4 41.9
Sawdust” [147] 84.6 - 1.1 14.3 49.08 6.0 0.5 43.7
Furniture waste [148] 72.9 12.1 3.2 11.8 51.8 6.1 0.3 41.8
Sugarcane bagasse [147] 76.6 10.4 1.9 11.1 49.8 6.7 0.2 43.9
Macroalgae [147] 45.1 10.7 21.1. 23.1 43.2 6.2 2.2 45.8
HDPE [149] 97.15 - 0.8 - 86.5 15.1 - -
PP [149] 96.9 - 1.0 - 84.7 15.3 - -
PET [149] 84.1 - - 13.9 64.1 3.7 - 34.2
Rigid polyurethane foam [150] 83.2 - 6.2 10.6 62.7 6.3 6.4 24.0
Sewage sludge [151] 57.22 5.42 31.27 6.09 36.11 5.25 6.50 -

@ Mean Value obtained after analysis of different samples from the respective group.

b Measured at the dry basis.
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sewage sludge (SS) could be used in fuel blends with biomass in order to
deal with its disposal problems. Pyrolysis of sewage sludge solely at 800
°C, yields around 55% of the gaseous phase with the methane, hydrogen,
and CO as the main constituents, and the heating value of 19.27
MJ/Nm? [157]. The SS is not a potential candidate for a bio-oil upgrade,
but it can be used to obtain high-quality syngas and char residue. While
syngas could be further utilized in gas turbines, quality biochar (free of
pathogens due to high temperature), could be used as a fertilizer.
Furthermore, biomass and SS can be pelletized together and used for
power generation. The benefits of this method are the following;
reduction of energy demand for the production of pellets, while the
breaking force and Meyer’s hardness are significantly higher. In addi-
tion, moisture absorption of biomass-SS pellets was lower, ignition
temperature was reduced, and combustion temperature and perfor-
mance were enhanced [151].

4.3. Current challenges and future trends

Currently, there are numerous constraints for greater deployment of
alternative fuels. First of all, the availability of fossil fuels makes it hard
for alternative fuels to meet cost-competitive production costs. In the
case of biofuels and waste fuels, a quality criterion is the main concern;
lower heating value, higher acidity, thermal stability and similar limits
wider deployment of current commercially available biofuels. Never-
theless, research in this field is ongoing for some time with the constant
enhancement of produced fuels, implying that the role of such fuel is not
questionable in the future. On the other hand, considered chemicals (Ha,
NHj3 and alcohol derived fuels) have well-known production procedure,
but they are predominately synthesized for industrial needs. This im-
plies that higher production costs are not a concern for such an appli-
cation, but the further reduction is expected if the intention is to use
them as a fuel. Furthermore, deployment of new fuels requires modifi-
cation on existing utilisation technologies. While biofuels and alcohol
derived fuels could be effectively utilized in existing IC engines with
slight modifications, development of new technologies or significant
modifications are required in case of hydrogen and ammonia. Fuel cells,
developed for hydrogen utilisation, shows excellent perspective to be
deployed for both stationary and portable applications, even though
additional work is required to optimise operating parameters and in-
crease efficiency. The last obstacle for the broader deployment of
alternative fuels is the production, which needs to shift toward clean and
sustainable solutions. In the case of biofuels, this predominately implies
utilisation of waste agricultural and industrial biomass residues to pro-
duce high-quality clean fuels. Simultaneously, to achieve carbon
neutrality, production of synthetic fuels should shift toward new solu-
tions which do not include processing of fossil fuels as a feedstock.
Additionally, synthesis of alternative fuels should be coupled with VRES,
allowing them higher penetration into the energy system, simulta-
neously reducing the carbon footprint of produced fuels. Coupling the
synthesis with VRES could also reduce the production costs once when a
higher share of intermittent renewable sources is achieved. A notable
trend in research is the direct utilisation of solar energy for fuel syn-
thesis. The main advantage of solar production is in fact that there is no
need for an external energy source. Nevertheless, the low conversion
efficiency of solar energy is greatly influencing the overall process ef-
ficiency, making solar production economically uncompetitive. In
addition, significant research efforts are given to bring technologies that
can be operated in flexible mode on a commercial scale. This is espe-
cially important for electrolysis and carbon capture technologies which
are used to produce essential feedstock (Hy and CO») for alternative fuels
synthesis. Coupling these technologies with VRES would have multiple
benefits like reducing the production costs, decreasing the curtailments
in power production, and improving grid stability. While talking about
thermochemical conversion methods for alternative fuel production,
significant research efforts are given to bring such processes on a larger
scale and commercial level. Pyrolysis and gasification are especially
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interesting since they can process various waste materials and convert
them into valuable fuels or chemicals. Recently, the research focus is
shifted to enhance biofuels properties through co-pyrolysis or co-
gasification with high calorific waste materials (i.e. end-of-life plas-
tics). This is not only important for fuel synthesis but as a waste man-
agement method as well.

5. Conclusion

Alternative fuels are inevitable in the future decarbonized energy
system. Even more, alternative fuels are especially essential to decar-
bonize transport and industry sector, where electricity will have a much
lower impact, or it is not suitable as a replacement. In this review, the
main goal of the authors was to present current potential alternative
fuels within their applications, and present prospective alternative
routes for their production. The bottom one is significantly important
since it can be seen that current production pathways mainly rely on
fossil fuels in both terms, the feedstock and fuels. Following conclusion
are derived from this review:

e Biofuels, especially biodiesel and solid biomass, are the only alter-
natives available on a commercial level and already utilized for
transport and industrial needs. Since their consumption is expected
to increase even more in the future, new solutions should be found to
achieve sustainability. Thermochemical conversion of raw feedstock
through pyrolysis or gasification, as well as the anaerobic digestion
of biodegradable waste, looks like promising solutions where future
research efforts should be given. Additionally, waste management
can effectively be incorporated within the production of enhanced
biofuels, simultaneously tackling environmental concerns and
improving biofuels properties.

Chemicals like hydrogen and ammonia were tested as an alternative
fuel for various utilisation technologies. Hydrogen has high energy
density which marks it as a potential solution for high-temperature
industrial processes or transport sector that requires such fuels.
Nevertheless, hydrogen is widely used for other purposes as well,
which implies that only a limited amount would be available for fuel
application. Moreover, a new distribution network is required for
greater deployment of hydrogen, which presents serious drawback.
Ammonia, on the other hand, has a lower heating value, several
safety concerns, and poor combustion properties. This suggests that
role of ammonia as an alternative fuel will be very limited. Never-
theless, ammonia has a great hydrogen gravimetric density and could
be used as an energy carrier or storage since the distribution is not a
concern.

Alcohol derived fuels are known alternative for some time. Never-
theless, commercial application on a greater scale is doubtful. Be-
sides, lower heating values, which imply higher fuel intake,
additional modifications or the development of dedicated IC engines,
is necessary to achieve higher efficiencies. Nevertheless, such fuels
show interesting characteristics when used in fuel blends, especially
in terms of reducing pollutant emissions. In addition, methanol, as
the simplest alcohol was successfully tested for marine application,
with encouraging results regarding the engine performance and
reduction of exhaust emissions.

Greater deployment of alternative fuels can be expected once when
the cost-competitive production is met. Strategic pushback can have
a significant effect on this; nevertheless, the final price of produced
fuels should be similar to conventional fuels. Higher penetration of
VRES would allow this cost reduction since there will be more pe-
riods with an excess of electricity production, which can be effec-
tively utilized for alternative fuel synthesis. Simultaneously, this
would allow even greater penetration of intermittent renewable
sources, since the produced alternative fuels can act as energy
storage.
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e Finally, production pathways should shift toward sustainable solu-
tions and coupling with VRES. Predominantly this implies direct
utilisation of solar energy to drive the production process or inte-
gration of various technologies like electrolysis and carbon capture
with the VRES to achieve clean production of feedstock used for fuel
synthesis.
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Usage of traditional biomass raises serious concerns regarding its sustainability due to the inefficient com-
bustion in household stoves and potential over-usage if the intention is to replace fossil fuels in power
plants. Co-pyrolysis of biomass feedstock with different waste materials, especially plastics, might be a
promising alternative for sustainable usage of enhanced biofuels. Even more, co-pyrolysis can help to
integrate waste management schemes into the power production sector. Plastics materials have proper-
ties similar to those of fossil fuels in terms of heating value and the absence of oxygenated compounds;

g?_’ I‘;V;rﬁ;'sis therefore, they could significantly improve the properties of biomass products, especially bio-oils. Espe-
Polystyrene cially interesting for this method is polystyrene (PS) since it yields a high share of liquid fraction, which
Sawdust is the most valuable pyrolytic product. In this work, co-pyrolysis was performed for a mixture of waste

biomass sawdust (oak, poplar and fir wood) and waste polystyrene from dairy product packaging. Pyrol-
ysis was carried out for sawdust and polystyrene alone, and their respective fuel blends (PS/SD 25-75%,
PS/SD 50-50%, PS/SD 75—25%) from room temperature to 600 °C with a retention time of half an hour.
The highest yield of liquid fraction was noticed for mixtures with 75 % of PS, while the lowest one was
for blends with 25 % of PS, with a yield of 83.86 % and 62.33 %, respectively. Additionally, the mass

Synergistic effect
Oil composition

spectrometric analysis was carried out to determine the chemical composition of the obtained oil.
© 2020 Published by Elsevier B.V. on behalf of Institution of Chemical Engineers.

1. Introduction

Besides electrification, additional high-energy-density alterna-
tive fuels are inevitable for successful energy transition (Foley
and Olabi, 2017). This is due to the fact that electrification of
high-temperature processes (Mikulcic et al., 2016) or long-range
voyages might not be efficient and practical (Ridjan et al., 2016).
Biomass and biofuels are already used as an alternative energy
source, even though the sustainability of such practice is ques-
tionable, due to their usage in poorly efficient stoves with low
efficiency (Aberilla et al., 2019). Liquid biofuels, which are already
deployed on a commercial scale, have severe drawbacks like low
heating value, a high share of oxygenated compounds (35-60 %),
poor thermal stability, higher viscosity and acidity (H. Hassan
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et al.,, 2016a). To enhance biofuels properties, different thermo-
chemical methods like pyrolysis (Gvero et al., 2016), gasification
(Widjaya et al., 2018), and anaerobic digestion (Bedoic et al., 2019)
are lately promoted as a potential solution. Pyrolysis is interest-
ing since it can simultaneously enhance the properties of obtained
pyrolysis fractions (liquid, gas, solid), especially bio-oil, which has
the greatest commercial potential for utilisation (Chiong et al.,
2018). Since the pyrolysis itself can partially prevail the drawbacks
mentioned above, co-pyrolysis with waste materials, especially
plastics, was introduced (Zhang et al., 2014). About 27 million
tons of plastic waste is generated in EU in 2018 of which only
31.1 % is recycled, while the rest is landfilled or used in energy
recovery processes (PlasticsEurope, 2018). The oil obtained from
plastic pyrolysis have some excellent characteristics similar to
conventional gasoline, like high heating value and hydrocarbon
content (Miskolczi and Nagy, 2012). Nevertheless, in such oils
higher share of harmful compounds like polycyclic aromatic hydro-
carbons (PAHSs), furans, dioxins, benzenes and similar is present,
which constrains wider application or requires complicated and
expensive after-treatment (Kwon et al., 2015). Co-pyrolysis looks

0957-5820/© 2020 Published by Elsevier B.V. on behalf of Institution of Chemical Engineers.
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like a promising solution since it can process waste materials and
convert them into highly valuable fuels or chemicals (Abnisa and
Wan Daud, 2014). Therefore, utilisation of waste biomass (saw-
dust, wood chips, branches) and end-of-life plastics might be a great
solution to tackle multiple challenges (Chattopadhyay et al., 2016).
Produced alternative fuels can be utilised where appropriate; waste
management could be efficiently integrated with the energy sec-
tor, while biomass consumption can be maintained at sustainable
levels since the need for feedstock is partially satisfied with waste
plastics.

Up to know, significant research efforts are given to find the
optimal conditions and bring the process on a larger scale. Abnisa
and Wan Daud (2014) provide a review on the co-pyrolysis process
regarding the feedstock selection, process parameters, decomposi-
tion mechanisms and product yield. Additionally, the study gives
a comprehensive review of the characteristics of common waste
plastic materials with their Ultimate and Proximate analysis, and
potential utilisation as a pyrolysis feedstock. Uzoejinwa et al.(2018)
gave an in-depth review with achieved accomplishments in field
and prospects for future work. In this work, main products of ther-
mal decomposition of various biomass and plastic materials are
given, alongside their main degradation mechanism. Even more,
the author’s present a very detailed review regarding the syner-
gistic effect that occurs between investigated feedstock, as well
as their possible reaction mechanisms. As a prospect for future
work and directions, the authors suggest the usage of an acidic
catalyst to enhance the selectivity of products, but also the usage
of microalgae and seaweed biomass as a feedstock. Yang et al.
(2016) investigated the fast co-pyrolysis of low-density polyethene
(LDPE) with three different biomass feedstock. In this study, the
detailed analysis is given regarding the oil characterisation, and it
is concluded that co-pyrolysis enhances the yield of hydrocarbons
through the synergistic effect. H. Hassan et al. (2016a) (2016b) pro-
vide a good insight on recent progress on biomass co-pyrolysis for
bio-oil production, including both catalytic and non-catalytic. E. B.
Hassan et al. (2016a) (2016b) analysed the aromatic hydrocarbon
yield from fast co-pyrolysis of torrefied biomass and polystyrene
(PS). This study shows that co-pyrolysis can significantly enhance
the yield of aromatics while decreasing the content of oxygenated
compounds. Moreover, in this study, a potential mechanism for
the formation of major aromatic hydrocarbons is given. Ozsin and
Piitiin (2018) present a comparative study on the co-pyrolysis of
biomass with different plastics. The study concludes that the syner-
gistic effect and product yield, besides process parameters, depends
on biomass-plastic feedstock ratio in the fuel blend. Nevertheless,
all mixtures express the reduction of oxygenated compounds and
increment in heating value. Ephraim et al. (2018) analysed the syn-
ergistic effect and product yield for various plastic materials. Even
though all investigated samples expressed synergy, opposite trends
are noticed, which implies that product yield depends on feedstock
selection. Finally, various kinetic analyses are performed to inves-
tigate the influence of different atmospheric conditions (Mikul¢ic
et al., 2019), and the catalytic effect on product yield (Miskolczi
et al.,, 2019). Especially interesting is the co-pyrolysis of biomass
with waste PS, which yields a high share of liquids with aromatic
hydrocarbons required to meet fuel specifications (Sanahuja-Parejo
etal., 2019). Since some form of waste PS materials are inappropri-
ate for conventional recycling methods or are not even included in
plastic recycling schemes, this marks them as an ideal feedstock for
co-pyrolysis.

In this study, biomass sawdust is co-pyrolysed with waste PS,
with an aim to investigate the influence of plastic content on bio-
oil properties. Up to know, process parameters and their influence
on product yield were widely investigated, while more needs to be
done regarding the feedstock selection. The main objective of this
study is to analyse the influence of plastic content on bio-oil quality

by evaluating the level of synergy between feedstock and observing
the composition of bio-oils derived from mixture co-pyrolysis. Even
though the introduction of plastic content enhances the bio-oil
properties, it was noticed that after some point, a further increment
of plastic share in the mixture has more negative impact promoting
the formation of unwanted compounds. Therefore, determination
of the optimal mixing ratio is essential to produce high-quality
biofuels, but even more, to reduce the need for expensive after-
treatment methods.

2. Materials and methods
2.1. Material characterisation

Samples investigated in this study were waste plastic and
biomass sawdust materials. The plastic feedstock was waste
polystyrene (PS) previously used as a packaging material for dairy
products, while biomass was obtained from a local sawmill in
the form of sawdust (SD) mixture of beech, oak and fir with
the unknown shares. Prior to experimental investigations, sample
preparation was carried out by shredding, grinding and sieving into
finer particles (0.125—0.25 mm) to obtain homogenous fractions.
Materials were obtained with unknown chemical and elemental
composition. The elemental characterisation (Ultimate analysis)
was carried out by the FlashSmart Analyzer on about 2 mg of a
sample, and the results are given in Table 1. Proximate analy-
sis was performed on a Mettler-Toledo TGA-DSC-2 using 70 mL
Al,03 crucibles. Around 10mg of each sample was heated to
110°C at 10°C/min under a high purity nitrogen gas streamflow
of 50 mL/min (with a supplemental N, balance protective gas flow
of 20 mL/min). Samples were held at 110°C for 30 min to drive off
residual moisture and then heated up to 900 °C, which was main-
tained for 30 min. The mass loss in this step is attributed to volatile
matter. Subsequently, the sample was heated to 950°Cat 10°C/min
under air atmosphere, and this mass loss is considered to be fixed
carbon (Xue et al., 2018).

2.2. Thermal decomposition investigation

To determine optimal co-pyrolysis conditions, thermogravimet-
ric analysis (TGA) was carried using TGA/DSC 2 Thermoanalyzer
Mettler Toledo. Samples were investigated individually and in
mixtures with different shares: PS/SD 25-75%, PS/SD 50-50%,
PS/SD 75-25%. Samples of about 10mg were heated in Al,03
crucibles of 70 pL, from room temperature to 600°C, at a heat-
ing rate of 10°C/min. Since the aim of the work is to investigate
the influence of slow pyrolysis on the product yield and distri-
bution, the heating rate was selected at 10°C/min which is the
most often used heating rate for slow pyrolysis. The selection
of final temperature was based on the sawdust and PS proper-
ties, and the results from previous investigations. The 600 °C was
chosen to achieve maximum decomposition of the biomass sam-
ple and to reduce solid residue at the end of a process. Nitrogen
was selected as a carrier gas since it is inert and widely avail-
able and used for such application. The gas flow of 20 mL/min
was used as sufficient for maintaining the inert atmosphere, and
the retention time was 30 min. The retention time of 30 min was
used to maximise the conversion rate of sawdust sample since
its decomposition is not finished when the final temperature is
reached.

2.3. Pyrolysis conditions and product analysis

The pyrolysis experiments were performed in a stainless-steel
fixed bed reactor. The temperature of the reactor was controlled
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Table 1
Ultimate and Proximate analysis of polystyrene and sawdust samples (dry matter).

C(%) H (%) N (%) O (%) Ash (%) Volatile matter (%) Fixed carbon (%) Moisture(%)
PS 89.58 8.22 - 0.92 98.36 0.22 0.04
Sawdust 46.49 6.03 247 44,51 78.78 20.66 5.85
Temperature controller
Working Unit

Sample -~ T

Gas -

chromatograph

Condensation flask with ice

Fig. 1. Experimental setup used for the pyrolysis and co-pyrolysis of investigated samples.

by a PID temperature controller (Model 4836, Parr), whereas a K-
type thermocouple sensed the temperature of the reaction. A more
detailed description of the reaction set-up has been described by
Hlavsova et al. (2014). The experiments were carried out under a
nitrogen atmosphere with a flow rate of 80 mL/min. Approximately
2 g of the sample was placed in the reactor and heated at 10 °C/min
to a final temperature of 600 °C. The final temperature was main-
tained for about 30 min or until the complete release of pyrolysis
gases. Samples were pyrolysed individually and in respective mix-
tures. The yield of the solid fraction was calculated by weighing
the sample mass before and the residual mass after the pyrolysis.
The yield of pyrolysis gas was calculated at N, free-vol.%, and it
is based on the volume fractions obtained from gas chromatogra-
phy (GC) and densities of individual gas components. Condensable
gases were cooled down using an ice bath and collected in liquid
form at the end of a reactor. Share of liquid fraction was calculated
by the difference. The experiments were duplicated to validate the
results.

The pyrolysis liquids were diluted 1:10 by dichloromethane. An
internal standard of 1,3,5-tri-tert. butylbenzene (100 ng/.L, Merck)
was added. Composition analysis was done by GC/MS (Agilent 7890,
5975 C). About 1 p.L aliquot of sample was injected in split ratio
1:10 by MultiPurpose Sampler (MPS, Gerstel, Muelheim an der
Ruhr) into Agilent 7890 A equipped with a HP 5 ms column (60 m
x 025 mm x 025 pm, Agilent J&W). The injector temperature was
set at 250 °C. Helium was used as carrier gas at a constant flow rate
1 mL/min. The organic compounds were separated (on column) by
the following programme: 48 °C (retention time 2.5 min.) to 280°C
(hold time 0.5 min.) with a rate 5 °C/min. The transfer line tempera-
ture was set at 280 °C, quadrupole and ion-source temperature 150
and 230°C. The mass spectrometric analysis was performed in the
range of m/z=35-650. The identification and quantification of the
individual organic compounds were carried out by standards and
programs Agilent Qualitative and Unknown analysis. Fig. 1 presents
the experimental setup used in this study for the co-pyrolysis, while
it can also be used for gasification. The similar setup, with only a few
modifications, was also used by Hlavsova et al. (2014), where syn-
gas production was studied from the pyrolysis of various Perennial
grasses.

3. Results
3.1. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is an important technique
used to determine the thermal decomposition mechanism of inves-
tigated feedstock (Rostek and Biernat, 2013). The TGA is especially
important to determine optimal operating co-pyrolysis conditions,
especially when samples have a different origin, composition and
thermal stability. Fig. 2 presents the thermogravimetric (TG) curves
for individual samples (a) and corresponding mixtures (b). As it
can be seen (Fig. 2a) thermal decomposition of PS consists of one
step between 367 °C and 482 °C, with a peak at 425°C. When the
temperature reaches 600°C, solid residue is about 5.67 %, addi-
tionally lowered to ~5 % after 30 min of retention time. Similar
results are already reported in the literature (Singh et al., 2019a;,
2019b). Thermal decomposition of biomass sawdust consists of
three stages, starting at around 50 °C with the dehydration up to
200°C, where approximately 5 % of mass loss is noticed. The second
stage, between 200 and 370 °C, presents the most intensive decom-
position with a peak at around 350 °C, where mostly cellulose and
hemicellulose, is decomposed (Zhang et al., 2016). In this stage,
the mass of the sample is more than halved to approximately 37
%. The last stage follows a linear trend, and when the temperature
reaches 600 °C biochar mass is about 21 %. After a retention time of
30 min, the final mass is slightly below 10 % of initial weight, indi-
cating higher lignin and mineral content in the investigated sample
(Reshad et al., 2019).

Obtained TG curves for polystyrene and sawdust mixtures
(Fig.2b) shows an obvious synergy compared to the individual anal-
ysis. All blends express three stages of decomposition, starting with
the evaporation at around 65 °C up to 100 °C. For the mixture with a
low share of PS, the evaporation stage is not notably affected. With
the gradual increase of the PS content, the onset temperature for
moisture evaporation for SD is decreased from 65 °C to 58 °C for the
mixture with 50 % of PS, and to 53 °C for the mixture with 75 % of PS.
This implies that plastic content affects the moisture evaporation
of the biomass component by lowering the onset temperature. In
addition, PS reduced the intensity of evaporation, and as it can be
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Fig. 2. TG curves for individual sawdust and PS samples (a) and their respective mixtures (b).
Table 2
Initial and final mass of investigated samples. B il
Sample Initial mass [mg] Final mass[mg] Conversion rate [%]
Sawdust 10.602 1.048 90.12 F5/SD175:25 1
PS 10.935 0.616 94.37
PS/SD 25-75%  11.667 2.193 81.20 PS/SD 50-50 |
PS/SD 50-50% 12.139 1.654 86.37
PS/SD 75-25%  11.161 1.367 87.75 PS/SD 25-75 1
» —
seen from Fig. 2b, only the mixture where SD is a dominant compo-
0% 20% 40% 60% 80% 100%

nent has a visible mass loss. Similar to individual TGA of SD, second
stage decomposition starts slightly below 200°C, and goes up to
380°C, with a peak at 360°C. In this stage, the introduction of PS
broadens the temperature range in which conversion is happening
by lowering the initial temperature, simultaneously increasing the
final stage temperature. The highest mass loss is noticed for the
mixture with 75 % of SD, which suggests that the biomass compo-
nents (cellulose and hemicellulose) play an important role in this
temperature range. The last stage of decomposition starts at around
400°C, and it goes up to 480 °C, after which the mass loss is almost
negligible. In the last stage, the synergy effect is the most evident
since the decomposition process is significantly accelerated, and
conversion is finished before reaching the final temperature. It is
interesting to notice that the mixture with 75 % of SD has the lowest
conversion in this stage, which implies that biomass decomposi-
tion is dominant for mild temperatures (Parihar et al., 2007). Blend
with the 75 % of PS, expressed the most intense degradation in the
third stage, which is expected since that individual TGA showed
that in this temperature range PS decompose rapidly. Mixture with
an equal share of both feedstocks shows similar behaviour to those
where PS is dominant. Therefore, it can be stated that the addition
of PS promotes the conversion of hardly degradable lignin compo-
nent, reducing the need for retention time. Table 2 presents the
initial and final mass for investigated samples. Additionally, the
conversion rate in percentages is given to see in which portion is
used feedstock converted to liquid and gaseous products. As it can
be seen the conversion rate for investigated mixtures is slightly
lower, indicating that the interaction between them during the pro-
cess hinders theoretically possible conversion rate obtained from
individual pyrolysis.

3.2. Pyrolysis product analysis
3.2.1. Product yield

Before being introduced to co-pyrolysis, PS and SD were pyrol-
ysed individually to obtain referent values and calculate the

Liquid (% wt) Gas (% wt) m Solid (% wt)

Fig. 3. Product yield from individual pyrolysis and PS/SD blends co-pyrolysis.

theoretical yield of pyrolytic products. Theoretical yield is then
compared with experimentally obtained values to determine the
level of synergy between investigated feedstock. Fig. 3 presents
the experimentally obtained values for all investigated samples. As
expected, the dominant fraction from the pyrolysis of PS is liquid
with a yield of 96.02 %, while the share of a gas fraction is almost
negligible (<1 %). Previous investigations show the yield of liquid
fraction between 80-90 % [21, 24, 25], while Ephraim et al. (2018)
reported the yield higher than 99 %. On the other hand, the main
products from the SD pyrolysis are gases (48.10 %), followed by
liquid and char with a yield of 31.39 % and 20.51 %, respectively.
Van Nguyen et al. (2019) pyrolysed the pine sawdust, where prod-
uct distribution was following; 48.83 % of bio-oil, 31.29 % of char,
and 19.88 % of gases. It can be seen that even though the prod-
uct shares are similar, the distribution is entirely different. This is
due to the fact that product distribution from biomass pyrolysis is
strongly influenced by the content of cellulose, hemicellulose and
lignin (Vassilev et al., 2010). Higher lignin share indicates higher
char yield, while the cellulose component promotes the yield of
liquids and gases. Biomass is also characterised by a higher share
of fixed carbon and ash content which favours char yields (Milani
and Montorsi, 2018), while plastics have a high share of volatiles
(>90 %) which promotes liquid yield. Therefore, if there is a syn-
ergy in the co-pyrolysis process, it is expected that obtained values
from investigated mixtures will be between these obtained from
individual pyrolysis.

From the co-pyrolysis, the highest liquid (oil) yield (83.86 %) is
noticed for the mixture where PS is dominant in the blend, while
the lowest yield (62.32 %) is obtained for the blend where SD is a
major component. The yield of gas and solid fractions shows the
opposite behaviour, and the highest yield is noticed for the mix-



H. Stancin et al. / Process Safety and Environmental Protection 145 (2021) 1-11

ture with 75 % of SD where the yields are 17.01 % and 20.66 %,
respectively. Mixture with an equal share of PS and sawdust, yield
the values which are in between of these obtained from the co-
pyrolysis of blends where a dominant component is either PS or SD.
In Fig. 3 it is interesting to notice how the increment of PS content
promotes the yield of liquids, simultaneously decreasing the share
of gas and solid products, which suggest that synergistic effect is
achieved in the process (Anuar Sharuddin et al., 2016). Even more,
it should be emphasised that the addition of only 25 % of PS to the
mixture, completely changed the product distribution compared
to the individual sawdust pyrolysis. Even though the gases are the
main products of sawdust pyrolysis, 25 % of PS in fuel mixture dou-
bled the liquid yield entirely on the expense of gas generation. The
share of char is not significantly affected, which is expected since
the PS decomposition yields an almost negligible amount of solid
residue due to high volatile content. This suggests that PS could
be effectively used with different types of biomass to improve the
oil yield which is especially important for the pyrolysis of sawdust
mixtures, where often precise composition and content of major
biomass components is not known. More on this will be discussed
in the following subsection.

3.2.2. Synergistic effect

To determine the level of synergy, experimental results are
compared to the theoretical values. Theoretical values (Y., ) are
calculated using the following Eq. (1):

Ycal = WSDYSD + WPSYPS (1)

Where Wsp,ps stands for proportions of each component in inves-
tigated mixtures, and Yspps presents the values obtained from the
individual pyrolysis (Ephraim et al., 2018). Existence and level of
synergy are determined by the difference between experimentally
obtained values and calculated ones using Eq. (2). According to H.
Hassan et al. (2016a) (2016b), it can be stated that synergy exists
when the difference between the experimental and calculated val-
ues are positive.

AY = Yexp-Ycal (2)

Fig. 4 presents the charts with the calculated theoretical and
experimentally obtained values for liquid (a), gas (b) and char (c)
products. As can be seen, the most significant synergy is achieved
for a liquid fraction (Fig. 4a), especially for the mixture with 25 %
of PS. As the content of PS increase, synergy is still evident but
with lower intensity, which is expected since the experimental
values are approaching theoretical (Sanahuja-Parejo et al., 2019).
The same is noticed for the char yield (Fig. 4b), where the mix-
ture with the 25 % of PS shows the highest synergy effect, which
decreases as the PS content increase. Nevertheless, strong nega-
tive synergy is observed for gas yield (Fig. 4c). This indicates that
interaction between PS and SD promotes the yield of oil and char,
on the expense of gas generation. It is interesting to notice that
in literature, positive values for char are almost always reported
(Abnisa and Wan Daud, 2014), while the synergy for oil and gas
yield strongly depends on feedstock selection and process condi-
tions. High heating rates, temperatures and longer residence time
will promote the formation of gaseous compounds (Ephraim et al.,
2018) as the products of secondary oil cracking (Akancha et al.,
2019; Reshad et al., 2019).

Detailed values regarding each fraction yield from investigated
blends are presented in Table 3 alongside the calculated level of
synergy. For the pyrolysis of pure PS and SD theoretical values are
equal to experimental (Exp.), since they represent the maximum
yield of products for investigated samples. Therefore, the level of
synergy AY is equal to zero.

Comparing to the investigation carried out by Ephraim et al.
(2018), where poplar wood was co-pyrolysed with PS at 750°C, a

higher level of synergy is achieved for all investigated mixtures.
In addition, Ephraim et al. (2018) noticed negative synergy for oil
yield and positive synergy for gas yield, probably due to the higher
reactor temperature. Even though strong negative synergy is visible
for gas yield in this study, the total yield is still higher compared to
the mentioned study. Since the different type of biomass feedstock
is used in these two studies, this indicates that biomass feedstock
plays a dominant role for product distribution, while PS is respon-
sible for maximizing the oil yield on the expense of gaseous and
solid fraction (Al-Salem, 2018). The investigation carried out by
Reshad et al. (2019), where rubber seed cake was investigated with
waste PS at 500°C presents results that confirm the above-stated
statement.

3.2.3. Liquid products characterisation

The liquid fraction obtained from co-pyrolysis is the most abun-
dant, and the most valuable in terms of potential commercial
utilisation (Paradela et al., 2009). Firstly, pyrolysis was performed
solely for SD to obtain a liquid fraction that represents a referent
case of bio-oil. Altogether, obtained bio-oil is composed of 90 dif-
ferent organic compounds, while only 43 of them are present with
a notable share of at least 1 %, which was chosen as a threshold for
further analysis. Approximately 20 % of the identified compounds
are disregarded from further analysis. Selected compounds repre-
sent about 80 % of the bio-oil composition, and most of them can be
considered oxygenated with at least one oxygen atom. Only non-
oxygenated compounds found are styrene, toluene and polycyclic
aromatic hydrocarbons (PAHs) which combined accounts for about
13 % of oil composition. Compounds with the highest yield are listed
in Table 4. In general, bio-oil has a heterogeneous structure with
a wide variety of identified compounds where most of them are
present in traces or with meagre share (Guo et al., 2015).

On the other hand, oil derived from the PS pyrolysis is com-
posed mostly of aromatic and polycyclic aromatic hydrocarbons.
Even though altogether 89 various organic compounds are identi-
fied, only 20 of them are represented in notable share (>0.50 %), and
they account for ~90 % of all identified compounds. Moreover, the
nine selected compounds which are given in Table 5. account for
about 82 % of all identified compounds which implies that liquid
fraction derived from the pyrolysis of PS have more homogenous
composition then bio-oil, even though the total number of identi-
fied compounds is similar. Most probably, this is due to simple PS
composition which primarily decomposes on monomer styrene,
compared to complex biomass decomposition which undergoes
through various dehydration, decarbonylating, and decarboxyla-
tion reactions (Codignole Luz et al., 2018). Results obtained for PS
oil are similar to those found in the literature regarding the yield
of major compounds (Budsaereechai et al., 2019). Nevertheless, the
lower yield is noticed for ethylbenzene, while there is a complete
absence of toluene. Moreover, Cyclohexane, 1,3,5-triphenyl-, which
is classified as PS impurity, is identified with a significant share,
which was not previously reported in the literature. In general, a
relatively lower share of monomer styrene, and a pronouncedly
higher share of styrene derivatives, suggests that longer retention
time and lower heating rates promote the secondary cracking reac-
tions and formation of various aromatic hydrocarbons (Miandad
etal., 2017).

Chemical characterisation of derived oil from the co-pyrolysis of
PS/SD blends is one of the main objectives of this study. For all inves-
tigated blends, it was noticed the increase of the total number of
derived compounds from 90, for individual pyrolysis, to more than
120 from co-pyrolysis. Detailed analysis showed that the dominant
compound found in derived oils are those which are also found in PS
oil, indicating that plastic material is dominant for the yield of lig-
uid products (Al-Salem, 2019). Table 6 presents the yield of selected
compounds and their respective share. It is interesting to observe
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Fig. 4. Evaluation of synergistic effect for each fraction yield.

that the increment of PS in the mixture decrease the yield of styrene
and promote the yield of toluene, suggesting that SD influences the
secondary cracking of monomer styrene. This is also confirmed by

the high yield of monomer styrene (27.38 %) for mixture with 25 % of
PS. Moreover, it is interesting to compare the yield of Naphthalene,
1,2,3,4-tetrahydro-2-phenyl- identified in bio-oil, as well as the PS
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Table 3

Theoretical and experimental values for product yield and calculated level of synergy.

Liquid fraction

Gas fraction

Solid fraction

Sample
Theoretical Exp. AY Theoretical Exp. AY Theoretical Exp. AY
PS 96.02 96.02 0 0.92 0.92 0 3.06 3.06 0
Sawdust 31.39 31.39 0 48.10 48.10 0 20.51 20.51 0
PS/SD 25-75% 47.55 62.32 14.77 36.31 17.01 -19.29 16.15 20.66 4.52
PS/SD 50-50% 63.71 73.22 9.52 24.51 11.08 —-13.43 11.78 15.70 391
PS/SD 75-25% 79.86 83.86 4.00 12.71 6.10 ~6.61 7.42 10.03 2.61
Table 4 Table 6
Most significant compounds identified in bio-oil. The yield of selected compounds in investigated mixtures.
Compound Share [%] Compound PS/SD 25-75% PS/SD 50-50% PS/SD 75-25%
1,6-Anhydro-b-p-glucopyranose (levoglucosan) 2.09 Share [%] Share [%] Share [%]
2,6-Dimethoxytoluene 2.14 a-Methylstyrene 4.82 7.69 8.33
2-Methoxyphenol 2.74 1,2-Diphenylcyclopropane  2.24 3.23 4.04
2-Pentanone 2.59 Benzene, 3.65 6.46 7.98
4-Methoxyphenol 2.39 1,1’-(1,3-propanediyl)
Acetophenone 5.86 bis-
Dodecanoic acid 2.19 benzene, 5.10 0.90 0.61
Furfural 5.81 1,1',1”-[5-methyl-1-
Naphthalene 1.85 pentene-1,3,5-triyl]
Naphthalene, 1,2,3,4-tetrahydro-2-phenyl- 6.82 tris-
Propanone 2.05 Cyclohexane, 19.97 8.99 11.70
Styrene 1.90 1,3,5-triphenyl-
Toluene 2.93 Cyclopentane, methyl- 3.44 1.18 0.73
Vanillin 2.92 Ethylbenzene 7.25 11.28 8.76
Sum of selected compounds 42.39 Naphthalene, 1,2,3,4- 5.95 7.32 8.73
Compounds with a share below 1.0 % 37.43 tetrahydro-2-phenyl-
Styrene 27.38 23.40 15.21
Toluene 1.12 5.70 8.15
Table 5 Sum of selected 80.91 76.15 74.25
Most significant compounds identified in PS oil. compounds
Compounds with share 19.09 23.85 25.75
Compound Share [%] below 0.5 %
a-Methylstilbene 7.11
a-Methylstyrene 10.95
1-(4-Methylphenyl)-4-phenylbuta-1,3-diene 1.66 pounds, as a positive outcome of feedstock interaction. In addition,
1,2-Diphenylcyclopropane 3.52 . . . .
1.3,5,7-Cyclooctatetraene 457 the increase of PS in the mixture decreases the yield of Cyclo-
Benzene, 1,1'-(1,3-propanediyl) bis- 6.24 hexane, 1,3,5-triphenyl-. This phenomenon is interesting since the
Cyclohexane, 1,3,5-triphenyl- 17.71 Cyclohexane, 1,3,5-triphenyl- is PS derivative product; thus, it is
Ethytlllt)telnlzene] )3 A tetrahdroa-ohen s expected that its yield would increase with the increment of PS
S:;lien: ene, Lasa-tetrahydro-=-pheny’- 1647 content. It is also interesting to observe the yield of toluene which
Sum of selected compounds 82.19 increases with the increment of plastic content, even though this
Compounds with a share below 0.5 % 17.81 compound was not found in PS oil. Toluene is a product of secondary

oil. Mixture with 25 % of PS expressed a considerable reduction in
yield of this PAH compared to individual pyrolysis. Further incre-
ment of PS content promotes the higher yield of this compound,
with the maximum share of 8.73 % for a mixture where PS is dom-
inant, which is still lower compared to the individual pyrolysis of
PS. Since there is no obvious increase in the yield of other PAHs, it
can be stated that SD hinders the formation of these harmful com-

Table 7
Yield of oxygenated and potentially harmful compounds.

cracking of styrene monomer, which is obviously encouraged by
the feedstock interaction in the co-pyrolysis (Miandad et al., 2016).
Finally, it should be noted that increment of PS in fuel mixtures pro-
motes the formation of benzene-based compounds, which could
constrain further utilisation of obtained oils since such compounds
are classified as carcinogenic.

One of the most significant drawbacks for the bio-oil utilisation
is the high share of oxygenated compounds, which results with
reduced heating value and poor thermal stability (Forbes et al.,

Investigated sampleOrganic group Bio-oil[%] PS oil [%] PS/SD 25-75% [%] PS/SD 50-50% [%] PS/SD 75-25% [%]
Phenols 12.25 3.72 1.73 1.13
Ketones 16.16 <1.0% <1.0% <1.0%
PAHs/Furans 11.86 12.14 6.86 9.43 10.26
Alcohols 4.21

Ethers/Acids 9.27

Aldehydes 9.62

Sugars 3.21

Benzene-based <1 12.67 13.48 16.24 16.62
C-content

C4-Ci2 69.10 37.98 45.53 51.57 42.52
Cg-Cis 43.00 66.07 54.25 64.38 57.31
Coa 17.71 25.07 9.89 12.31
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Fig. 5. Distribution of gaseous products for all investigated samples.
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2014). Introduction of PS is expected to reduce the yield of such
compounds and instead, promote the formation of hydrocarbons.
Table 7 summarised selected organic groups and compounds which
are found in investigated oils. An additional comparison is carried
outregarding the C-content range of identified organic compounds.
The division is made between gasoline-like (C4-Cq3) and jet-fuel
(Cg-Cq6) compounds (Akancha et al., 2019).

Obtained bio-oil has a significant number of oxygenated com-
pounds like phenols, ketones, aldehydes, ethers, acids, and a
notable amount of sugars and alcohols. Besides, a pronouncedly
high share of PAHs and furans is identified, slightly below 12 %. In
general, bio-oil is composed of gasoline range compounds C4_13
(69.10 %), while major compounds found in PS oil are high aro-
matic hydrocarbons (79.33 %), which would fit jet fuel requirements
regarding the C-content. Even though aromatics have great calorific
value, their combustion releases a large amount of smoke and
harmful species, raising severe environmental and health concerns.
For this reason, their share in fuel composition is restricted to 40
% for gasoline fuels, 25 % in the case of JP-4, and only 5 % for JP-
7 fuels (Peng et al., 2017). Surprisingly, almost the same share of
PAHs (12.14 %) is identified in PS oil and bio-oil. Analysis of oil
obtained from co-pyrolysis express expected behaviour in terms
of decreasing the oxygen-containing compounds and increment of
hydrocarbon content (Sanahuja-Parejo et al., 2019). Nevertheless,
only 25 % of PS in the blend, almost completely reduce the content
of oxygenated compounds, simultaneously increasing the share of
higher hydrocarbons. Of all identified organic groups in bio-oil, only
Phenols remained with a notable yield of 3.72 %, while the rest are
present in traces. In addition, blend with 25 % of PS showed the
most significant reduction in terms of PAHs content, from almost
12 % for individual pyrolysis to 6.86 %. The yield of PAHs is especially
interesting. While the individual pyrolysis yields a high share of
such compounds, investigated mixtures expressed notable reduc-
tion, especially for these with lower plastic content. Increment of
PS content in investigated blend leads to further decrease of oxy-
genated species; nevertheless, higher generation of PAHs is noticed.
This indicates that the optimal mixture ratio might promote the
interaction between feedstock, which hinders the cumulative yield
of PAHs found in oil from individual pyrolysis (Zhou et al., 2014).

Majority of identified compounds in bio-oil are in the range of
gasoline-like compounds regarding the C-content, while PS oil is
mostly composed of higher aromatics. Influence of the plastic con-
tent on the selectivity of produced compounds from investigated
mixtures is evident. An only small portion of plastic in fuel mix-
ture promotes the formation of compounds with higher carbon
content reaching the maximum value for mixture with an equal
share of both fractions. As the content of plastic increase in the
mixture, homogeneity of oil is slightly reduced. Most probably, this
is due to thermal decomposition of monomer styrene on toluene,
various benzene-based compounds and PAHs (E. B. Hassan et al.,,
2016a;,2016b). This statement is in agreement with Table 6, where
a notable reduction of styrene share is identified as the plastic con-
tent increase. For this reason, in Table 7, there can be seen the
reduction of the share of identified compounds for mixture with 75
% of PS regarding the C-content. It should be emphasised that there
is no actual decrease of such compounds in obtained oil, but the oil
has a more heterogeneous structure with a significant number of
species presented in traces or with a yield below 0.5 %.

3.2.4. Gas product characterisation

The gaseous product can be considered as the by-products
of pyrolysis, especially when the process is carried out on mild
temperatures below 700°C, after which gasification takes place
(Widjayaetal., 2018). Therefore, characterisation of a gaseous frac-
tion is interesting in terms to evaluate the potential of obtained
syngas which could be utilised as an energy source for pyrolysis.

Sawdust

20
16

PS/SD 1500

75-25 540
=580

=600

600

PS/SD PS/SD
50-50 25-75

Fig. 6. Calculated High heating value [M]/m3] for obtained syngas compositions.

From Fig. 4b, it is visible that for gas fraction synergistic effect is
negative, and gas yield is significantly lower compared to the theo-
retical yield. Dominant compounds for all investigated samples are
carbon dioxide (CO,) and carbon monoxide (CO). Valuable com-
pounds preferred in syngas (Jankovic et al., 2020), like methane
(CH4)and hydrogen (H;), are present with significantly lower share,
while the share of higher hydrocarbons (CxHy) is almost negligible.
The yield of H,O is avoided since the sawdust was dried at 40°C
before being introduced to experiments. Fig. 5 presents the dis-
tribution of obtained syngas components within the temperature
dependence. Highest generation of valuable gases like H,, CHy4, and
CxHy is observed for pyrolysis of pure PS, which also express the
lowest yield of CO, and CO. In general, syngas obtained from the
co-pyrolysis of various blends have a similar composition as the gas
fraction obtained from individual SD pyrolysis, which is expected
since the PS, has a meagre gas yield. The CO, and CO are the pre-
dominant components of syngas obtained from SD and mixtures
pyrolysis, and they account for about 80 % of volume share (Arregi
et al.,, 2017). Remaining is equally divided between H; and CHy,
while the yield of higher hydrocarbons is below 2 %. As expected,
temperature increment favours the yield of syngas components as a
result of secondary oil cracking (Waheed et al., 2013). Even though
the PS has small influence regarding the gas product yield and dis-
tribution, its influence is still visible from figure Fig. 5b) and c).
Addition of PS to fuel mixture lowered the temperature where the
release of CO and CO,, is noticed, suggesting that the introduction of
plastic and interaction with sawdust feedstock lowers the temper-
ature where the decomposition mechanism starts. This is a piece
of valuable information for process optimisation, indicating that
retention time and final temperature should be carefully selected
to favour oil yield. It is interesting to notice that for all samples
retaining the temperature at 600 °C, promotes the formation of H,
on the expense of CH4 and higher hydrocarbons. This implies that
longer retention time supports the secondary cracking of hydro-
carbons to favour the yield of hydrogen, already reported by (Singh
et al., 2019a;, 2019b).

HHV:ZW[MJ/mﬂ 3)

For obtained syngas composition, high heating values are cal-
culated using Eq. 3, where HHV; presents the higher heating value
of each gas component in MJ/m3, and ¢; stands for volume share
(vol.%) of respective component (Ephraim et al., 2018).

Higher heating values (HHV) are calculated for all investigated
temperatures, and the results are given in Fig. 6. Highest heating
value is ~11.5 MJ/m3, calculated for the blend with PS/SD 75—25%.
In general, HHVs at 600 °C are between 10—11 M]/m?3, while only
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Fig. 7. FTIR spectra of char from a) individual pyrolysis, and b) respective blends.

PS exhibits values above 20 MJ/m?3; nevertheless, its yield is almost
negligible (<1 %).

3.2.5. Char characterisation

Char characterisation was done by FTIR analysis. Fig. 7 shows the
FTIR spectra for individual samples a), and respective fuel blends
b). Intensive stretching in the range above 3500cm~! for PS is
due to the high aromatics content. At 2341 and 2359cm! it is
observed intense stretch of the carbonyl group (C=0) for sawdust,
while the stretching in the range between 2035-2161 cm™! corre-
sponds to C—O group. Intensive peaks are noticed for PS between
1400—1700 cm™!, which should correspond to the skeletal aromatic
vibrations (C-H). Below 1000 cm™!, C-H stretching of aromatics is
notified for both samples (Sogancioglu et al., 2017).

FTIR spectra obtained from co-pyrolysis of fuel blends express
excellent matching. Stretching at 3643 cm~! corresponds to the
stretching of both alcohols and aromatics groups. Small peaks
below 3000 cm! probably come from stretching in phenols and
alcohols which are biomass products. The intensive peak is
observed at 2348 cm™!, which represents the stretching of carbonyl
group from sawdust and evolution of CO,. At around 2161 cm!
stretching of C—0 is noticed which corresponds to the evolution
of CO. The most intensive peak is observed at 1408 cm! for all
blends, especially those with higher SD content which implies cel-
lulose deformation. Once again, a sharp peak is noticed for 873 cm™!
which presents the styrene compound. Below 800 cm! stretching
of higher hydrocarbons and C-H group is observed for all blends.

4. Conclusion

Co-pyrolysis of biomass sawdust and PS was carried out in a
fixed-bed reactor with an aim to produce oil fraction and inves-
tigate the influence of plastic content on product quality. Results
showed that PS significantly improve the yield of liquid fraction in
both terms, quantity and quality. Only 25 % of PS in mixture doubled
the yield of bio-oil from 31 to 62 %, simultaneously reducing the
yield of oxygenated compounds characteristics for conventional
bio-oils and promoting the formation of valuable aromatic hydro-
carbons. Additionally, co-pyrolysis reduced the yield of harmful
PAHs, especially visible for mixture with 25 % of PS. Further incre-
ment of PS in the fuel mixture, reduced the yield of oxygenated
compounds, nevertheless higher generation of unwanted benzene-
based compounds and toxic PAHs is noticed as well. This is most
probably result of a secondary cracking of monomer styrene which
was obviously promoted by the interaction with biomass feed-
stock. Moreover, this resulted with the reduced homogeneity of
obtained oil, since it was noted a significant increase in yield of
various compounds presented in traces or with share below 0.5
%. This information calls for cautious approach and more in-depth
analysis regarding the optimal plastic content in fuel mixture.

2500 2000
Wavenumbers (cm-1)

b)

Even though aromatic hydrocarbons have great calorific value,
their share in commercial fuel is restricted to a maximum 40 %
since their combustion release smoke and toxic species. This indi-
cates that PS might be a great solution to improve the oil yield
and prevail the need for aromatic selective catalyst, but its share
in mixtures should be limited. Since 25 % of PS in fuel mixtures
greatly improved the bio-oils properties, and further increment
leads to several unwanted side-effects, this share could be consid-
ered optimal. For further work, it might be interesting to introduce
the polypropylene (PP) in fuel mixtures with sawdust and PS. This
is due to the fact that PP degrades in similar temperature range
as PS, while mainly decompose on aliphatic hydrocarbons which
are more appropriate in fuel mixtures then aromatics. Therefore,
co-pyrolysis of sawdust, PS and PP could yield an optimal share
of hydrocarbons that could meet fuel standards and specifica-
tions. Besides, fast pyrolysis with lower final temperature, shorter
retention time and usage of appropriate catalyst could addition-
ally improve the yield and properties of derived bio-oils, reducing
the need for after-treatment methods and broadening application
possibilities.
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ABSTRACT

Current disposal of end-of-life plastics by landfilling or incineration raises serious environmental con-
cerns, simultaneously representing an irretrievable loss of valuable resources. Especially this is evident
for materials that have a complex structure, like polyurethane foams. In this work, co-pyrolysis with
sawdust was carried out to analyze and evaluate the product quality for further utilization as alternative
fuels. The introduction of polyurethane increased the oil yield but in a limited range since no significant
difference was observed between the mixture with 25 and 75% of polyurethane content. In addition, the
chemical analysis showed that small addition of polyurethane is sufficient to eliminate most of the
oxygenated compounds derived from sawdust. Nevertheless, the obtained liquid products are mostly
benzenamines that do not meet the criteria for fuel composition. Analysis of the synergistic effect shows
that the strongest impact is visible for a small branch of plastic content where liquid yield was promoted
at the expense of gas. With a further increment of plastic content, this effect fades away, except for the
solid residue where remains constant. Finally, a brief analysis of the gaseous fraction showed that ob-
tained products are preferred in syngas composition, with notable hydrogen yield as the most valuable
constituent.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

problem, resulting in the inevitable loss of valuable resources and
raising environmental issues. Simon et al. [3] brought a detailed

Polyurethane foams (PU) are widely used polymers, with about
18 million tons produced in 2016, utilized for various applications
in the automotive industry and as insulation or structural material
for different appliances [1]. They are made in rigid, flexible, and
viscoelastic forms [2]; therefore, their properties might vary
significantly, greatly influencing their end-of-life treatment. Land-
filling and incineration are the most used methods to deal with this

* Corresponding author. University of Zagreb, Croatia.
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review of potential methods for chemical recycling of waste poly-
urethane foams, emphasizing that recycled materials have limited
application possibilities. Pyrolysis or gasification might be a
promising alternative since it can convert waste materials into
valuable fuels and chemicals, as mentioned in a review by Kemona
and Piotrowska [4]. Nevertheless, while the rest of the polymers,
such as polystyrene (PS) [5,6], polypropylene (PP) [7], or poly-
ethylene (PE) [8,9], were widely investigated for alternative fuel
production, the studies which are dealing with PU treatment by
thermochemical conversion methods are seldom.

Most of the studies in the literature deal with the investigation
of kinetics or thermal degradation mechanism rather than the
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Abbreviations

GC Gas chromatography

HHV High heating value

MDA 3,4-Methylenedioxyamphetamine
PAHs Polycyclic Aromatic Hydrocarbons
PE Polyethylene

PP Polypropylene

PS Polystyrene

PU Polyurethane

PUR Rigid polyurethane foam

SD Sawdust

TGA Thermogravimetric analysis
Wspppur — Share of component

Yeal Calculated value

Yexp Experimental value

AY Synergy level

product compounds analysis. Garrido et al. [10] investigated the
pollutant emissions from the pyrolysis of flexible polyurethane
foam, focusing on the formation and yield of PAHs, furans, and
chlorine-containing compounds. At 850 °C, the formation of such
compounds was highest, implying potential constraints for the
gasification as the recycling method. Garrido and Font [11] inves-
tigated the thermal decomposition of flexible PU in nitrogen and air
atmosphere, finding that this parameter influences the number of
steps in the decomposition mechanism. In the case of the inert
atmosphere, the process consists of two steps, while three steps are
observed for the oxidative environment. This observation is even
more valuable when put in the context that the rest of the polymers
have a single-step decomposition mechanism. Yao et al. [12] per-
formed pyrolysis on rigid PU from waste refrigerators in an inert
atmosphere using nitrogen. They found that decomposition con-
sists of three stages: the initial stage from 38 to 400 °C, the second
stage between 400 and 550 °C, and the last stage between 550 and
1000 °C. This shows that the thermal decomposition mechanism of
PU strongly depends on its type (rigid or flexible), which is a direct
consequence of its chemical structure, usage of additives, and
production process. Furthermore, the fact that PUs have a three-
step decomposition mechanism is important for co-pyrolysis
since biomass and PU could directly interact when decomposed.

Nishiyama et al. [13] analyzed the derived products from the
pyrolysis and concluded that they are primarily linear hydrocar-
bons or oxygenated, benzene-containing species. The nitrogen-
containing products (4-amino-4’-isocyanate diphenyl methane -
MAI, 4,4'-Methylenedianiline -MDA) expressed the highest in-
tensity, which is expected since they are used during the synthesis.
The yield of linear hydrocarbons is favored for fuel purposes, but
the yield of nitrogen-containing species should be minimized. One
of the possible solutions might be co-pyrolysis with biomass, where
feedstock interaction coupled with process parameters could
reduce the yield of potentially harmful compounds [14]. Another
benefit of such practice is resolving problems related to biomass-
derived fuels like poor thermal stability, lower heating value, high
viscosity or acidity, and similar [15]. Moreover, due to the limited
biomass availability and geographical distribution, it is necessary to
find alternative exploitation routes to maximize its potential in
future energy systems while simultaneously maintaining con-
sumption within sustainable boundaries [16].

Hassan et al. [17] provided a comprehensive review of progress
in biomass pyrolysis. The study emphasized the importance of co-
pyrolysis with hydrogen-rich feedstock such as waste plastics to
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improve product properties. Biomass feedstock was widely inves-
tigated and, even more, used to produce high-quality bio-oils that
are currently blended with conventional gasoline. Even though the
drawbacks mentioned above constrain wider biofuel deployment
or its usage in the aviation sector. Arregi et al. [18] performed py-
rolysis of pine sawdust and high-density polyethylene for
hydrogen-rich gas production. The results from the ultimate and
proximate analysis of pine sawdust are similar to the sawdust
mixture used in this study, even though the type of wood is entirely
different. Yet, the product distribution is completely different,
suggesting the importance of the structural composition of the
biomass sample. Ahmed et al. [19] pyrolyzed Acacia sawdust for
bio-oil production at temperatures between 400 and 600 °C. The
highest oil yield was noticed for 500 °C, which dramatically
decreased with the temperature increment to 600 °C, mostly to
yield a higher share of non-condensable gases. This observation
suggests that at least 500 °C is required to enhance bio-oil yield.
Further temperature increment is beneficial to reduce solid residue,
but secondary cracking will occur and increase gaseous yield at the
expense of liquid fraction. Liu et al. [20] performed catalytic py-
rolysis over the pine sawdust with almost the same composition as
the one used in this study. They found that the addition of catalyst
has a limited impact on product distribution, while it might pro-
mote the secondary reactions at higher temperatures to increase
the gas yield. Kai et al. [21] performed the co-pyrolysis of corn stalk
and high-density polyethylene. They concluded that the strongest
synergy between biomass-plastic samples is achieved for small
plastic content (<20%), and the blending ratio has a low impact on
the evolution of gaseous products. The strongest synergistic effect
for small plastic content is also detected in a study by Ephraim et al.
[22], where polystyrene and polyvinyl chloride were used.

Thermogravimetric, kinetic and thermodynamic analysis of PU
and sawdust (SD) mixture was carried out in our previous work as
the first step to evaluating the potential of selected feedstock for
the co-pyrolysis [23]. The three-step decomposition mechanism is
observed for PU, which also overlaps with the SD decomposition
area, suggesting that the feedstock might interact significantly
when decomposed. Since the chemical properties and thermal
decomposition of PUs are pronouncedly different from the rest of
typical polymers and more similar to biomass feedstock, it is
interesting to investigate how this interaction reflects on final
product distribution. Up to now, there have been no attempts to
utilize waste rigid polyurethane foam and biomass in the co-
pyrolysis to produce alternative fuels. Therefore, this works aims
to provide an in-depth analysis of the chemical composition of
obtained pyrolytic oil, which is not found in the literature. Besides,
a brief analysis of obtained syngas fraction will be given, even
though the research focuses on maximizing liquid yield. Further-
more, the influence of plastic content on product quantity and
quality is evaluated by observing the synergistic effect between
investigated feedstocks. Finally, the appropriate conclusions
regarding the PU potential for alternative fuel production are
drawn.

2. Materials and methods

Under this section, the used materials are presented with their
origin, sample preparation procedure, and the preliminary results
obtained from the ultimate and proximate analysis. This is followed
up by a detailed explanation of used experimental methods to
ensure the reproducibility of results. The experiments and liquid
fraction sampling for chemical characterization have been dupli-
cated to ensure the accuracy of the results.
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2.1. Material characterization

Samples investigated in this study were waste rigid poly-
urethane foam (PUR) obtained from the discharged refrigerator and
used as an insulation material. Biomass feedstock was a sawdust
mixture of beech, oak, and fir wood with the unknown shares ob-
tained from a local sawmill. Samples were prepared by shredding,
grinding, and sieving into finer particles (0.125—0.25 mm) to
ensure the mixture's homogeneity. Besides, in the previous work
where utilization properties of PUR were investigated, it was found
that this particle size is the most promising for thermochemical
processes since the lowest amounts of harmful compounds are
detected in that range [24].

PUR was obtained with the known ultimate and proximate
analysis values. The sawdust properties are investigated according
to ISO 17225-1:2021 [25]. The heating values are measured using
the bomb calorimeter and following the procedure determined in
the standard ISO 18125:2017 [26]. As can be seen, the heating value
for PUR is pronouncedly higher than that of SD but still dramatically
lower compared to the heating values of the majority of other
plastics like PS, PP, or PE, which are above 40 MJ/kg [27]. Moreover,
a high share of nitrogen (~7%) is detected in the PUR sample, which
is not the case for other conventional polymers. Finally, from the
proximate analysis of the PUR sample, a high share of volatile
matter can be noticed, which is beneficial for the yield of liquid and
gaseous fractions. Nevertheless, almost 6% of ash in the composi-
tion suggests that a high yield of solid residue can be expected at
the end of the process. The results are summarised in Table 1.

2.2. Thermal decomposition investigation

Thermogravimetric analysis (TGA) was carried out using TGA/
DSC 2 Thermoanalyzer Mettler Toledo. The TGA is an inevitable step
in the experimental investigation of the thermal decomposition
mechanism, and it is often used to determine optimal process
conditions for pyrolysis [28]. Samples were investigated individu-
ally and in mixtures with different shares: PUR/SD 25—75%, PUR/SD
50-50%, PUR/SD 75-25%. Samples of about 10 mg were heated in
Al203 crucibles of 70 pu1, from room temperature to 600 °C, at a
heating rate of 10 °C/min. As a carrier, gas nitrogen was used with a
flow rate of 20 ml/min. The final temperature is selected based on
previous research presented in the Introduction section. While
Ahmed et al. [19] pointed out that the highest liquid yield is ob-
tained at 500 °C, the process was further extended to 600 °C to
minimize the final solid residue. This is because previous studies on
PU samples show that the significant mass loss is still evident after
500 °C.

2.3. Pyrolysis conditions and product analysis

The pyrolysis experiments were performed in a stainless-steel
fixed bed reactor. A detailed description of the experimental
setup and reactor components used in this work has been
described by Hlavsova et al. [29] in their original research. The
experiments were conducted under a nitrogen atmosphere with an
80 ml/min flow rate. Approximately 2 g of the sample was placed in
the reactor and heated at 10 °C/min to a final temperature of 600 °C.
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The final temperature was maintained for about 30 min or until the
complete release of pyrolysis gases. The moderate heating rate of
10 °C/min was selected based on our previous kinetic analysis,
which showed no significant differences in the decomposition
mechanism for the applied heating rates [23]. Samples were
examined individually and in mixtures with the shares as
mentioned above. The yield of the solid fraction was calculated by
weighing the sample mass before and the residual mass after the
pyrolysis. The output of pyrolysis gas was calculated at N, free-
vol.%, based on the volume fractions obtained from gas chroma-
tography (GC) and densities of individual gas components. Con-
densable gases were cooled down using an ice bath and collected in
liquid form at the end of a reactor. The share of the liquid fraction
was calculated by the difference. A detailed description of the gas
chromatography and mass spectrometry properties and conditions
can be found in our previous work, where co-pyrolysis of poly-
styrene and biomass sawdust was investigated [6].

2.4. Measurements uncertainties

Measurements for the chemical characterization of the obtained
oils were repeated twice. The standard deviation for compounds
detected in the PUR-derived oil ranges from 0.25% (1,3-benzene
dicarboxylic acid bis (2-ethylhexyl) ester) to 5.59% (MDA). The
standard deviation for oils from PUR/SD mixture analysis is be-
tween 0.54% (2-hydroxy-3-methyl-2-cyclopenten-1-one) and
5.79% for MDA.

At the same time, the reproducibility was determined for the oil
obtained from individual PUR pyrolysis in the range of 1.25% for the
MDA to 9.40% for the 3-methylbenzeneamine and the reproduc-
ibility for bio-oil from PUR/SD analysis was in the range of 2.15%
(MDA) to 8.2% (3-methylbenzeneamine).

3. Results

In this section in-depth analysis of liquid fraction was carried
out to determine feedstock potential for alternative fuel produc-
tion. Besides, a preliminary examination is performed for gaseous
fraction, and the main observation from TGA are summarised at the
beginning of the interpretation of the results. Finally, the syner-
gistic effect that occurs during the feedstock interaction is evalu-
ated at the end of this section.

3.1. Thermogravimetric and derivative thermogravimetric analysis

Another study presents a detailed thermogravimetric analysis of
individual samples and respective mixtures [23]. Nevertheless,
prepared samples were subjected to TGA before the pyrolysis to
compare the accuracy between investigations (Fig. 1). As expected,
for the SD sample, moisture evaporation goes up to 110 °C, ac-
counting for 5% of mass loss. The primary decomposition step starts
at ~240 °C, peaks at 350 °C, and ends immediately at 380 °C. The
last stage, where mostly lignin is decomposed, takes a linear
pathway until 600 °C, and the final residue is approximately 20%.
Most polymers like PS, PE, or PP have a single-stage decomposition
mechanism [30], while in the case of PUR, three stages can be
observed. In the first drying stage, the mass loss is negligible. At

Table 1
Ultimate and proximate analysis of PUR and sawdust samples.
C(%) H (%) N (%) 0O (%) Ash (%) Volatile matter (%) Moisture (%) Fixed carbon (%) HHV (MJ/kg)
PUR 63.9 6.5 6.8 22.8 5.8 82.0 2.7 9.5 26.7
Sawdust 473 6.0 0.3 46.4 14 73.0 74 18.2 173
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Fig. 1. TG and DTG curves for individual samples a) and mixtures b) thermal decomposition.

~280 °C, the primary decomposition stage begins, with the main
peak at 340 °C, similar to SD. At this temperature, almost half of the
sample is decomposed. The second slight peak can be observed at
450 °C, indicating that PUR has a broader temperature range in
which decomposition occurs than SD. The last stage of decompo-
sition starts at 480 °C, and until 600 °C, about 10% of the sample is
decomposed, and the final mass is slightly below 30%. As can be
observed, the decomposition mechanism has three stages, also
found in the study by Jao et al. [12], even though the temperature
ranges slightly differ.

The thermal decomposition of investigated mixtures shows
similar behavior to the analysis of the individual samples. The
mixture, where the sawdust is a dominant compound, has a visible
mass loss due to evaporation and expresses a more intensified
curve breakdown at 360 °C, observed for the biomass decomposi-
tion as well. The second decomposition stage for all mixtures
happens in a broader temperature range, except for the sample
where SD is the main constituent. In that case, the second stage
ends slightly above 400 °C, while for the rest of the mixtures goes
up to 500 °C. Similar behavior is also observed for PUR decompo-
sition, probably due to the decomposition of halogenic compounds.
The final mass is around 30%, similar to the PUR sample and other
mixtures. These final masses are still considerably high, even
though the process was extended to 600 °C. Nevertheless, a further
increment in temperature would initiate secondary crackings and
promote the yield of the gaseous fraction, which is not an objective
of this study.

3.2. Pyrolysis product analysis

Individual pyrolysis of investigated samples shows a similar
share of solid residue in the range of 20—22%. Nevertheless, the
distribution of volatiles, gas and liquid fractions express completely
different trends (Fig. 2). In the case of the SD sample, the dominant
fraction is syngas with a share of 48%, followed by bio-oil yield with
~31%. From PUR pyrolysis, the predominant product is an oil with a
yield of 61%, even though a notable amount of gaseous fraction
(17%) is also detected. The oil yield from PUR is pronouncedly lower
than conventional polymers like PS, where the yield of a liquid
fraction can go up to 96% [6]. A high share of syngas from SD py-
rolysis may be attributed to cellulose decomposition, which is the
main driver for yielding non-condensable volatiles with low carbon
numbers (<C4). Such results might indicate that cellulose is the
principal constituent of the used biomass sample. Nevertheless, to

.
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Fig. 2. Product yield from individual pyrolysis and PUR/SD blends co-pyrolysis.

confirm this hypothesis, deconvolution of the TGA curve should be
carried out to determine the structural composition of the sawdust
sample [31].

For the mixtures pyrolysis, the yield of a solid fraction is slightly
higher than individual samples (~27%) but more-less constant for
all investigated mixtures. In general, the solid residue is a conse-
quence of fixed carbon and ash content, and obtained values for
individual samples are expected. Nevertheless, in the case of mix-
tures, the share of solid residue is increased, probably due to the
feedstock interaction during the process and their mutual influence
that hinders complete decomposition and release of volatiles. The
yield of liquid fraction is extensively promoted by introducing PUR
to the fuel mixture, from 31% for the SD sample to around 50% for all
investigated mixtures. This was achieved at the expense of the
gaseous fraction, which decreased to only 20% for the mixture with
75% PUR content. The introduction of only 25% of PUR halved the
yield of gases compared to results from sawdust pyrolysis. Once
again, this confirms the hypothesis that waste plastics can signifi-
cantly enhance the liquid yield from co-pyrolysis [32]. Neverthe-
less, it is interesting to observe the potential for improving the oil
yield by introducing PUR into the mixture. Even in the case of 75%
of PUR content, the oil yield barely surpasses 50%. In addition, the
difference in oil yield between the mixture with 25% and 75% of
PUR content is below 4%. Such observation indicates that the
polyurethane potential for incrementing oil yield is greatly limited.
This can be confirmed by comparing previous work where PS was
investigated [6], since only 25% of PS in the mixture doubled the
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yield of liquid fraction, and further increment of PS content had a
visible impact on final product distribution, promoting the oil yield.
Even more, the share of the solid fraction was reduced with the
increment of PS content. At the same time, this study found that
mixtures have an even higher share of a solid residue than indi-
vidual samples, and the mixing ratio does not play an important
role. Similar was also found for the co-pyrolysis of corn stover with
PP [33]. The addition of PP has a visible effect on promoting the
yield of the liquid fraction at the expense of others. Nevertheless, in
that case, the yield of a gaseous fraction remains relatively high
(42—48%) since individual polypropylene pyrolysis yields about
40% of gases. Finally, the selection of biomass feedstock also has an
important role in product distribution. Zhang et al. [34] summar-
ised the results of microwave-assisted co-pyrolysis of various
biomass and plastics, where it was found that oil yield is mostly
under 50%, even in the case of PS, PP, or PE. Such low oil yield from
co-pyrolysis occasionally occurs when the biomass sample has a
high share of ash content in the structure, typical for straws or some
other types of biomass residues [35].

A detailed analysis of liquid and gaseous products is given in the
following sections. Furthermore, the influence of PU content on
final product distribution will be discussed through the analysis of
the synergistic effect. The solid fraction is not further investigated
since the utilization possibilities are relatively low. A promising
solution for its utilization might be as an additive to enhance wood
pellets’ quality [36].

3.3. Chemical characterization of the liquid fraction

Analysis of liquid fraction composition showed that bio-oil from
SD pyrolysis consists of 90 compounds, while 94 are detected in the
liquid from PUR pyrolysis. In the case of mixtures, the number of
identified compounds with visible shares is 94. It should be
emphasized that some other compounds may be present in traces,
but their significance can be neglected in this case. Identified
compounds belong to organic groups like aromatic amines (ben-
zenamines), aromatic hydrocarbons, phenols, alcohols, PAHs, ke-
tones, acids, and aldehydes. The share of organic groups in the
obtained oils is given in Fig. 3. For better visibility in the given
figure, the term Rest encompasses toluene, indole, sugars, and fu-
rans, which are present with a minor share.
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As can be seen, in the case of bio-oil from SD pyrolysis, the
dominant are oxygen-containing compounds like phenols (24%),
ketones (22%), and aldehydes (12%), which is expected and already
reported in the literature [28,29]. Besides, a significant amount of
acids and PAHs are detected (~9% and ~10%, respectively), which is
not beneficial for fuel purposes. The formation of PAHs from
biomass pyrolysis occasionally occurs through the acetylene addi-
tion mechanism, where acetylene reacts with naphthalenes to
promote the yield of PAHs [37]. Since the share of acetylene and
naphthalene is relatively low in bio-oil, it can be presumed that the
acetylene addition mechanism has occurred here. Liu et al. [38]
suggest torrefaction of biomass sample before the pyrolysis to
reduce the yield of unwanted compounds like furans, aldehydes,
and acids. This technique improves the bio-oil quality, even though
it reduces its quantity.

On the other hand, the benzenamines (~72%) are the dominant
compounds from PUR pyrolysis, followed by aromatic hydrocar-
bons (~8%). The high yield of benzenamines and low yield of hy-
drocarbons is comparably different from the pyrolysis product of
biomass, or plastic materials, where mostly aliphatic or aromatic
hydrocarbons are obtained [39]. In addition, a significant amount
(~6% each) of phenols and alcohols is detected as well, most
probably as a consequence of PUR synthesis [2].

When it comes to mixtures, it can be seen that the share of PUR
has a significant influence on liquid product distribution. Only a
small introduction of PUR almost wholly removed the aldehydes
and sugars, while it significantly reduced the yield of ketones, acids,
and most importantly, PAHs below 3%. It is especially interesting to
observe the creation of PAHs, which are only present in traces for
individual PUR pyrolysis. This is probably because the significant
generation of PAHs from polyurethane starts at 700 °C [24], with
the highest yield above 1000 °C, where soot and char are formed
[40]. Therefore, at 600 °C, the generation of such compounds is
hindered for a liquid fraction, while various benzeneamines (42%)
and aromatic hydrocarbons (13%) are promoted. In the case of
phenols, the reduction was almost negligible for this mixture with
25% of PUR, which can be attributed to the fact that PUR oil also
yields these compounds; therefore, a complete removal is
impossible.

Further increment of PUR content almost completely removed
the ketones and acids, significantly influencing the yield of phenols.

0.75 PUR

Type of mixture

® Benzenamines  Aromatic Hydrocarbons ®Phenols WPAHs © Alcohols ®Ketones ® Acids © Aldehydes = Rest

Fig. 3. Identified organic groups in the obtained bio-oils.
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For the mixture with 50% PUR, the yield of phenols is halved, while
further increment of PUR content to 75% reduced the yield to only
3%. Removing phenols is strongly preferred since they can cause
jet-fuel surface deposits and corrosion [41].

Simultaneously, with the reduction of oxygen-containing
organic groups, the formation of benzenamines was promoted,
and they are the dominant constituents of the mixture's oils.
Nevertheless, benzenamines are not preferred in the fuel compo-
sition, and even more, by observing the organic groups of derived
oils, it can be stated that their potential for further refinement to
fuel is minimal. They could be better utilized elsewhere in the
chemical industry.

Detailed compound analysis was conducted by setting the
threshold, which excluded those with a yield lower than 1.5% from
further investigation. As shown in Fig. 4, most identified com-
pounds are found with the yield below this threshold, indicating
that the obtained oils have a strongly heterogeneous composition.
For the bio-oil from SD, 69 such compounds account for 43.8% of
the oil composition, and their number increases with the increment
of PUR content. For the PUR-derived oil, 86 compounds are present
in traces with a share below 1.5%, representing only 25.2% of all
identified compounds, and suggesting a more homogenous struc-
ture than bio-oil. Liu et al. [38] suggests higher final temperatures
to achieve a higher level of homogeneity in bio-oil composition.

Most compounds with a yield between 1.5 and 5% are found in
bio-oil (18), following the decreasing trend with the increment of
PUR content, and only 4 of them are detected in the oil from in-
dividual PUR pyrolysis. The same trends are noted for their share in
the obtained oils. Compounds in that range represent more than
37% of the bio-oil composition, but their yield is decreased to only
11% for individual PUR pyrolysis. In the case of bio-oil, phenols and
ketones are the most prominent groups detected in that range, but
there is also the presence of PAHs and acids, which should be
carefully monitored.

Finally, the threshold for a significant share was set at 5%, and
almost all obtained oils have three compounds detected above this
threshold, while only PUR-derived oil has four. Even though their
total number is pronouncedly lower, their shares in derived oils are
significant. For the bio-oil, they represent more than 18% of the
composition, rapidly increasing with PUR content increment to the
final value of almost 64% for individual PUR pyrolysis. As expected,
all such compounds from PUR oil belong to benzenamines, while in

PUR

0.75 PUR

0.5 PUR

Type of mixture

0.25 PUR

SD

10 20 30 40 50 60 70 80 90 100
Number of compounds

m<]5 155 m>5

Renewable Energy 196 (2022) 1218—1228

bio-oil, they are furans, ketones, and PAHs.

Identified compounds in bio-oil are similar to those found in
work by Yuan et al. [42]. Furfural, acetophenone, and 1,2,3,4-
tetrahydro-2-phenyl-naphthalene have the highest share (~6%),
while the yield of the other selected compounds (18 of them) is
between 1.5 and 3%. For the PUR-derived oil, 4,4’-methylene bis-
benzenamine, also known as 4,4’-Methylenedianiline (MDA), has
the highest yield, accounting for almost 39% of oil composition. The
high share of MDA is also reported in the study by Nishiyama et al.
[13]. The MDA is a colorless or white solid with a low melting point,
used as a precursor for polyurethane synthesis; therefore, its higher
share is not unexpected [43]. Besides, it is classified as a potentially
carcinogenic compound, and its presence in the fuel is not allowed.
Another compound with a significant share is 3-methyl-benzen-
amine (m-toluidine), with a yield of 11.5%. It is a viscous liquid
classified as the aromatic amine used to produce dyes [44]. The 2,3-
dimethyl-benzenamine and aniline also have a significant share of
almost 7%, and the rest of the selected compounds are in the range
between 1.6 and 4.5%. A comparison between Table 2 and Table 3

Table 2
Selected compounds from individual pyrolysis of SD.
Selected compounds detected in bio-oil Share [%]
1,2-cyclopentadiene 1.6
1,6-Anhydro-b-p-glucopyranose (levoglucosan) 21
2,6-Dimethoxytoluene 21
2-Methoxy-4-vinylphenol 1.9
2-Methoxyphenol 27
2-Pentanone 2.6
4-Methoxyphenol 24
Acetic acid 1.9
Acetophenone 5.9
Dodecanoic acid 22
Furfural 5.8
Naphthalene 1.9
1,2,3,4-tetrahydro-2-phenyl- naphthalene 6.8
2,6-dimethoxy-phenol 1.6
2,6-dimethoxy-4-(2-propenyl)- phenol 1.5
Propanone 2.1
Pyrocatechol 1.5
Styrene 1.9
Tetradecanoic acid 1.9
Toluene 29
Vanillin 29
Share of selected compounds 56.2
100
90
80
70
— 60
X
@ 50
<
=
“ 40
30
20
10

SD 0.25PUR  05PUR  0.75 PUR PUR
Type of mixture

E<].5 " 1.5-5 m>5

Fig. 4. Number of identified compounds (left) and their share in the derived oil (right).
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Table 3

Selected compounds from individual pyrolysis of PUR.
Selected compounds detected in PUR derived oil Share [%]
1,1’-Biphenyl]-4,4'-diamine, 3,3’-dimethyl- 25
1,1':3',1"-Terphenyl, 5'-phenyl- 4.5
1,3-Benzenedicarboxylic acid, bis(2-ethylhexyl) ester 1.6
1-propoxy-2-Propanol 2.7
Aniline 6.8
2,3-dimethyl-benzenamine 6.7
3-methyl-benzenamine 11.5
4,4'-methylene bis-benzenamine (MDA) 38.7
Share of selected compounds 74.9

reveals that PUR yields more homogenous oil since eight selected
compounds are responsible for almost 75% of oil composition. In
contrast, in the case of bio-oil, 21 selected compounds account for
only 56% of the composition.

When it comes to mixture analysis, it can be seen from Table 4
that most of the identified and selected compounds are these also
found from individual PUR pyrolysis (Table 3). This indicates that
the plastic fraction is the main driver for the liquid yield, but also it
directly influences the selectivity of the compounds inside the
derived oil. The 4,4’-Methylenedianiline (MDA) is once again the
compound with the highest yield, and its share increases with the
increment of PUR content. Like in PUR-derived oil, 3-methyl-ben-
zenamine and aniline are compounds with a significant share
among all investigated mixtures. The difference in their yield for
investigated mixtures is less pronounced than MDA. Like bio-oil
composition, the mix with 25% PUR content has a higher hetero-
geneity level than others. The 18 selected compounds with a share
above 1.5% account for 62.3% of oil composition. At the same time,
nine selected compounds are responsible for almost 72% of oil
composition in a PUR-dominant mixture. In general, it can be stated
that compounds identified in the derived oil from the individual
pyrolysis and mixture co-pyrolysis are predominantly valuable
chemicals rather than compounds preferred in the composition of
alternative liquid fuels [45]. This is because they have attached
oxygen or nitrogen atoms to their structure, limiting utilization
possibilities. While the former often causes thermal instability, the

Table 4
List of selected compounds from mixture analysis.
Selected compounds from mixture analysis 0.25 PUR 0.5 PUR  0.75 PUR
[%]
Aniline 9.9 10.6 119
2,3-dimethyl-benzenamine 39 3.1 5.0
3-methyl-benzenamine 9.6 12.0 15.8
4,4-methylenebis-benzenamine (MDA) 7.5 20.7 29.5
1,1:3’,1"-Terphenyl, 5'-phenyl- 3.6 1.7 1.7
2-(2-hydroxypropoxy)-1-propanol 1.6 1.5 1.8
2-(phenylmethyl)-benzenamine 3.0 41 2.7
1H-Indole, 2,6-dimethyl- 1.8 1.5
3,4-dimethyl- benzenamine 2.2 2.0
4-ethyl-2-methoxy-phenol 2.7 19
Diphenylmethane 19
Catechol 1.6
2,3-Dimethyl-4-biphenylamine 1.5
1,1’-Biphenyl, 2-methyl- 24
1-(4-methylphenyl)-1H-Pyrrole 2.6
2-hydroxy-3-methyl-2-Cyclopenten-1-one 1.6
methyl-cyclopentane 1.8
2-methoxy-phenol 2.6
trans-Isoeugenol 1.8
2,6-dimethoxy-4-(2-propenyl)-phenol 2.0
2,6-dimethoxy-phenol 1.7
Share of selected compounds 62.3 60.5 71.9
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bottom one may promote the formation of nitrogen oxides (NOx)
[46], and both dramatically lower the heating values [47]. Besides,
several acidic chemicals suggest that such bio-oil has higher acidity,
which could also cause corrosion.

3.4. Syngas composition

In the following subsection, the evolution of gaseous com-
pounds: carbon monoxide (CO), carbon dioxide (CO;), hydrogen
(Hz), methane (CH4), and higher hydrocarbons (CxHy) from the co-
pyrolysis of sawdust and waste rigid polyurethane foam is analyzed
(Fig. 5). The evolution of gases starts at 360 °C, where primarily CO,
is identified, which remains the dominant product during the
whole process for all investigated samples. The volumetric share of
CO, varies between 39% (mixture with 0.25 of PUR) to 46% for pure
PUR pyrolysis (Fig. 5d). Removal of CO; can be achieved by amine
scrubbing, a standard biogas upgrading method [48]. Interestingly,
the residence time did not significantly impact the evolution of
syngas species because the composition didn't change significantly
after reaching the final temperature. The same trend is noticed for
the rest of the investigated non-condensable gases. The residence
time is represented in Fig. 5 by three repeating values of 600 °C, the
final temperature at which samples were held for 30 min.

The syngas composition obtained from the pyrolysis of indi-
vidual sawdust shows that around 61% vol. of identified gases are
preferred in the syngas composition (Hy, CHg4, CO). The highest yield
(~40%) is noticed for CO, while the share of hydrogen and methane
is around 8.4 and 11%, respectively. The share of higher hydrocar-
bons is almost negligible, with a yield below 2% vol. for all inves-
tigated samples; therefore, it won't be discussed further. It can only
be stated that a low output of such gases can be expected since they
are cracked at higher temperatures to methane and hydrogen [49].
This is supported by Fig. 5 a) and b), where it can be seen that the
yield of these two compounds is increasing with the temperature
increment. Besides, the secondary cracking of liquid fraction also
occurs, resulting in the share increment of methane, but even more
pronounced hydrogen. As the most valuable compound, the share
of hydrogen (Fig. 5a) is the lowest for the sawdust sample, but it
goes up to almost 25% for the pyrolysis of PUR. A high share of H,
(>50%) is also found in the study [40] for the temperatures
1000—1300 °C, where gasification was performed on the same
sample to investigate the effect of temperature and residence time
on gas yield. The Hy yield from the investigated mixtures is be-
tween values obtained from the individual samples and increases
with the increment of polyurethane content (Table 5). The methane
yield is similar for all investigated mixtures, between 8.8 and 10.6%,
and decreases with the increment of PUR content (Fig. 5b). The
lowest CHy4 yield is noticed for the individual pyrolysis of PUR, with
a value of 6.9% vol. The most significant difference is observed in
carbon monoxide yield, as shown in Fig. 5c. For the fraction where
the dominant compound is sawdust, the outcome is almost the
same as for the individual pyrolysis of the sawdust sample. This is
expected since the cellulose and hemicellulose are responsible for
the evolution of CO. With the further increment of polyurethane
content, the share of CO is dramatically falling, and it is slightly
above 20% for the pyrolysis of individual PUR.

The yield of syngas compounds is summarised in Table 5. The
presented volumetric share of observed gases is obtained at a final
temperature of 600 °C and after a residence time of 12 min. Since
no significant change is noticed, this was selected as a represen-
tative share of obtained syngas. The only interesting observation
after 30 min of residence time is seen for the hydrogen yield, which
share was increased by approximately 2% vol. in all investigated
mixtures, while the share of other compounds did not change
significantly. The effect of residence time for PUR gasification is
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Fig. 5. Distribution of gaseous products for all investigated samples.

Table 5
The syngas composition of investigated samples.
H, CHy co CO, CiHy
[% vol.]
Sawdust 84 10.9 40.3 389 1.6
0.25 PUR 11.0 10.6 39.2 37.8 1.5
0.5 PUR 141 9.8 34.1 40.5 1.5
0.75 PUR 17.5 8.8 28.2 43.6 1.9
PUR 24.6 6.9 20.6 46.0 1.8

more pronounced at higher temperatures; since then, the sec-
ondary cracking of heavy hydrocarbons from the volatiles is pro-
moted over formed soot and char particles [40]. This study found
that the content of H, increased with time due to breaking the
bonds between higher hydrocarbons to promote the formation of
lighter compounds or pure Hj. Furthermore, the increase of CO
content and the decrease of CO; is mainly because the bottom one

reacts with char particles as an oxidant and promotes the formation
of other compounds [49].

3.5. Synergistic effect

The synergistic effect is the main driver for product distribution
from the co-pyrolysis of biomass and waste plastics. To determine
the level of synergy, experimental results are compared to the
theoretical values. Theoretical values (Yc,) are calculated using the
following Equation (1):

Ycal = WspYsp + WpurYpur (1)

Where Wsppyr stands for proportions of each component in
investigated mixtures, and Ysppur presents the values obtained
from the individual pyrolysis [22]. The existence and level of syn-
ergy are determined by the difference between experimentally
obtained values and calculated ones using Equation (2). According
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to [17], it can be stated that synergy exists when the difference
between the experimental and calculated values is positive.

AY = Yexp‘Ycal (2)

Table 6 summarizes the calculated synergy levels for the three
fractions considering the plastic content inside the mixture. The
obtained values show that the main trade-off occurs between the
volatiles fractions, liquid, and gas, while the synergy level is almost
constant in the case of solid fractions.

The trendlines illustrate this phenomenon even better, and they
are plotted in Fig. 6. As can be seen, the highest synergies are
achieved for the fraction with 25% of PUR content, and the level of
synergy decreases with the increment of plastic content. A decrease
in the synergistic effect is evident in Fig. 6 since the values are
approaching the horizontal axis. Kai et al. have already reported
this phenomenon [21], where a mixture with 20% of high-density
PE expressed the highest synergy, and Ephraim et al. [22], where
the highest synergy effect is observed for a mix where plastic
content does not exceed 40%. These observations, confirmed on
several cases and feedstocks, imply that the share of plastic fraction
inside the mixture should be limited to some extent if the goal is to
promote a high-quality liquid yield.

Interestingly, the co-pyrolysis shows a constant level of synergy
for the yield of solid residue, which is approximately 6% in all
investigated mixtures. The yield of a solid fraction is around 27%
from all investigated mixtures, slightly higher than individual
analysis (20—22%). Since the yield of solid fraction from individual
pyrolysis is relatively similar, and theoretical yield presumes the
same behavior (Table 6), the constant values obtained for synergy
level are not unexpected. In addition, since the solid yield mainly
depends on the share of ash content and fixed carbon of initial
feedstock, the final mass is usually similar to the sum of these two
indicators from the proximate analysis. Consequently, the same
relations are valid for their mixtures when considering their
respective shares. Therefore, the solid fraction is less dependent on
chemical reactions that are taking place inside the reactor due to
volatile fraction degradation, and it is more predictable.

Nevertheless, the trade-off between volatile fractions is the
most interesting to analyze since these two fractions have the best
utilization possibilities. The introduction of PUR increased the oil
yield at the expense of the gaseous fraction. This can easily be
confirmed by summing up the synergy values from each fraction
for a particular mixture and considering that solid residue is almost
constant for investigated mixtures. Only a minor introduction of
PUR reduced the gas yield by more than 16% and increased the
liquid output by nearly 10%, compared to theoretically expected. As
the plastic content increases, the synergy level decreases, as
observed in previous work for polystyrene and the sawdust co-
pyrolysis [6], but also in the studies mentioned above. For the
mixture where PUR is a dominant constituent, negative synergy is
noticed for the yield of volatile fractions, even though it should be
emphasized that the obtained experimental values are close to
theoretically expected (Table 6).

Table 6
Theoretical and experimental values for product yield and calculated level of
synergy.

Liquid yield Solid yield
Cal.  Exp. AY Cal.  Exp. AY Cal. Exp. AY

025 PUR 3885 4841 956 40.26 24.17 -16.09 20.89 2743 6.53
0.5PUR 4630 4998 3.68 3241 22,67 -974 2128 2735 6.07
0.75PUR 53.76 52.06 —1.71 2457 20.12 -445 21.67 2782 6.15

Gas yield
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Fig. 6. Synergistic effect for investigated mixtures within the dependence of plastic
content.

The mixture with higher plastic content expresses better
agreement with theoretically calculated yield, implying that
product yield prediction from the co-pyrolysis might be more
straightforward when the plastic material is the dominant com-
pound since its decomposition mechanism is much simpler than
biomass. This assumption is in accordance with the results from
mixture analysis, where biomass was the predominant compound
and where the highest synergy and discrepancies in calculated and
experimentally obtained results are noticed.

4. Conclusion

The co-pyrolysis of biomass sawdust and PUR showed that their
thermal decomposition could yield valuable chemical products.
Nevertheless, their utilization as alternative fuels in the future
energy system does not look feasible due to the high share of
nitrogen-containing compounds. Moreover, obtained products are
rather valuable chemicals than fuel constituents that could be used
to synthesize new materials and chemicals. The main findings of
the work are summarised as follows:

e The addition of PUR to the mixture can enhance the oil yield
from the co-pyrolysis process. Nevertheless, its impact is limited
since only a slight increment (<4%) in the yield is noticed be-
tween the mixture with 25 and 75% of PUR content. Even though
only small addition of PUR reduces the yield of a gaseous frac-
tion by 24% compared to individual SD pyrolysis. Simulta-
neously, for all investigated mixtures, the increment of solid
residue was noted compared to individual pyrolysis, accounting
for ~27% of the initial mass.

e The composition of bio-oil from sawdust pyrolysis expresses a
strong heterogeneous structure with the highest share of
oxygenated compounds like phenols, ketones, aldehydes, and
acids. A significant share of PAHs is detected as well. Conversely,
the PUR-derived oil has a more homogenous structure since
more than 70% of identified compounds belong to the benzen-
amines group.

e With the increment of PUR content in the mixtures, the oil
composition becomes more homogenous with the highest yield
of benzenamines, especially MDA, 3-methyl-benzenamine, and
aniline, which account for more than 55% of oil structure.
Furthermore, even the mixtures with an equal share of both
feedstock yield chemical compounds found in PUR-derived oil
rather than bio-oil. Finally, the small addition of plastic content
to mixture composition could significantly enhance the liquid
yield and remove most unwanted oxygenated compounds
derived from sawdust pyrolysis.
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Syngas evaluation shows that introducing PUR can significantly
enhance hydrogen yield and reduce the output of carbon
monoxide and methane. In general, the evolution of gases starts
at 360 °C due to cellulose and hemicellulose degradation. At
600 °C, the composition of the gaseous fraction becomes per-
manent, implying that residence time doesn't have a significant
impact.

The greatest synergy level is observed for the mixture with 25%
of PUR, and the synergistic effect fades away with a further
increment of plastic content. The most significant trade-off is
noted for volatile fractions, where the liquid formation is pro-
moted at the expense of a gaseous one. This is especially evident
in the case of a mixture with 25% of PUR, where the synergistic
effect for liquid yield accounts for 9.5%. The yield of solid frac-
tions expresses a constant synergy level of 6%.
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Alternative fuels are crucial for the decarbonisation of high-energy demanding processes. The utilisation
of waste materials to produce alternative fuels is especially interesting since, the co-pyrolysis of waste
plastics and biomass was lately introduced as promising method since the synergistic effect might
enhance the product properties compared to those from individual pyrolysis. Furthermore, the utilisation
of waste biomass, like sawdust, is interesting since it does not influence the sustainability of biomass
consumption, and even more, it avoids the usage of raw feedstock. Thermogravimetric analysis is per-
formed to determine the thermal degradation behaviour and kinetic parameters of investigated mixtures
to find the most appropriate utilisation method. Co-pyrolysis was conducted for three mixtures with the
following biomass/polyurethane ratios: 75-25%, 50-50%, 25—75%, over a temperature range of 30
—800 °C, at three heating rates 5, 10 and 20 °C/min, under an inert atmosphere. Obtained results were
subjected to comprehensive kinetic analysis to determine effective activation energy using the iso-
conversional model-free methods and provide a detailed analysis of the samples' thermal degradation
process. This work aimed to identify the main thermal decomposition stages during co-pyrolysis of
biomass and polyurethane mixtures and provide the mixture composition's influence on the considered
thermochemical conversion process.
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1. Introduction

Recycling waste and end-of-life plastic materials represent
serious issues nowadays, with the potential to arise even more in
the future due to increased consumption. About 27 million tons of
plastic waste is generated in the EU in 2018. Of which 31.1% is
recycled, 41.6% is used for energy recovery while the rest is land-
filled, implying the irrevocable loss of valuable resources [1]. This
problem is especially evident in complex plastics waste, which is
not built by polymerisation but synthesised from different com-
pounds, like polyurethane foam [2]. Polyurethane foams (PUF) are
among the most used polymers worldwide, utilised in a flexible or
rigid form for automotive purposes or as insulation and structural
material. By selecting different polyols and isocyanates, the primary
building block of PUF, the manufacturer can produce more than 150

* Corresponding author.
E-mail address: hrvoje.stancin@fsb.hr (H. Stancin).

https://doi.org/10.1016/j.energy.2021.121592
0360-5442/© 2021 Elsevier Ltd. All rights reserved.

different foam types. Moreover, the PUF is often treated with
various flame retardants due to application requirements, which
complicates their recycling procedure [3]. Lately, thermochemical
conversion into useful chemicals or fuels is proposed as a potential
method to deal with its disposal problem. The pyrolysis is especially
interesting since valuable liquids, gases, and biochar are obtained,
which can be further utilised where appropriate [4]. Stancin et al.
studied thermal degradation of waste rigid polyurethane foam
(PUR) by thermogravimetric analysis (TGA), intending to investi-
gate particle size's influence on solid residue chemical composition.
They found a significant amount of harmful and hazardous com-
pounds that constrain the direct application of obtained products.
Major unwanted compounds found are various benzene-based
species, chlorine-containing compounds, polycyclic aromatic hy-
drocarbons (PAHs), furans, and similar [5]. Guo et al. conducted
catalytic gasification of PUR to maximise the hydrogen yield. Cal-
cium carbonate had the best catalytic effect and promoted a sig-
nificant amount of hydrogen (~80 vol%), offering an alternative
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thermochemical route for PUR recycling [6]. Numerous researchers
widely investigated the kinetics of polyurethane foams over the
years by conducting TGA. The kinetic and thermodynamic analysis
is useful for getting a good insight about the changes of a kinetic
model during the process, but also to investigate the favorable
process conditions to achieve predetermined goals of the consid-
ered thermochemical conversion process. Finally, kinetic and
thermodynamic analysis results can serve as a basis for potential
numerical modeling and simulations [7]. Garrido and Font [8]
investigated a flexible PUF decomposition mechanism, at different
heating rates, with the final temperature of 900 °C. They concluded
that in the first degradation stage, urethane bonds are broken to
produce isocyanates, while in the second stage, ether polyols are
decomposed forming, mostly a solid residue. Yao et al. [9] recently
performed a kinetic analysis of PUR from the discharged refriger-
ator, confirming the three-stage decomposition mechanism and the
Flynn—Wall—-Ozawa method as the most reliable for obtaining
activation energies of PUF decomposition. Mikul¢i¢ et al. [10]
investigated the thermal decomposition of PUR under different
atmospheres. They concluded that the decomposition mechanism
under the oxygen-enriched atmosphere could be roughly divided
into two stages, starting with the devolatilisation and followed up
by the oxidation of residues.

Various waste biomass was widely investigated as the promi-
nent feedstock for sustainable alternative fuel production through
pyrolysis or co-pyrolysis [11]. Nevertheless, due to complex
biomass composition, their thermal degradation behaviour
dramatically varies [12]. Luo et al. [13] conducted the pyrolysis on
beech sawdust and used model-free analysis to assess activation
energies. The thermal decomposition was divided into three stages
by observing the extent of conversion. Additionally, activation en-
ergies are calculated with the conclusion that Friedman's method
corresponds to the real values. Zhang et al. [14] investigated the
thermal decomposition of wood sawdust. Once again, it was
confirmed that the sawdust decomposition consists of three steps,
being the most intensive in the second one, where mostly cellulose
and hemicellulose are decomposed. In addition, it was concluded
that sawdust pyrolytic kinetic consists of multi-step reactions due
to the presence of pseudo components, which decomposes inde-
pendently. Manic et al. [15] carried out multi-component modeling
kinetics and thermal analysis of apricot kernel shell using four
pseudo-components. The analysis showed that the cellulose
component dominant the process, and the influence is slightly
increased when higher heating rates are applied. Most of the
studies deals with co-pyrolysis of biomass or sawdust from one
type of wood. Alam et al. [16] investigated the co-pyrolysis of
bamboo sawdust and low-density polyethylene, concluding that
the higher heating rates shift the peak temperature toward higher
values and broaden the temperature range in which decomposition
takes place. Other works deal with co-pyrolysis of torrefied poplar
wood with polyethylene [17], oak wood with different types of
waste plastics [18], eucalyptus biomass residue with polystyrene
[19], pine woodchips with the six most common plastics waste [20].
As can be seen, most of the studies deal with the individual analysis
of polyurethane kinetics. The extended results which would cover
the thermodynamic perspective are widely missing. On the other
hand, various biomass feedstock was widely investigated in
numerous research. Nevertheless, the work where sawdust
mixture composed of different types of biomass is co-pyrolyzed
with PUR is not found in the literature. The introduction of poly-
urethane to the co-pyrolysis process extends the state-of-the-art of
polyurethane decomposition analysis. The inclusion of the ther-
modynamic part complements the knowledge gap of thermal
decomposition investigation by broadening the knowledge on the
influence of mixture composition on process dynamics.
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This work reveals the thermogravimetric analysis (TGA) and
kinetic analysis of waste biomass sawdust (SD) composed from
different types of wood and PUR. As already mentioned above, PUR
recycling requires complicated procedures; therefore, thermo-
chemical recycling routes might be a promising alternative. Ther-
mogravimetric analysis is used in this study to obtain necessary
kinetic parameters such as activation energy, pre-exponential fac-
tor, and similar. In addition, we have provided an analysis of ther-
modynamic parameters, which are seldom in the literature. Since
the decomposition mechanism of PUR is more similar to biomass
than plastics, it is of great interest to investigate their interaction
during the process and mutual influence on kinetic and thermo-
dynamic parameters. The results from this study can be used to
evaluate the feedstock suitability for co-pyrolysis and even more to
provide a comprehensive insight for determining optimal process
conditions such as mixing ratio, heating rate, and final temperature.
Therefore, the main novelty of this work lies in the fact that for the
first time, sawdust and polyurethane were investigated in fuel
blend with an aim to derive appropriate conclusions regarding the
feedstock suitability for the process and backed up by analysis of
favorable process conditions.

2. Materials and methods
2.1. Materials and experimental procedure

The samples used in this study were waste sawdust mixture
composed of fir, oak, and beech wood obtained from a local
sawmill, while the PUR was previously used as an insulation ma-
terial for refrigerators. Investigations were carried out for individ-
ual and mixture samples with the following shares: 25 % PUR, 50 %
PUR, and 75 % PUR. The sample preparation was done according to
the standard procedure [21]. In addition, the samples were tested to
obtain data of ultimate and proximate analyses following the
relevant standard [22]. Results are given in Table 1. Selected particle
sizes of the samples were between 0.125 and 0.25 mm, to ensure
homogeneity of the mixture. In addition, in the previous research
[5], it was determined that this is the optimal particle size of
selected PUR regarding the yield of organic compounds, especially
those that might represent a threat to human health such as PAHs,
furans, benzene containing compounds, and similar. Sample
masses were about 10 mg, which is widely used for TGA. Samples
were heated from room temperature up to 800 °C, since higher
temperatures are applied for gasification. Different heating rates
were used to investigate the influence of this parameter on process
kinetics. As an inert carrier gas, Argon was used to avoid reactions
with released volatiles. Furthermore, the prepared sample was also
conducted to the Simultaneous Thermal Analysis (STA), which
provides data for TGA and DTA simultaneously on the same sample.
The NETZSCH STA 445 F5 Jupiter system was used for STA mea-
surements under the following conditions:

e particle size 0.125—0.25 mm

e sample mass: 10 + 0.5 mg.

e temperature range: from room temperature to 800 °C.

o heating rates: = 5,10 and 20 °C/min.

e the carrier gas: pure Argon with the total gas flow rate of 70 mL/
min.

2.2. Methods for calculation of energy activation and
thermodynamic parameters

In this work, model-free methods were used to avoid potential
errors in the calculation of energy activation that might arise from
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Table 1
Results of Ultimate and Proximate analysis of investigated samples.
Ultimate Analysis® (wt.%) Proximate analysis (wWt.%) HHV (M]/kg)
Sample C H o° N S Moisture Volatiles Fixed carbon Ash
PUR 63.90 6.45 16.96 6.74 - 2.71 82.01 9.51 5.78 26.73
SD 47.33 6.04 44.77 0.31 0.02 7.35 72.95 18.28 1.42 17.30
2 On a dry basis.
b By the difference.
the misidentification of an appropriate kinetic model. Since the
biomass decomposition is extremely complex, and the sawdust E
mixture is composed of diff i ili f*E*exp| g
posed of different types of biomass, the probability R*T,
of selecting the wrong model was too high. In addition, model-free A= T RTT2 Eq. 5
analysis opens an opportunity to investigate the change of activa- m
tion energy in dependence with the extent of conversion, sug-
gesting the changes in reaction mechanisms and kinetics. If model- e Changes of enthalpy (4H)
fitting methods are applied, one can only extract the average value
for thg whole process, wh}ch is not beneficial for the analysis of the AH—FE —RT, Eq. 6
reaction model and kinetics of the process.
Activation energies are calculated using the four model-free
isoconversional methods, Friedman (Eq. (1)), Kissinger-Akahira- e Changes in entropy (4S)
Sonuse (KAS) (Eq. (2)), Ozawa-Flynn-Wall (OFW) (Eq. (3)), and
Starink (Eq. (4)): AH — AG
AS=—— Eq. 7
Tm

In (ﬂ%) =In[Af (a)] — % Eq. 1
In (%) =In [%(}1)} — % Eq. 2
Ing= {%(T)NE] —1.052 (%) Eq.3
In (%) =G — 1.0008% Eq. 4

In the equations mentioned above, « represents the degree of
conversion, (§ is the heating rate, T is the temperature A, E, and R are
the pre-exponential coefficient, the activation energy, and the
universal gas constant, respectively. Activation energies in the Egs.
(1)—(4) are calculated as a function of the extent of conversion (o).
In Eq. (1), Friedman's method for a different o value, a set of In
(8(de/dT)) and 1/T pairs corresponding to each heating rate were
collected and plotted to a straight line. The slope of each straight
line, (-E/R), was used to obtain the activation energy. In Eq. (2), for
the KAS method, at each degree of conversion, the pairs of In (8/T%)
and 1/T data points were obtained and plotted once again to a
straight line. The slope (-E/R) is then used to calculate the activation
energy. In the case of the OFW method (Eq. (3)), data points are
collected for pairs of Ing and 1/T which were fitted to a straight line.
From the slope (—1.052 (E/R)), activation energy is calculated. In the
Starink method (Eq. (4)) at a given extent of conversion a, the data
points of In (8/T"%?) versus 1/T are plotted to a straight line at
different temperature heating rates, and the slope of the line cor-
responds to —1.0008E/R. Therefore, the apparent activation energy
E is calculated from the slope of the straight line.

Thermodynamic parameters, including the pre-exponential
factor, are calculated using the following equations (5)—(8):

e Pre-exponential factor (A)

e Changes of free Gibbs energy (4G)
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Fig. 1. TG (solid lines) and DTG (dotted lines) curves from PUR (a) and Sawdust (b)
pyrolysis.
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Eq. 8

*
AG=E + R*Tpy*In (KB T’")

h*A

where K represents Boltzmann constant (1.381 x 10?3 J/K), h Plank
constant (6.626 x 10>*]), T,, the DTG peak temperature, and T, the
temperature at the degree of conversion a [23]. To calculate the
pre-exponential factor from Eq. (5), it was assumed the first-order
kinetic reaction with the kinetic model f(a.) = (1-a.). As can be seen
from equations (6)—(8), the pre-exponential factor A, and activation
energy E are mandatory to calculate enthalpy changes, entropy, and
free Gibbs energy.

2.3. Error analysis of experimental work

Regarding the error analysis of the experimental work, the
proximate and ultimate analysis was performed according to
standard test methods, which already include the defined pro-
cedures for measurement accuracy and measurement error
handling. These procedures were applied to the data of proximate
and ultimate analysis presented in this paper, and the obtained
experimental values are presented according to the standard test
requirements and common practice of presenting this type of data
on a defined basis in order to be comparable with the literature
data.

With regard to TG-DTG experimental work, the error analysis
considers a comprehensive calibration and measurement proced-
ure that precedes the sample measurement. The calibration pro-
cedure defined by the equipment manufacturer provides the
accuracy of the measurement and is performed once every six
months. The calibration procedure considers the used protective
gas for the balance and selected heating rate. Furthermore, before
each measurement to correction of the signals is performed by
measurements with empty crucibles to correct the measured sig-
nals and handle the mass balance deviations. After that, the mea-
surement with the crucible with the sample and reference crucible
is performed and obtained correction signal is applied on mea-
surement data through the manufacturer software used for the
analysis. Those are common procedures for this type of experi-
mental equipment which guarantee the accuracy of the measure-
ments declared by the equipment manufacturer.

3. Results

3.1. Thermogravimetric analysis of sawdust and polyurethane foam
samples

Fig. 1 presents the thermogravimetric (TG) and derivative
thermogravimetric curves (DTG) for individual sample pyrolysis,
obtained at three different heating rates. The PUR decomposition
can be roughly divided into three stages, already reported by Yao
et al. [9]. Up to 200 °C, the sample's decomposition is barely visible,
and the mass loss is below 3.5 % for all investigated heating rates.
The onset temperature for the second stage is at approximately
300 °C, and 303 °C for the heating rates of 5 and 10 °C/min, while
the onset temperature for the heating rate of 20 °C/min is slightly
higher ~311 °C. The decomposition peak is identified at 328 °C
(5 °C/min), and it is further shifted to higher temperatures with the
increment of heating rates to 338 and 348 °C, respectively. Similar
values and trends for peak position are also reported by Xu et al.
[24]. The first peak in DTG curves ends in the temperature range
between 380 and 406 °C, and the endpoint is shifted toward a
higher temperature with the heating rate increment. The remain-
ing masses at this point are ~47 % for 5 and 10 °C/min, while higher
mass loss is noticed for the heating rate of 20 °C/min (42.5 %), which
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is expected since the temperature range is shifted toward higher
values for more than 20 °C. This first peak represents the main
degradation stage, where mostly urethane bonds are broken, and
isocyanates and polyols are decomposed [25,26]. The second flat
peak immediately follows the end of the first peak. The second peak
of the DTG curve can be explained as a secondary cracking of 1,1-
Dichloro-1-fluoroethane and similar halogenated compounds in
an inert atmosphere and degradation of the soft segment [4]. Jiao
etal. [27] studied the degradation characteristics of PUR under inert
and oxidative atmosphere, and they found that this second peak is
even more expressed in an oxidative environment. Besides, the
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Fig. 2. TG (solid lines) and DTG (dotted lines) curves from sawdust and PUR mixture
pyrolysis a) 25 % PUR b) 50 % PUR c) 75 % PUR.
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increment of heating rate had a visible impact on this stage of
degradation, being more pronounced for higher heating rates and
broadening the temperature range in which decomposition hap-
pens. At approximately 480 °C, this second stage ends, and all
samples have an almost identical mass loss, between 60 and 70 % of
the initial mass. Nevertheless, in the last stage, the mass loss is
more intensive for higher heating rates, even though, in general,
thermal decomposition in this stage is almost negligible. The final
mass differs for investigated samples, being the lowest for 20 °C/
min (19.7 %), and highest for 5 °C/min (23.3 %). By observing the TG
and DTG curves, the increment of heating rate broadens the tem-
perature range in which thermal degradation is happening and
promotes the sample decomposition.

The sawdust decomposition also consists of three steps, starting
with the moisture evaporation (~5 % of mass loss), being followed
by the most intensive second stage where mostly hemicellulose
and cellulose content is decomposed (>60 % of mass loss), and
finally slow decomposition of the lignin content until the end of the
process (~10% of mass loss). For the heating rate of 5 °C/min, the
first stage ends at 110 °C, after which the curve remains flat until
220 °C, where degradation slowly starts to progress once again. The
first stage for higher rates goes up to ~140 °C, where most of the
moisture is evaporated. The second stage begins at approximately
290 °C for 5 °C/min, and with the further increment of heating rate
is shifted toward higher values to 296 and 302 °C, respectively. As
can be seen, the increment of heating rate broadens the tempera-
ture range in which decomposition is happening, similar to PUR,
and also shifted the peak in DTG curves from 342 to 352 and 358 °C,
respectively. This phenomenon where the increment of heating
rate shifts the temperature range toward higher values is already
reported in several studies [28,29]. Mainly this is due to the heat
transfer limitations and existence of temperature gradient between
the surface and inner part of the particles, which influences the
release of volatiles [16]. The main peak corresponds to the
decomposition of the cellulose content [14]. The small shoulder in
the peak can be noticed at 5 °C/min, corresponding to hemicellu-
lose degradation. As the heating rate increase, this shoulder be-
comes less visible, already reported for sawdust decomposition
[30]. The second stage ends at 370 °C for the 5 °C/min, and at 376 °C
and 383 °C for the heating rates of 10 and 20 °C/min, respectively.
At the end of this stage remaining mass is approximately 26 % for all
samples. In the last stage, mass loss follows the linear pathway until
the end of the process, even though there is no visible mass loss
after 600 °C. This last stage accounts for the degradation of the
lignin content. The final mass is slightly lower for 5 °C/min (19.6 %)
compared to the other two samples, where the final mass is about
20.6 %.

3.2. Thermogravimetric analysis of sawdust and polyurethane foam
mixtures

Regarding the thermal decomposition of the investigated mix-
tures, it is observed from TG curves (Fig. 2) that the sample where
sawdust is a dominant compound express similar behaviour to the
decomposition of the individual SD. In contrast, for the mixtures
with 50 and 75 % of PUR content, the decomposition is similar to
the individual PUR sample. The first stage is slightly influenced by
the introduction of PUR content to the mixture. As the content of
PUR increases, the mass loss decrease, as expected since this is
mostly due to moisture evaporation. Regarding the heating rate, the
first stage seems to be poorly influenced by this parameter, and
mixture composition plays a more important role [29]. The only
visible difference is at a heating rate of 5 °C/min, where slightly
greater mass loss is noticed, similar to the SD sample.

The second stage onset temperature is poorly influenced by the
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mixture composition since the temperatures are in a similar range,
while the more pronounced difference is for various heating rates.
For the mixture with 25 % of PUR, onset temperature increase with
the increment of heating rate and are 280, 290, and 298 °C,
respectively. The peak temperatures are also shifted toward higher
values with the heating rate increment from 338 to 354 °C, noticed
for other mixtures. The difference between peak temperature is
negligible for the mixture with 50 and 75 % of PUR content but still
increase from 328 °C to 334 and 344 °C, as the heating rate increase.
The end of the first peak is at 360 °C for 5 °C/min for all mixtures,
which slightly increases with the increment of heating rate and
PUR content in the mixture. For the heating rate of 20 °C/min, the
end temperature of the first peak increase with the increment of
PUR content to approximately 376, 380, and 400 °C, respectively.
The first peak's end is immediately followed by the second one,
similar to individual PUR pyrolysis. Precise determination of the
second peak-end temperature is difficult, but it can be arbitrarily
taken at about 500 °C since, at these points, DTG curves are very
close to zero. Even though it should be emphasized that the second
peak is more influence by the heating rate and mixture composi-
tion. With both parameters increment, the end temperature tends
to shift toward values higher than 500 °C. In this second stage, the
sample with 25 % of PUR expresses similar behavior compared to
the SD, while mixtures with 50 and 75 % of PUR are closer to the
individual PUR decomposition. The final temperature of the second
stage is greatly influenced by both factors, mixture composition
and heating rates. For the former one, it can be seen that the
introduction of PUR broadened the temperature range in which
decomposition takes place. Simultaneously, the second peak from
the PUR degradation is smoothened and less pronounced in the
DTG curve. This implies that biomass hinders secondary cracking of
1,1-Dichloro-1-fluoroethane, and with a higher share of biomass
fraction in an investigated mixture, this peak is significantly
reduced. For the mixture where SD is the dominant compound, the
influence of both parameters is more visible compared to the rest of
the samples.

The influence of the heating rate on the last stage of degradation
is almost negligible. The mass of the residues at 600 °C is almost the
same for all investigated heating rates and mixtures, except at 5 °C/
min for the mixture with 25 % of PUR, where the final mass is
slightly lower. Lower final mass at a lower heating rate is expected
since, in this case, sufficient time is provided for the complete
release of volatiles. Besides, with the increment of PUR content in
the mixture, the final mass of the residue is increased. Interestingly,
with the increment of heating rate, the final mass decrease for the
mixture with 50 and 75 % of PUR, also noticed for the individual
PUR decomposition. On the other hand, for the mixture with 25 % of
PUR, the final mass increase with the increment of heating rate, also
observed for pure SD degradation.

In general, from the TG and DTG curves, it can be seen that the
decomposition areas of individual samples overlap and taking place
in a similar temperature range, which is very beneficial for the
occurrence of the synergistic effect between them. The existence of
synergy can be confirmed by the final mass of investigated mix-
tures, which are higher than those from individual pyrolysis or

Table 2

Final masses from individual and mixture pyrolysis at various heating rates.
Final mass [%] 5 °C/min 10 °C/min 20 °C/min
Sawdust 19.6 20.6 20.7
25 % PUR 229 249 25.7
50 % PUR 27.2 26.4 26.6
75 % PUR 28.8 28.6 28.1
PUR 233 21.8 19.7
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Fig. 3. Calculated activation energies for individual samples and respective mixtures.

theoretically expected. The existence of synergy can also be seen
from the second peak of the second stage since the biomass
influenced its intensity. The DTG curves are considerably smooth-
ened compared to individual PUR pyrolysis, indicating that the
sawdust has an important role in this temperature range for the
decomposition intensity. Simultaneously, the PUR influence on the
first stage of decomposition and the onset temperature for the
second stage seems to be limited. In contrast, a more significant
influence is noticed for the end temperature of this stage and the
overall process. An increase of PUR content increased the final mass
of the residue for all investigated mixtures. Regarding the heating
rate, for the mixture with 25 % of PUR, increment in the heating rate
increased the final mass of the residue, observed for individual SD
decomposition, while the opposite trend is noticed for the mixture
with 50 and 75 % of PUR content. Results are summarised in Table 2.

3.3. The activation energy of individual samples and their
respective mixtures

The activation energy (E,) was calculated using the model-free
isoconversional Friedman, Kissinger-Akahira-Sonuse, Ozawa-
Flynn-Wall, and Starink methods. Obtained values show excellent
statistical correspondence by observing the statistical R? factor
(>0.94947) for the range of conversion between o = 0.1—0.9. Below
and above these points, obtained activation energies show bigger
discrepancies and lower statistical agreement, already reported in
the literature [14]. In general (Fig. 3a—e), it can be seen that there
are only slight differences between the used methods. Moreover,
the only visible differences are spotted between Friedmann and
other methods, while the results from the KAS, OFW, and Starink
greatly correlate.

The E, of polyurethane is lower than the rest of the plastics, and
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it depends on the isocyanate index, which represents the hard
segment of the PUFs. With the increment of this parameter, the E,
tends to increase, representing the existence of the stronger bonds
in such a composition. Reported mean values in the literature differ
but are in general below 200 kJ/mol [31], which is significantly
lower compared to the polyethylene (PE), polystyrene (PS), or
polypropylene (PP), where mean values are ~250 kJ/mol [32]. The
mean activation energy of PUR used in this work is about 192 kJ/
mol for KAS, OFW, and Starink method with an excellent statistical
agreement (R? > 0.9970), while a slightly higher value (~202 K]/
mol) is obtained using the Friedman method, once again with a
remarkable statistical agreement (R?> = 0.9985).

Firstly, activation energy sharply increases up to o = 0.1
(Ea~200 KkJ/mol), suggesting that a higher amount of energy is
required to initiate PUR decomposition. In the range of o = 0.1-0.5,
E, gradually decreases to approximately 165 kJ/mol. In this stage,
urethane bonds are broken, allowing the thermal decomposition of
isocyanates and polyols. In the range between o = 0.5—0.6, it is
noticed a bounce to 190 kJ/mol, which clearly shows the two-
degradation mechanism that occurs during the PUR decomposi-
tion [26]. This is followed up by a constant increase until o = 0.8. At
this point, most of the sample is already decomposed, resulting in
the steep increment of E,. As can be seen, calculated values using
different methods show great similarity. The difference between
Starink and KAS methods is for all investigated samples, and at
almost all conversion rates below 1 kJ/kmol, therefore the lines are
almost entirely overlapping. In the case of the Starink and OFW
method, the differences are between 2 and 3 kJ/kmol, therefore the
OFW curve is seen only for higher conversion rates or as a shadow
for o < 0.8. The activation energy of the initial and final stage seems
to be a little underestimated by KAS, OFW, and Starink method, but
the trends and values are in good agreement.

Values obtained from the decomposition of the sawdust are
significantly higher compared to results reported in previous in-
vestigations. For the Friedman method, the mean activation energy
is 241 kJ/mol, while for the other methods is slightly lower and
about 229 kJ/mol. A similar underestimation of mean activation
energy is also observed for the PUR sample. Zhang et al. [14] re-
ported E, for wood sawdust ~190 kJ/mol, Mishra and Mohanty [28]
reported ~170 kJ/mol for pine wood, and 148—181 kJ/mol for
sawdust depending on the used method. Alam et al. [16] reported
even higher values (265—353 kJ/mol) for the bamboo sawdust for
the conversion range (o = 0.1-0.8). The activation energy of wheat
straw is between 154 and 379 kJ/kmol, while beech sawdust indi-
vidually has an activation energy in the range between 155 and
316 kJ/kmol [13]. Besides, Luo et al. [13] emphasized the impor-
tance of observing activation energy in the separate conversion
ranges. Therefore, the division was made for the conversion ranges
in the following way: first stage o = 0.05—0.45, second stage
o = 0.45—-0.7, and final stage o. = 0.7—0.85, after which the obtained
values show strong divergence. A similar division can be applied for
the sample used here as well. In the beginning, up to o = 0.1,
activation energy sharply increases due to moisture evaporation.
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Fig. 4. Friedman's activation energies for investigated samples.

After this point, the curve takes a gradual increase until the o = 0.5.
Most of the cellulose and hemicellulose content is decomposed in
this stage, known as the active pyrolysis area. In the range
o = 0.5—-0.8, the values remain constant, and lignin is mostly
decomposed. In the final stage, the E, sharply increases since most
of the material is already decomposed. Once again, similar to the
PUR sample, KAS, OFW, and Starink method seems to underesti-
mate E, values for the first stage of conversion since slightly visible
differences are spotted. These differences are becoming less visible
as the o continues to increase, and after o = 0.6 are almost
negligible.

The obtained values of the E, with respect to the conversion rate
() for investigated mixtures are more similar to SD than the PUR
sample being in the range between 200 and 250 kJ/mol for most of
the process. The mean E, obtained for investigated mixtures is
summarised in Table 3. As can be seen, the mixture with a small
PUR content expresses the lowest values of E, (~239 kJ/mol). This is
an interesting observation since the individual SD expresses the
highest values; therefore, it would be expected the same for the
mixture where SD is a dominant compound. Nevertheless, the
highest values are noted for the mixture with equal content of both
compounds (~277 KkJ/mol), which decreases with the further
increment of PUR share to ~247 kJ/mol for the mixture with 75 % of
PUR. The sawdust influence is visible from the conversion range up
to o = 0.2, where E, gradually increases, similar to the SD sample.
For the mixture where SD is a dominant compound, the second
conversion stage is between o = 0.2—0.7, where E, continuously
decrease. This is a completely reverse trend compared to the SD
sample, which indicates the apparent influence of PUR content.
After the conversion rate of o, = 0.7, values for E, start to increase,
suggesting that the conversion process has reached the final stage.
In the mixture where polyurethane is a dominant compound, the
second stage is between conversion rate o. = 0.2—0.6, once again
with decreasing trend. Between o = 0.6—0.7, a slight bounce of E, is
reported, followed by a steep increase until the end of the process.
This slight bounce is also reported for individual PUR pyrolysis,

Table 3

Activation energy and statistical agreement from investigated samples.
Activation energy [k]/mol] Friedman KAS OFW Starink

Ea R? Ea R? E. R? E. R?

Sawdust 241.80 0.9629 229.33 0.9494 22745 0.9591 229.54 0.9499
25 % PUR 239.42 0.9793 235.95 0.9699 23391 0.9743 236.17 0.9701
50 % PUR 277.35 0.9485 272.85 0.9520 269.22 0.9572 273.05 0.9523
75 % PUR 24747 0.9785 240.80 0.9600 237.79 0.9664 241.02 0.9603
PUR 202.27 0.9985 192.00 0.9970 192.57 0.9973 192.28 0.9970




H. Stancin, H. Mikulci¢, N. Manic¢ et al.

1E+35
1E+33
1E+31
1E+29 _
1E+27 =
_1E#25 msD
o 1E+23
£, | ]
< 1E#21 PUR
1E+19 ~ mmmy 25PUR
1E+17 L S0PUR
1E+15 ) I mn u
1E+13 LN 75PUR
B4l
1E+09
00 02 04 06 08 10
of-]
a)
450
400
350 ,
=300 / o
£ 250 2 A
= = ——PUR
2,200
> 25PUR
< 150
50PUR
100
75PUR
50
0
00 02 04 06 08 1.0
al-]
c)

Energy 237 (2021) 121592

182
181
180

179
) ——SD
E 178
2177 ——PUR
o 176 25PUR
3

175 50PUR

174 75PUR

173

172

00 02 04 06 08 1.0
ol-]
b)

400

350

300

250
*é 200 ——SD
S, 150 ——PUR
v
2 100 25PUR

50 50PUR

0 75PUR

00 02 04 06 08 10
al-]

d)

Fig. 5. Thermodynamic parameters calculated at a heating rate of 10 °C/min.

even though it can be seen here that the values are shifted toward
higher values of conversion rate. Mixtures with an equal share of
each fraction express similar behaviour as the other two mixtures
regarding the curve trend. Nevertheless, reported values of E; are
higher compared to other mixtures, especially after o = 0.7. This
implies that its heterogeneity limits the thermal degradation of
mixtures, and therefore, the final mass and end of decomposition
are achieved at lower conversion rates.

Comparison of E; between investigated mixtures suggests that
biomass plays a dominant role in the first part of the process
(o < 0.2), but in the second stage, PUR seems to have a more critical
role. Even though the reported values of activation energy are more
similar to SD, the decreasing trend noticed for all mixtures suggests
that PUR has an important role in process dynamics. The last stage
seems to be influenced the most by the mixture composition. In the
case of the sample with 25 % of PUR, the increase in the last stage is
gradual and starts after the conversion rate of 0.7, while for the
other two mixtures increase is steep and starts at o = 0.6. Since the
mixture where sawdust is the dominant compound also has the
lowest final mass, this might suggest that the higher content of the
PUR in the mixture hinders the thermal degradation of the sample.
Nevertheless, since it is evident that the introduction of the PUR
decreased the E, in the main stage, it is more likely that the het-
erogeneity of the mixture is more influential for this part.

3.4. Analysis of thermodynamic parameters

In this section, apparent Friedman's activation energies are used
to calculate the thermodynamic parameters such as pre-
exponential factor and changes of free Gibbs energy, enthalpy,
and entropy. In Fig. 4, obtained E, from Friedman method at 10 °C/
min are plotted. This heating rate is used to reduce the impact of

constituent interaction that increases at higher heating rates. Once
again, the PUR content's influence on the activation energies in the
conversion range between 0.2 and 0.6 is evident, even though the
obtained values are closer to SD values. Besides, it can be seen that
at o = 0.7, the activation energy of the mixtures has a steep
increment, which is in line with the results from the TG analysis
and the final mass of their residues.

The values of pre-exponential factors vary over the range of
conversion Fig. 5a. The pre-exponential factor was calculated based
on Friedman's method and with the general assumption that a
conversion function considers reaction order equals 1 [9]. In gen-
eral, for all investigated samples, they are above 10° s~ immedi-
ately after o = 0.1. For the sawdust sample, these values are
remarkably high (10<A<10%7) in the conversion range of
0.1 < a < 0.9. In the case of the PUR sample, these values are pro-
nouncedly lower and, in the range, 10'>°<A<10%°. A decrease in the
activation energy is followed up by a reduction of a pre-exponential
factor in this range, which is then again followed up by the huge
jump at higher conversion rates. Pre-exponential factors of inves-
tigated mixtures vary in a similar range as these from individual
sample analysis. The steep increment is noticed after o = 0.7, which
is in line with the previously reported results. For all mixtures, the
pre-exponential factors are closer to the SD sample. Based on the
adopted assumption, the obtained pre-exponential factor repre-
sents the theoretical approach, and further research will consider
the determination of specific conversion functions for all analysed
samples, which will enable a more detailed analysis of pre-
exponential factors. The Gibbs free energy (AG) changes are
almost negligible for the conversion range 0.1 < a < 0.9, and only a
slight decrease is noticed in all samples for approximately A5 kJ/
mol. The highest values are calculated for the sawdust sample,
which reduces with the increment of PUR content, and finally, the
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lowest values are reported for individual polyurethane decompo-
sition (Fig. 5b).

The enthalpy change (AH) indicates the difference in energy
between the reagent and activated complex (Fig. 5c). For the SD
sample, AH increases with the conversion range, suggesting that
lignin in biomass structure requires more energy for decomposition
than hemicellulose and cellulose, which are decomposed in earlier
stages. Nevertheless, reported values are high during the whole
process, similar to lignin (~239 kJ/mol), indicating high lignin
content or complex structure due to heterogenous sawdust
composition. In comparison, the enthalpy change for maple leaf
residue is only between 68 and 85 kj/kmol [33]. On the other hand,
the calculated values for the PUR are significantly lower
(186—257 kJ/mol) and are following the trend of E, and A. This
means that the values firstly decrease until o = 0.5, and then in-
crease until the end of the process, implying that the PUR sample
has clear two stages of degradation, already described above.
Firstly, the urethane bond and isocyanates are decomposed, fol-
lowed by the decomposition of volatiles in the second stage be-
tween o = 0.5—0.8. The same trend is noticed for the investigated
mixtures, even though obtained values are pronouncedly higher
and closer to the SD sample. Since the values of AH in range
o = 0.3—0.7 are lower for investigated mixtures than that of indi-
vidual sawdust, it can be stated that the synergistic effect in that
range has a beneficial impact of reducing required heat needed to
form activated complex [34].

Entropy represents the disorder degree of the system. Lower
entropy values imply that the system underwent some changes and
has reached a new state of its own thermodynamic equilibrium. For
the SD sample, entropy varies between —62.40 and 273.45 J/mol.
This implies that the SD sample achieves a more ordered state at
the beginning of the process since the moisture is evaporated and
only solid-state remains. As the process proceeds, the solid sample
starts to decompose, producing a high amount of gases, and
therefore a change of entropy significantly increases with the
increment of conversion rate. The evolution of gases from this
sawdust mixture is confirmed in the investigation carried out by
Stancin et al. [35]. For PUR, entropy starts to increase until . = 0.12
(20.53 J/mol) and then starts to decrease immediately to —28.51 ]/
mol for o = 0.48. After this point, an increment is observed once
again until the end of conversion. The entropy of the mixture be-
haves in the same way as the PUR sample regarding the increasing-
decreasing trend. Nevertheless, for the mixture, negative values are
not reported at any stage of the process. The visible difference
between the mixtures is the turning point at which conversion rate
takes an increasing or decreasing trend. For the mixture where SD
is the major compound, this is at o = 0.14 and o. = 0.66, while for the
PUR dominant mixture, this is at & = 0.22 and o = 0.56. In the case
of a mixture with an equal share of both compounds, this is at
o, = 0.16 and o = 0.54. Results are given in Fig. 5d.

4. Conclusion

Thermogravimetric analysis of sawdust and polyurethane
samples used in this study shows that their decomposition mech-
anism regarding the shape of the TG curve broadly correlates. This
is due to the nature of PUR building units, which are more similar to
biomass samples than conventional plastics. The main decompo-
sition stages overlap in a temperature range between 300 and
400 °C, even though the chemical nature and reaction mechanism
are entirely different. Thermogravimetric curves of the investigated
mixtures are showing different behaviour, depending on the
dominant constituent. Nevertheless, for the mixture with an equal
share of SD and PUR, reported values of mass loss and thermal
decomposition stages are closer to individual PUR analyses. The
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influence of the heating rate on thermal decomposition is evident
since the increment in heating rate shifted peak temperatures and
broaden the range in which degradation takes place for all inves-
tigated samples. For the individual PUR analysis and mixtures with
50 and 75 % of PUR, an increment of heating rate promotes the
degradation, and lower final masses are reported. At the same time,
a reverse trend is observed for SD and SD-dominant mixtures.

Calculated activation energies show that there is only a slight
difference between the used methods. The KAS, OFW, and Starink
methods underestimate E, in the initial and final stages, while the
values are similar for the main conversion range. The highest values
are reported for individual SD pyrolysis, while the lowest ones are
noted for polyurethane degradation. Besides, a constant increment
of E, is recorded for SD, while for the PUR, values first increase, then
decrease, and finally jump to high values at the end of the process.
This suggests a clear distinction between the two stages in PUR
decomposition, which is also observed for analysed mixtures, even
though reported values are closer to SD.

From the presented results, it is obvious that both heating rate
and mixture composition have an important influence on process
dynamics. As the heating rate increase, thermal degradation is
broadened and shifted to higher temperatures. For the mixture
composition, it can be stated that at some critical share of plastic
content in the range between 25 and 50 %, PUR starts to dominate
the decomposition mechanism since the investigated parameters
are following the trend similar to that of individual PUR, even
though the values are closer to SD sample. For future work, the
focus should be shifted to the SD-PUR mixture analysis with a lower
share of plastic content (25—50 %) since, in this range, unpredicted
behaviour is observed. Even more, a critical point after which the
plastic material starts to dictate the degradation mechanism might
be located in this area.
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Abstract

Thermogravimetric and kinetic analysis of biomass and plastic co-pyrolysis can
provide valuable inputs for a better understanding of decomposition mechanisms. Such
inputs are important for selecting the appropriate process conditions but can also be helpful
for process modelling. This work investigates the properties of heterogenous sawdust in a
mixture with polypropylene and polystyrene. Thermogravimetric analysis is conducted to
determine the decomposition mechanism and kinetic parameters of investigated mixtures
and to derive appropriate conclusions regarding their further utilization potential. Co-
pyrolysis was performed on mixtures with the following biomass/plastic ratios: 75-25%, 50-
50%, 25-75%, over a temperature range of 30-550 °C, at four heating rates 5, 10, 20, and 30
°C/min, with pure argon as a carrier gas. Obtained results were then subjected to
comprehensive kinetic and thermodynamic analysis. The primary goal was to determine
effective activation energies using model-free methods, pre-exponential factors, and
elementary thermodynamic parameters such as changes in enthalpy, entropy, and free Gibbs
energy. Finally, the influence of the heating rate and mixture composition was extensively

investigated by analyzing calculated parameters.

5.1. Introduction

Recycling waste and end-of-life plastics emerged as one of the most severe issues
nowadays with limited potential to be resolved by conventional recycling techniques. About
27 million tons of plastic waste was generated in the EU in 2018, of which only 31% is

recycled, 42% is utilized in the energy recovery process, and almost 30% is landfilled,
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resulting in the irrevocable loss of valuable resources [1]. Energy recovery is especially
interesting for such materials since it offers a sustainable method to deal with generated
waste, but even more, it opens the possibility of producing alternative fuels that can be used
elsewhere [2].

Biomass has been widely investigated since it is a feedstock that has been utilized in
numerous energy applications for a long time. Nevertheless, some issues constrain the
broader deployment of such fuels, like lower heating value, high acidity and viscosity,
thermal instability, and similar [3]. For this reason, lately, co-pyrolysis with hydrogen-rich
feedstock such as plastics arise as a potential solution to overcome these drawbacks [4].
Complex biomass structural composition depends on its origin, so the decomposition
mechanism can vary considerably [5]. The decomposition is even more complicated when
it comes to waste biomass such as sawdust (SD), which often consists of different types of
wood with a higher share of extractives like minerals. Alam et al. co-pyrolyzed the
homogenous bamboo sawdust with low-density polyethylene (LDPE) [6]. The main
conclusion is that the increment of heating rates shifts the position of the peak temperatures
and broadens the range of degradation mechanism. Luo et al. conducted pyrolysis on beech
sawdust intending to determine the decomposition mechanism and activation energies [7].
The three stages of the degradation mechanism have been identified by analysing the
conversion rate. Zhang et al. studied wood sawdust in the pyrolysis process [8]. Observations
confirmed the three stages of the decomposition mechanism, with the active pyrolysis stage
as the most intensified due to the cellulose and hemicellulose degradation.

Like biomass, waste plastics were extensively investigated for fuel production
individually and in blends with biomass. Han et al. analysed the kinetic behaviour of
polypropylene (PP), two types of polyethylene (LDPE/HDPE), and polyvinyl chloride
(PVC) with pine sawdust [9]. The most important observation from this work is that plastics
soften at a lower temperature, but it doesn’t decompose. In addition, this softening hinders
heat and mass transfer, reflecting lower conversion rates for biomass fraction. Suriapparao
et al. conducted microwave-assisted co-pyrolysis of PP and PS with a different type of
biomass to investigate the plastic influence on bio-oil quality [10]. The results show that PP
and PS can enhance the bio-oil quality; nevertheless, more should be done to examine
interactions of volatiles during the process. Burra and Gupta investigated the kinetics of

pinewood and plastic wastes in co-pyrolysis [11]. Among the used plastics was the PP, for



which it was concluded that two pseudo components are required for the modelling process,
and the highest synergy was observed for a mixture with a low share of PP. Stancin et al.
investigated kinetics and thermodynamics parameters from the sawdust and polyurethane
foam (PUR) mixtures co-pyrolysis at different heating rates [12]. The results show that
Friedman’s method gives the most accurate data regarding the activation energy (Ea). In
addition, due to the nature of PUR, the main decomposition steps overlap even though the
chemical mechanisms are entirely different. Finally, interesting observations were noticed
regarding the behaviour of mixtures, which was more similar in values and trendline to
individual PUR pyrolysis rather than SD. Wang et al. reviewed the possibilities to co-
pyrolyze biomass and different types of waste plastics [13]. Even though the results
regarding the obtained product are extensively presented, the data regarding the kinetic and
thermodynamic parameters are either missing or briefly given. A similar is noted in the work
by Zhang et al., where the focus is more on the obtained products than the process's kinetics
[14].

This study presents the thermogravimetric analysis (TGA) on waste biomass sawdust
(SD) composed of fir, oak, and beech wood with PP and PS. Even though these plastic
materials have been widely investigated, the kinetic and thermodynamic analysis results are
limited. This is especially evident in the case of co-pyrolysis with biomass, where most of
the research focus was on the analysis of obtained pyrolysis products. Therefore, in this
research, the complete focus was given to investigating the decomposition mechanism and
related parameters of individual and respective sample mixtures. This is important to
evaluate the feedstock interaction during the decomposition process, which is crucial in the

process modelling.

5.2. Materials and methods
5.2.1. Materials and experimental procedure

The sawdust sample is a mixture composed of fir, oak, and beech wood obtained
from a local sawmill, while polypropylene and polystyrene were previously used as
packaging materials for dairy products and cutlery. Investigations were carried out for
individual and mixture samples where plastic content varied between 25 and 75%. The
sample preparation was done according to the standard procedure [15]. The following
standard was used [16] to determine investigated samples' ultimate and proximate

parameters. Results are presented in Table 5.1. Previously prepared samples were conducted



to Simultaneous Thermal Analysis (STA), providing the data for TGA and DTA analysis on
the same sample. The NETZSCH STA 445 F5 Jupiter system was used for STA
measurements. The mass of the sample was 10 mg with a deviation of = 0.5 mg. Samples
were heated from room temperature to 550 °C under the four heating rates of 5, 10, 20, and

30 °C/min. Argon was used as a carrier gas with a 70 mL/min flow.

Table 5.1 - Results of Ultimate and Proximate analysis of investigated samples

Ultimate Analysis® Proximate analysis HHV
(wt.%) (wt.%) (MJ/kg)
Sample C H ob N S Moisture  Volatiles FC Ash

PP 855 124 1.9 0.1 0.1 0.3 98.7 - 1.0 45.9
PS 90.3 8.5 1.0 0.1 0.1 0.2 99.3 - 0.5 39.2
SD 473 6.0 464 03 - 7.4 72.9 18.3 1.4 17.3
%0On a dry basis

°By the difference

5.2.2. Methods for calculation of energy activation and thermodynamic parameters
For the analysis of activation energies (Ea), the four model-free isoconversional

methods were used as follows: Friedman (Eq. 5.1), Kissinger-Akahira-Sonuse (Eq. 5.2), and
Ozawa-Flynn-Wall (Eq. 5.3):

In(8 5 = I[Af (@)] — 2~ Eq. 5.1
B, AR E
| [00048<AE)  _ E X

Where a stands for the degree of conversion, § represents the heating rate, and T is the
temperature. The pre-exponential coefficient is A, E is the activation energy, and R
represents the universal gas constant. The thermodynamic parameters and the pre-

exponential factors are calculated with the following equations 5.4-5.7:

E
pExexp (o)

e Pre-exponential factor (4) A=
R T2

Eq.5.4

e Changes of enthalpy (4H) AH = E — RT, Eq. 5.5



_AH - AG

e Changes in entropy (45) AS T Eq. 5.6
m
e Changes of free Gibbs Kg * Ty,
= Eq. 5.7
energy (4G) AG E+R*Tm*ln(h*A) q

Where Kz is Boltzmann constant (1.381x10%* J/K), & stands for the Plank constant
(6.626x10%* Js), T is determined as the DTG peak temperature, and 7% is the temperature at

the degree of conversion a [17].

5.3.Results
5.3.1. Thermogravimetric analysis of individual samples

Figure 5.1 presents the thermogravimetric (TG) curves for individual polypropylene
and polystyrene decomposition obtained at four different heating rates. The sawdust
decomposition was detailly investigated in previous work [12]; therefore, it won’t be
discussed extensively here. Briefly, decomposition starts with moisture evaporation below
100 °C and ends at 110 °C for a slow heating rate (5 °C/min) and 140 °C for higher heating
rates (10 and 20 °C/min). The mass loss in this stage is around 5%. The main stage, where
mostly cellulose and hemicellulose are decomposed, starts at about 290 °C for a slow heating
rate, while increment of heating rates shifted this to slightly higher temperatures of 300 °C.
From DTG curves, decomposition peaks are noted at 342, 352, and 358 °C, respectively.
This shift in the temperature range due to the heating rate increment was already pointed out
in a couple of other studies [18-19]. The main reason for this phenomenon is heat transfer
limitation derived from a temperature gradient between the inner part and particle surface
which block the complete release of volatiles [6]. The second stage ends between 370 °C (5
°C/min) and 383 °C (20 °C/min). Mass loss is more than 60% of the initial sample at this
stage. In the last step, lignin is decomposed, and the final mass is about 20% of the initial
sample.

As expected, the single-step mechanism is observed in the case of individual
polypropylene and polystyrene decomposition (Figure 5.1). This single-step mechanism is
already reported in the literature for plastic materials [20]. The degradation of polypropylene
starts at approximately 400 °C for all heating rates. The main peak is observed at 445 °C for
a slow heating rate, gradually shifting to 455, 470, and 475 °C with the increment of heating

rates, respectively. The visible degradation ends at approximately 470 for 5 and 10°C/min,



while for the high heating rate of 20 and 30 °C/min end temperature is slightly below 500
°C. Polystyrene degradation starts a bit earlier compared to PP, at 375 °C. Consequently, the
peaks occur at a lower temperature as well, between 405 °C for 5 °C/min and 435 °C in case
of 30 °C/min. The degradation is completed at 450 °C for 5 and 10 °C/min heating rates,
while a slightly broader range is noted for high heating rates with an end temperature of
approximately 475 °C. Regarding the final mass, in the case of PP, about 5% of solid residue
is left, while almost 18% is observed in the case of PS. The value for PP is expected since it
is already reported in the literature [ 10]. Nevertheless, the value for PS is relatively high and
unexpected since the values found in the literature are pronouncedly lower [21]. This might
be the consequence of some contamination or impurities related to the synthesis procedure's
usage or nature. The bottom one in the first place refers to the desired density (extruded,

expanded, foam, etc.), which can significantly influence the properties of the plastic.
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5.3.2. Thermogravimetric analysis of sawdust and polypropylene and polystyrene
mixtures

The thermal degradation of mixtures is presented in Figure 5.2 and Figure 5.3. It is
observed from TG curves that the samples with 25 and 50% plastic content express two
stages of degradation. The first stage, up to 400 °C, is primarily due to the decomposition of
the biomass component, while the second stage represents plastic decomposition. Besides,
for the mixtures with 25% of plastics, it can be noted a small evaporation step below 100 °C
accounted for less than 5% mass loss. The influence of the heating rate on this first stage is
just slightly visible for investigated mixtures of both plastic materials. In the case of PP
(Figure 5.3), increment of heating rates shifted the temperatures of the first peaks for
approximately 5 °C with each increment of the rate, from 345 °C for 5 °C/min to 355 °C for
20 and 30 °C/min. Similar behaviour is also noted for PS (Figure 5.2), with exactly the same
positions as the first peaks. This implies that at this temperature range, only sawdust is
decomposed. It should be noted that the increment of plastic content greatly reduces the
intensity of the first peak. Even though this is expected, the reduction is quite pronounced
for the mixtures with an equal share of both feedstocks, suggesting that plastics may hinder
the complete sawdust decomposition in the first stage. This phenomenon was already
reported by Han et al. and here confirmed for both investigated plastics [9]. This might
directly affect the final product yield and distribution in the pyrolysis process but should be
examined more. The end of the first stage is at about 375 °C for the case of 5 and 10 °C/min,
while for higher heating rates of 20 and 30 °C/min, the end temperature is increased to 390
°C. As expected, the mixtures where sawdust is the main compound have a higher mass loss
in this first stage due to the decomposition of cellulose and hemicellulose. Almost half of
the mass sample is decomposed in the first stage. As the share of the plastic fraction
increases, the mass loss decreases. Therefore, for the mixtures with an equal share of both
feedstocks, the remaining masses at the end of the first stages are between 70-75%. Further
increment of plastic content to 75% of the mixture composition reduces mass loss even more,
and the remaining mass is up to 80%. It should be emphasised that the heating rate has a
limited influence on mass loss in the first stage. A slow heating rate of 5°C/min ensures
better heat transfer and release of volatiles. Therefore, the mass losses are more pronounced
in this case. Nevertheless, the differences between the slowest and fastest heating rates are

less than 10% in sample mass. Finally, it can be stated that the decomposition mechanism of



the first stage is more influenced by the mixture composition rather than the heating rate
[19]. The TG and DTG curves clearly show that fast-heating rates of 20 and 30 °C/min
express almost identical behaviour. The only visible stand-out is noted for 5 °C/min, even
though this influence also disappears as the share of plastics increases.

The second stage follows up immediately after the completion of the first one. In the
case of PP-derived mixtures, the lag between the two stages of degradation is slightly more
pronounced, especially for the mixture with 25% of PP (plateau in Figure 5.3a). The second
stage almost overlaps with the first one for PS-containing mixtures, which can be expected
since the onset temperature for individual PS degradation is 375 °C. Consequently, the
second peak corresponding to plastic decomposition appears earlier in the case of PS than
PP. The main degradation step of the second stage for PS-containing mixtures occurs
between 420 and 430 °C and increases with the increment of the heating rate. The sawdust
has a limited influence on the position of the second peak since it is just slightly shifted to
higher temperatures compared to individual PS analysis. The end of the second stage is
slightly above 450 °C, similar to individual PS decomposition, which confirms that the
influence of SD on the second stage is limited. Nevertheless, the influence of the mixture
composition is a crucial parameter for the final mass. A mixture with 25% of PS has a quite
high final mass of residue, which accounts for the 25% of the initial mass. This is even higher
than the results from individual SD analysis, where approximately 20% of the final mass
was observed. Further increment of the PS reduces the final mass below 20%, with only
minor differences observed between applied heating rates. Generally, the heating rate has a
moderate influence on the second stage of degradation. While the impact on final mass is
almost negligible, the intensity and the position of the second peak are highly dependent on
this parameter. An increment of the heating rate shifts the peak positions and end
temperatures to higher values, broadening the range in which decomposition occurs.
Besides, the degradation intensity is considerably higher with high heating rates, suggesting
that most volatiles are released in the narrow temperature range shortly before the process
completes. Due to that fact, the residence time of volatiles released in the second stage is
reduced, which might benefit the yield of condensable products obtained as bio-oil [22].

For the PP-containing mixtures, the second peak's position corresponds to the peak
from individual PP decomposition. There are no visible differences among the investigated

mixtures, which means that PP decomposition dominates in this stage. This is also supported



by the fact that the mixtures with a higher portion of PP have a broader range in which
decomposition occurs, similar to individual analysis. Nevertheless, there are pronounced
differences in terms of applied heating rates. An increment of heating rate firstly shifts the
temperature of the second peak to higher values but also broadens the range in which
decomposition takes place. This difference between the slowest and fastest applied heating
rate can be up to 40 °C in terms of ending temperature. Since both investigated parameters,
heating rate and mixture composition, have a notable impact on the second stage, the
differences between final masses are more pronounced. The mixture with 25% sawdust has
a final residue of 20%, similar to individual SD. This is further reduced by incrementing
plastic content to 15 and 10%, respectively. It is interesting to notice that in the case of a
mixture with 75% of PP, the lowest final mass (5%) is noted for the heating rates of 10 and

20 °C/min, while almost 10% is observed for 5 °C/min.
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Table 5.2 summarises the final mass values for all investigated samples and applied
heating rates. Interestingly, only the mixture with 25% of PS yields a higher final mass of
residue than individual sample analysis. This implies that the synergistic effect could be very
strong for this mixture and that feedstock interaction hinders the complete release of
volatiles. As can be seen, the influence of heating rates on final mass residue is less

pronounced than the mixture composition is.



Table 5.2 - Final mass of solid residues from individual and mixture pyrolysis at investigated heating

rates
Final mass o . o . o . ° .

(%] 5°C/min 10°C/min 20°C/min 30 °C/min
Sawdust 19.6 20.6 20.7 -
25% PP 19.5 18.0 19.2 20.1
50% PP 12.9 13.9 14.0 14.2
75% PP 10.6 6.8 8.0 9.1

PP 2.6 2.7 2.5 2.5
25% PS 234 22.9 22.9 22.9
50% PS 17.3 19.1 19.7 19.8
75% PS 17.1 17.9 18.6 19.0

PS 15.4 15.0 14.9 15.1

5.3.3. The activation energy of individual samples and their respective mixtures

The activation energy (Ea) was calculated using the model-free isoconversional
Friedman, Kissinger-Akahira-Sonuse, and Ozawa-Flynn-Wall methods. Obtained values
show excellent statistical correspondence by observing the statistical R? factor (>0.877) for
the range of conversion between 0=0.1-0.9. Below and above these points, obtained
activation energies show bigger discrepancies and lower statistical agreement, as already
reported in the literature [8]. In general, only minor differences are observed between the
used methods (Figure 5.4). The results are plotted in separate figures for each method.

For individual samples, the activation energies follow the same pathway for the whole
range of conversion (0=0.1.-0.9). In the case of PS, the activation energies are around 290
kJ/mol at a=0.1 for all used methods. As the decomposition proceeds, the values of
activation energies decrease, following the linear pathway until the end of the process.
Friedman’s method gives the activation energy of 220 kJ/mol at a=0.9, while 229 kJ/mol is
obtained for the other methods. It should be noted that the reported values and trends are
entirely different and reversed here compared to a study by Ozsin et al. [23]. In this work,
we have found significantly higher values, which might explain why the final mass was
notably higher here. Activation energies of PP show slightly lower values at a=0.1, being
283, 280, 277 for Friedman, KAS, and OFW methods. As the decomposition continues, a

minor increase of 10 kJ/mol is noted for KAS and OFW at o=0.3, starting with a linear
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decrease until the end of the process. Final activation energy values at a=0.9 show more
significant discrepancies between the methods used. For Friedman’s method, 198 kJ/mol is
calculated, while KAS and OFW give pronouncedly higher values of 248 kJ/mol. Once
again, values reported in this work are greatly higher than those found by Han et al., 2014a,
and the trend is also reversed. Here, the Ea is high at the beginning of the process and
decreases as the conversion proceeds, while in the case of Han et al., the values are constantly
increasing throughout the process. Sawdust was analysed in previous work, but it should be
briefly mentioned that activation energies can be divided into three stages. The first one is
between conversion rates 0.1 and 0.2, with a steep increment from 150 to 200 kJ/mol. The
second stage expresses a linear increase from 200 to 250 kJ/mol for a=0.2-0.8. This stage is
known as the active pyrolysis area, where mostly cellulose and hemicellulose are
decomposed. The steep increase is again noted in the last stage, with a final value of 350
kJ/mol at a=0.9. This steep increase in the last stage for the SD can be expected since most
of the sample is already decomposed here. In the case of plastics, this phenomenon is not
observed since the final residue of plastic is occasionally below 5% of initial mass, which
means that decomposition is happening in a broader conversion range, and it is usually done
at this last stage. Literature reported that mean values for sawdust Ea differ, but the most
often are below 200 kJ/mol [24]. This is pronouncedly lower in comparison with
polyethylene (PE), polystyrene (PS), or polypropylene (PP), where mean values are about
250 kJ/mol [25]. From Table 5.3 it is visible that mean activation energies for PS, and PP
used in this work are close to values reported in the literature with a remarkable coefficient

of determination (R2).
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Figure 5.4 - Calculated activation energies for individual samples and respective mixtures for
investigated samples - PS (left), PP (right)

Analysis of activation energies of investigated mixtures is important to identify their
decomposition mechanism, which can later be used in the modelling procedure. As can be
seen, the activation energies are strongly dependent on mixture composition. In addition,
similar to individual sample analysis, the activation energies of all investigated mixtures
show slight differences between Friedman’s and the other two methods, where values are
almost identical. For the mixtures where SD is the dominant compound, a slight increase of
activation energies in the first stage (a=0.4) can be observed, like individual SD. In the case
of a 25% PS mixture, the activation energy at a=0.1 is 200 kJ/mol, which is only slightly
increased to 210 kJ/mol at a=0.4. The values are similar for the methods used. On the other
hand, for the mixture with 25% PP at a=0.1, Friedman’s method gives 200 kJ/mol, while
KAS and OFW values are around 180 kJ/mol. Since the sawdust decomposition is happening
at the beginning of the process, and the values from Friedman’s method correspond to those

obtained for PS mixtures, it is evident that KAS and OFW underestimate activation energies

0.8

0.8

PP

PP



for the mixture with 25% PP. The second stage for this mixture can be observed between the
conversion range of 0.4 and 0.6. In this range, activation energies continuously decrease, but
the values between the methods used are more pronounced. Friedman’s method shows
greatly lower values at a=0.6, which is for the mixture with 25% PS 134 kJ/mol, while 106
kJ/mol is noted for 25% PP. The KAS and OFW values are 180 and 170 kJ/mol for mixtures
with 25% PS and PP, respectively. After this, a sharp increase is noted until a=0.8, indicating
the changes in the decomposition mechanism. At this stage, activation energies are higher
compared to individual samples, which might imply that sawdust and plastic decomposition
interfere. Friedman’s method slightly overestimates the Ea for the mixture with 25% PS. For
all other mixtures, between 320 and 340 kJ/mol is obtained. The activation energy slightly
increases for the mixture with 25% PS until the end of the process, while for the mixture
with 25% PP, a minor reduction occurs.

The equal share of sawdust and plastic compounds reflects an equal division between
the conversion ranges. For the PS/SD mixtures, the first stage is between conversion rates
0.1 and 0.4, where a more-less constant value of activation energies (~215 kJ/mol) is
observed, with a smooth decrease to 193 kJ/mol at the end. This reduction is more
pronounced in the case of Friedman’s method. Between conversion rates 0.4 and 0.5, a steep
increment can be seen, indicating the decomposition mechanism shift from sawdust to PS
component. This change in mechanism shows more uncertainties for the Friedman method
compared to KAS and OFW. The second stage of decomposition occurs in the range
0.5<a<0.9, where activation energy slowly decreases to final values of 275 and 285 kJ/mol
for Friedman and the other two methods, respectively.

A mixture with an equal share of polypropylene and sawdust shows interesting results
in terms of decomposition stages. The first stage, related to sawdust decomposition, goes
until a=0.3, which is quite a short range compared to one attributed to PP decomposition.
Here, the activation energy decreases from starting value of about 260 kJ/mol to 236 kJ/mol
for KAS and OFW methods and slightly lower 218 kJ/mol for Friedman’s. This follows a
sharp jump to almost 310 kJ/mol at a=0.4. The second stage, which accounts for PP
decomposition, shows a decreasing trend of activation energies. Friedman’s method gives
253 kJ/mol as the final value, while slightly higher values (~285 kJ/mol) are noted for KAS
and OFW methods. It should be emphasised that obtained values for the second stage's

activation energies are pronouncedly higher than individual PS and PP decomposition. This



suggests that sawdust decomposition that is proceeding has a significant influence on the
degradation of plastic components afterwards. This is an important observation related to
pyrolysis since it shows that there are notable volatile interactions inside the reactor.
Finally, a mixture with dominant plastic compounds expresses almost the same
behaviour as the individual plastic samples. Only discontinuity is seen at the beginning of
the degradation until a=0.3, where values sharply rise from 234 to 307 kJ/mol for both types
of plastic feedstock. After this, the activation energies are almost overlapping until the
0=0.9. For both plastic fractions, PS and PP, the final value of activation energy is around
230 kJ/mol. For both plastics, Friedman’s method underestimates the final activation energy

for 20 and 30 kJ/mol for PS and PP, respectively.

Table 5.3 - Activation energy and respective statistical agreement for investigated samples

Activation Friedman KAS OFW
energy
[kJ/mol] Ea R’ Ea R’ Ea R?

Sawdust 241.8 0.963 2293 0949 2275  0.959
25% PP 230.6  0.887 228.0 0.973 2268 0.887
50% PP 2744 0947 2851  0.943  281.7  0.946
75% PP 264.1 0965 2784 0958 27577  0.995

PP 2592 0.988 276.8  0.985 2745  0.986
25% PS 238.1 0914 2287 0899 2272  0.906
50% PS 2532 0917 2549 0907 2525 0914
75% PS 2358  0.938 2549 0944 253.0 0.946

PS 2399 0995 2545 0993 25277  0.994

Results given in Table 5.3 represents the mean activation energy for all investigated
samples and used methods. Since the mixtures have two decomposition mechanisms, they
can only be used as orientational values. From the results, it is interesting that mixtures with
an equal share of both feedstocks express the highest values. This could mean that mixture

heterogeneity, most visible here, greatly impacts the required energy to decompose samples.

5.3.4. Analysis of thermodynamic parameters

Apparent Friedman's activation energies are used to calculate the pre-exponential
factors and thermodynamic parameters. A similar analysis was not found in the literature;
therefore, the results cannot be compared. In Figure 5.5 a) and b), are plotted calculated

values of Ea from the Friedman method at 10 °C/min. Usage of this heating rate for



thermodynamic calculations reduces the impact of constituent interaction that increases with
the increment of the heating rate. Since the extensive analysis of activation energies is given
in the previous chapter, it won’t be discussed further here.

The pre-exponential factor was calculated based on Friedman’s method and with the
general assumption that a conversion function considers reaction order equals 1 [9]. In
general, for all investigated samples, they are above 10'° s'! immediately after a=0.1. For
the sawdust sample, these values are remarkably high (10'3<4<10?7) in the conversion range
of 0.1<a<0.9 and are increasing as the conversion proceeds. A complete reversal trend is
observed for plastic materials. For both plastic samples, the pre-exponential factor is high at
the beginning of conversion (1.8x10%°, and 7.6x10'7 s°! for PS and PP, respectively) and then
gradually decreases (Figure 5.5¢) and d)). This implies that samples are highly reactive at
the beginning of the decomposition, but this characteristic fades away as the conversion
intensifies. The values of pre-exponential factors greatly vary for PS-containing mixtures,
especially for the mixtures with 25 and 50% of PS. Steep increments are observed at
conversion ranges 0.6 and 0.4 for mixtures with 25, and 50% of PS, respectively, suggesting
the change of decomposition mechanism already reported above. This observation also
applies to the changes in enthalpy and entropy, which will be discussed later. In the second
stage of decomposition, values of pre-exponential factors are further increased. This implies
frequent collision occurs between volatiles released from SD decomposition in the previous
step and PS in this stage. In the case of a mixture with 25% of PP, the first stage and
mechanism change are quite similar to the counterpart with PS, with slightly lower values.
Lower values of pre-exponential factors mean that PP notably hinders sawdust
decomposition, probably due to plastics softening. This is even more evident from the
mixture with 50% of PP, where pre-exponential values follow the trend of the individual PP
sample. Observed values of the pre-exponential factor for the second stage are lower in the
case of PP-containing mixtures compared to PS ones, suggesting the lower reactivity of PP.

The changes in Gibbs energy are almost negligible thorough-out the process (Figure
5.5 e), 1)). It is only interesting to see that the values for the mixture with 25% of PS are
similar to individual SD decomposition. On the other hand, the values for the mixture with
25% PP are more like individual PP decomposition. This again confirms the hypothesis that
PP significantly impacts sawdust decomposition since even a small presence greatly

influences the process.



The changes in enthalpy and entropy are firmly following the activation energy
trendline. This is expected since activation energy and enthalpy changes actually have the
same meaning, and they represent the amount of energy that needs to be brought to the
system to initiate chemical reactions. Therefore, from a thermodynamic perspective, it can
be stated that introducing a small plastic fraction (up to 25%) reduced the required energy to
support the sawdust decomposition. Nevertheless, it causes a tremendous increase in energy
needed for the second stage of decomposition, visible in Figure 5.5 g) and h). A mixture with
an equal share of SD and PS follows a similar trendline as a mixture with 25% of PS until
the changes in the decomposition mechanism. In this case, an even greater amount of energy
is required to initiate plastic fraction decomposition. Even though once initiated, the
reactions require less energy, and enthalpy changes are decreased, like individual PS. The
opposite is noticed for the mixture with an equal share of SD and PP. Here, the presence of
PP immediately raises the required energy to initiate the mixture decomposition.
Nevertheless, in the case of PP-containing mixtures, its presence didn’t affect the second
stage of the process that much. Obtained changes in enthalpy are higher than individual PP,
but their differences are visibly lower compared to PS-containing mixtures.

Changes in entropy give information about the level of order inside the system. Higher
entropy also implies higher reactivity of the system. As expected, the highest level of
disorder for analysed mixtures occurs after the change of decomposition mechanism (Figure
5.51) and )). Therefore, it can be stated that interaction between biomass and plastic-derived
compounds can only happen in the second stage of decomposition. In this stage,
temperatures are sufficient to initiate plastic decomposition and support the complete
decomposition of the solid and volatile products obtained in the previous step.

Finally, the results for mixtures with 75% of PS or PP were not discussed solely
because values strongly correlate with the values from the individual sample analysis. The
only valuable observation is related to reduced values of all investigated parameters at the
beginning of the process. This means that a small portion of biomass can slightly lower the
energy consumption at the beginning of the process. Still, the process will be governed by a

plastic decomposition mechanism.
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Figure 5.5 - Thermodynamic parameters for analysed samples; a-b) activation energy, c-d) pre-
exponential factors, e-f) Gibbs free energy, g-h) changes in enthalpy, i-j) changes in entropy

5.4. Conclusion
Carried out work that consisted of thermogravimetric, kinetic, and thermodynamic
analysis, shows some interesting results and valuable inputs for experimental and
computational modelling of the co-pyrolysis process:
e The heating rate has a limited impact on process kinetics in a way that the increment
of the heating rate slightly shifts the observed temperatures to higher values. The
impact on the final mass of residue is almost negligible since the differences are less

than 3%.



The mixture's composition greatly influences the final mass residue, which decreases
with the increment of plastic content. Furthermore, the mixture composition plays a
crucial role in the decomposition mechanism and, consequently, the kinetic and
thermodynamic parameters. First of all, the share of each component determines the
conversion range at which changes in the decomposition mechanism occur.
Secondly, a low portion of sawdust decreases the mean activation energies of the
process, while a high share of plastic fraction closes the values to individual plastic
samples. Finally, the highest values of activation energies are noted for the mixture
with an equal share of both feedstocks, indicating that the mixture’s heterogeneity is
an important issue.

For the mixtures with equal shares of both components, polypropylene leads the
decomposition mechanism almost through the entire conversion range, while
polystyrene follows the sawdust mechanism. This implies that PP can soften and
hinder the SD decomposition in the first stage, consequently interfering with heat

and mass transfer.

References

[1]
[2]

[3]

[4]

[3]

[6]

PlasticsEurope; EPRO, ‘Plastics — the Facts’, Plastics — the Facts 2018, p. 38, 2018.
H. Stan¢in, H. Mikul¢i¢, X. Wang, and N. Dui¢, ‘A review on alternative fuels in
future energy system’, Renewable and Sustainable Energy Reviews, vol. 128, 2020,
doi: 10.1016/j.rser.2020.109927.

H. Hassan, J. K. Lim, and B. H. Hameed, ‘Recent progress on biomass co-pyrolysis
conversion into high-quality bio-oil’, Bioresource Technology, vol. 221. Elsevier Ltd,
pp. 645-655, Dec. 01, 2016. doi: 10.1016/j.biortech.2016.09.026.

X. Zhang, H. Lei, S. Chen, and J. Wu, ‘Catalytic co-pyrolysis of lignocellulosic
biomass with polymers: A critical review’, Green Chemistry, vol. 18, no. 15. Royal
Society of Chemistry, pp. 4145-4169, 2016. doi: 10.1039/c6gc0091 1e.

X. Hu and M. Gholizadeh, Biomass pyrolysis: A review of the process development
and challenges from initial researches up to the commercialisation stage, vol. 39.
Elsevier B.V. and Science Press, 2019. doi: 10.1016/j.jechem.2019.01.024.

M. Alam, A. Bhavanam, A. Jana, J. kumar S. Viroja, and N. R. Peela, ‘Co-pyrolysis
of bamboo sawdust and plastic: Synergistic effects and kinetics’, Renew Energy, vol.

149, pp. 1133-1145, 2020, doi: 10.1016/j.renene.2019.10.103.



[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]
[16]

[17]

L. Luo et al, ‘Insight into Pyrolysis Kinetics of Lignocellulosic Biomass:
Isoconversional Kinetic Analysis by the Modified Friedman Method’, Energy and
Fuels, vol. 34, no. 4, pp. 4874-4881, 2020, doi: 10.1021/acs.energyfuels.0c00275.
X. Zhang, H. Deng, X. Hou, R. Qiu, and Z. Chen, ‘Pyrolytic behavior and kinetic of
wood sawdust at isothermal and non-isothermal conditions’, Renew Energy, vol. 142,
pp. 284-294, 2019, doi: 10.1016/j.renene.2019.04.115.

B. Han et al., ‘Co-pyrolysis behaviors and kinetics of plastics-biomass blends through
thermogravimetric analysis’, J Therm Anal Calorim, vol. 115, no. 1, pp. 227-235,
Jan. 2014, doi: 10.1007/s10973-013-3228-7.

D. v. Suriapparao, B. Boruah, D. Raja, and R. Vinu, ‘Microwave assisted co-pyrolysis
of biomasses with polypropylene and polystyrene for high quality bio-oil production’,
Fuel Processing Technology, vol. 175, pp. 64-75, Jun. 2018, doi:
10.1016/j.fuproc.2018.02.019.

K. G. Burra and A. K. Gupta, ‘Kinetics of synergistic effects in co-pyrolysis of
biomass with plastic wastes’, Appl Energy, vol. 220, pp. 408418, Jun. 2018, doi:
10.1016/j.apenergy.2018.03.117.

H. Stan¢in et al., ‘Thermogravimetric and kinetic analysis of biomass and
polyurethane foam mixtures Co-Pyrolysis’, Energy, vol. 237, Dec. 2021, doi:
10.1016/j.energy.2021.121592.

Z. Wang, K. G. Burra, T. Lei, and A. K. Gupta, ‘Co-pyrolysis of waste plastic and
solid biomass for synergistic production of biofuels and chemicals-A review’,
Progress in Energy and Combustion Science, vol. 84. Elsevier Ltd, May 01, 2021.
doi: 10.1016/j.pecs.2020.100899.

X. Zhang, H. Lei, S. Chen, and J. Wu, ‘Catalytic co-pyrolysis of lignocellulosic
biomass with polymers: A critical review’, Green Chemistry, vol. 18, no. 15. Royal
Society of Chemistry, pp. 4145-4169, 2016. doi: 10.1039/c6gc00911e.

‘ISO - ISO 14780:2017 - Solid biofuels — Sample preparation’.

‘ISO 17225-1:2014(en), Solid biofuels — Fuel specifications and classes — Part 1:
General requirements’.

X. Yuan, T. He, H. Cao, and Q. Yuan, ‘Cattle manure pyrolysis process: Kinetic and
thermodynamic analysis with isoconversional methods’, Renew Energy, vol. 107, pp.

489-496, 2017, doi: 10.1016/j.renene.2017.02.026.



[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

R. K. Mishra and K. Mohanty, ‘Pyrolysis kinetics and thermal behavior of waste
sawdust biomass using thermogravimetric analysis’, Bioresour Technol, vol. 251, pp.
63-74, 2018, doi: 10.1016/j.biortech.2017.12.029.

K. Slopiecka, P. Bartocci, and F. Fantozzi, ‘Thermogravimetric analysis and kinetic
study of poplar wood pyrolysis’, App! Energy, vol. 97, pp. 491-497, 2012, doi:
10.1016/j.apenergy.2011.12.056.

R. Miandad, M. A. Barakat, A. S. Aburiazaiza, M. Rehan, and A. S. Nizami,
‘Catalytic pyrolysis of plastic waste: A review’, Process Safety and Environmental
Protection, vol. 102, pp. 822-838, 2016, doi: 10.1016/j.psep.2016.06.022.

H. Stancin et al., ‘Co-pyrolysis and synergistic effect analysis of biomass sawdust and
polystyrene mixtures for production of high-quality bio-oils’, Process Safety and
Environmental  Protection, vol. 145, pp. 1-11, Jan. 2021, doi:
10.1016/j.psep.2020.07.023.

F. Abnisa and W. M. A. Wan Daud, ‘A review on co-pyrolysis of biomass: An
optional technique to obtain a high-grade pyrolysis oil’, Energy Convers Manag, vol.
87, pp. 71-85, Nov. 2014, doi: 10.1016/j.enconman.2014.07.007.

G. Ozsin, A. E. Piitiin, and E. Piitiin, ‘Investigating the interactions between
lignocellulosic biomass and synthetic polymers during co-pyrolysis by simultaneous
thermal and spectroscopic methods’, Biomass Convers Biorefin, vol. 9, no. 3, pp. 593—
608, Sep. 2019, doi: 10.1007/s13399-019-00390-9.

H. Wang, Q. S. Wang, J. J. He, Z. L. Mao, and J. H. Sun, ‘Study on the pyrolytic
behaviors and kinetics of rigid polyurethane foams’, Procedia Eng, vol. 52, pp. 377—
385, 2013, doi: 10.1016/j.proeng.2013.02.156.

B. Han et al., ‘Co-pyrolysis behaviors and kinetics of plastics-biomass blends through
thermogravimetric analysis’, J Therm Anal Calorim, vol. 115, no. 1, pp. 227-235,
Jan. 2014, doi: 10.1007/s10973-013-3228-7.



PAPER 6

167



Co-pyrolysis of three-component biomass-plastic mixture for alternative
fuel production

Stanéin, H'; Strezov, V!

! School of Natural Sciences, Faculty of Science and Engineering, Macquarie University, Sydney, 2109, NSW,
Australia

Abstract

Thermochemical conversion of waste materials recently gained significant attention since
it opens the opportunity for the simultaneous production of alternative fuels while tackling
issues related to waste management. Co-pyrolysis of waste biomass and plastics is very
promising since the demand for feedstock can be satisfied from different streams, while
obtained products have higher value properties. In this work, detailed experimental analysis
and product characterisation is performed for three individual samples (pine sawdust,
polypropylene, polystyrene) and their respective mixtures with 50% of sawdust, and 50% of
plastics equally divided between polypropylene and polystyrene. Results showed that
feedstock interaction during co-pyrolysis generally enhances the product properties compared
to individual pyrolysis. In the case of pyrolysis oil, a high yield of almost 80% is obtained, with
hydrocarbons as the most prominent constituents. Higher than theoretically expected liquid
yield is achieved at the expense of gaseous fraction. Since sawdust is the primary source of
gases, the mixture’s gas composition was weakly affected by the introduction of plastics.
Finally, the synergistic effect that occurs between biomass and plastics moderately impacts
solid residue, which is slightly increased compared to theoretical values. It can be stated that
introducing plastics greatly improves the properties of pyrolytic products, especially when

aiming to maximise high-quality liquid yield.
8.1. Introduction

Energy transition requires utilisation of novel, sustainable and alternative fuels, which
should fill the gap where electrification is not sufficient or feasible. Chemicals, like hydrogen,
ammonia and methanol, are widely promoted due to their properties related to carbon neutrality
when produced from renewable sources. Moreover, the thermochemical conversion of various
feedstock into valuable products is rapidly gaining more attention [1]. Pyrolysis or biomass
gasification is a known process that converts raw feedstock into liquid (oils), gases and charred
products [2]. Nevertheless, there are several significant constraints when it comes to biomass-

derived products. Since biomass is mainly built of oxygen containing atoms, a high share of



oxygenated compounds is also identified in derived products [3]. In the case of gaseous
products, this reflects on the high share of carbon dioxide (CO2) and monoxide (CO), with bio-
oils also containing oxygenated compounds [4], mainly belonging to the organic groups like
alcohols ketones, acids, and esters. The presence of such compounds is not wanted if the
intention is to produce alternative fuels since they reduce the heating value, cause thermal
instability and inhibit corrosion [5]. While biomass is considered the most promising
alternative due to its abundance and carbon neutrality, sustainability questions are lately raised
due to potential over-use of biomass [6-7]. Therefore, the primary focus should be shifted to
maximum utilisation of waste biomass potential, like sawdust, and forestry residues, etc.

Similarly, pyrolysis is also a promising solution to end-of-life plastics [8]. Various plastics
have been subjected to experimental investigations with the aim to produce alternative fuels.
Nevertheless, not all types of plastics are suitable for the process. Polyvinyl chloride (PVC)
has high chlorine content [9], polyethylene terephthalate (PET) and high-density polyethylene
(HDPE) have good mechanical recycling potential that should be promoted [10-11], while
polyurethane foams (PUR) yield high share of nitrogen-containing compounds like amines
[12], which is not suitable for fuel production. That leaves low-density polyethylene (LDPE),
polypropylene (PP) and polystyrene (PS) as a potential feedstock for the process. In addition,
LDPE is hard to separate from mixed waste plastics, raising severe issues in input feedstock
control. PP and PS are abundant waste materials used in different applications with minimal
conventional recycling potential. Therefore, their utilisation in pyrolysis offers excellent
potential to deal with waste management while simultaneously producing high-quality fuels.
Production of high-quality fuels seems to be especially interesting since pyrolysis oil built of
hydrocarbons is the main product of plastic decomposition [13]. Even more, PP primarily
yields linear and cyclic hydrocarbons compatible with fuel requirements [14], while aromatics
are the main compounds from PS pyrolysis [15]. Aromatics are preferred in fuel composition,
especially in aviation, due to high heating values and octane number, but to a limited extent
since they release dense smoke, which can cause engine choking [16].

Co-pyrolysis was introduced to resolve issues related to individual pyrolysis of either
biomass or plastics [17]. In co-pyrolysis, plastic serves as a hydrogen donor to biomass,
enhancing the properties of derived products by increasing hydrocarbon content at the expense
of oxygenated organic groups [18-19]. Additionally, co-pyrolysis relieves the pressure on a
supply chain for raw feedstock since the demand is divided among different waste streams. Up
to now, co-pyrolysis has been conducted for a wide range of feedstock [20-25], but most of the

studies offer limited information regarding the product characterisation due to dispersed



research focus. A comprehensive assessment and characterisation of all obtained products,
particularly those found in pyrolysis oil, are important to give better insight into product
selectivity based on feedstock interaction. Better understating of process dynamics is inevitable
in designing optimal mixture composition and scaling up the process on a commercial level.

For the purposes of this work, theoretical background analysis supported by individual
experiments is carried out before determining co-pyrolysis mixture composition and process
parameters. Based on these results, the three-component mixture was selected with the precise
role and share for each component. The mixture's composition is set to maximise oil yield with
predominantly hydrocarbon content. Pine sawdust is the main constituent ensuring low carbon
impact, while the role of plastics is to enhance hydrocarbon content and maximise liquid yield.
The selected mixture is subjected to a series of experiments, from thermogravimetric and
thermal analysis through pyrolysis and detailed characterisation of pyrolytic products to

determine their potential applications.
8.2. Materials and methods
8.2.1. Sample preparation

Samples used in this study were waste plastics (PS and PP) and radiata pine sawdust (SD).
The plastic samples were previously used as packaging materials for food products (PP) and
disc cases (PS). Before subjecting to experimental investigations, samples were shredded,
sieved, and dried. Particle sizes were <0.125 mm for SD and <0.45 mm for plastics obtained
through sieving to ensure a satisfactory level of mixture homogeneity. Drying was carried out
in a vacuum oven at 70 °C for three hours to remove moisture content. All experiments were
performed for individual samples and their mixture with 50% SD and 50% plastics equally
divided between PS and PP.

To determine the elemental composition of the samples, analysis was performed according
to the standard procedure [26]. The ultimate analysis was carried out for raw samples and the
charred residue collected from 600 °C. Proximate analysis was carried out on 1+0.010 g of
samples to determine the share of volatile matter (VM) [27], moisture [28], and ash content

[29]. Additionally, fixed carbon (FC) was calculated by the difference.
8.2.2. Thermal analysis

Thermal analysis was carried out in an infrared furnace by heating the samples from room

temperature to 1000 °C at a constant heating rate of 10 °C/min. Samples masses were | g +



0.15 g. Nitrogen was used to ensure an inert atmosphere with a 5 ml/min flow rate. The
experimental setup and calculation methods are described in detail by Strezov et al. [30].
Besides determining the nature of reactions, results were also used to determine the final
temperature for pyrolysis, considering the temperature lag between the samples' surface and

centre.
8.2.3. Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out on Mettler Toledo TGA/DSC 1
STARe system instrument. Samples with an initial mass of about 11 mg were heated from
room temperature to 1000 °C at a heating rate of 10 °C/min under an inert atmosphere. Nitrogen
was used as carrier gas with a 20 ml/min flow. Results were used to determine the sample

decomposition mechanism and final masses of solid residue.
8.2.4. Pyrolysis and oil characterisation

The pyrolysis of individual samples and their mixture was performed in an infrared furnace
for pyrolysis temperatures of 500 and 600 °C. The heating rate was 10 °C/min, with nitrogen
as carrier gas at a 10 ml/min flow rate. Initial sample masses varied due to their densities being
825,950, 1250 and 1400 mg for SD, mixture, PP and PS, respectively. The liquid fraction was
collected at the end of the tube, diluted with dichloromethane and stored in the freezer before
being subjected to gas chromatography-mass spectrometry (GC/MS) to determine chemical
composition. The liquid yield was calculated by the difference between initial mass and solid
and gas yields. Before GC/MS analysis, pyrolysis oils were dehydrated with sodium sulfite
(anhydrous) to remove moisture content and filtrated using washed silica gel to remove
impurities. To remove organic compounds, silica gel was previously baked at 450 °C between
24-48h.

Spectral analysis was carried out by Agilent Technologies 5977A MSD with an integrated
7890B GC system equipped with an HP 5 ms column (30 m x 250 um x 0.25 pm). The samples
were injected at 300 °C in splitless mode with helium as carrier gas at a constant 1 ml/min flow
rate. The organic compounds were separated by the oven programme starting at 40 °C with a
retention time of 2 min, heating at 4 °C/min to 300 °C and hold up time of 45 min. The transfer
line temperature was set at 300 °C, with quadrupole and ion-source temperatures of 150 and
250 °C, respectively. The organic compounds were identified and quantified by internal

standards of the Agilent Qualitative software database and through comparison with literature.



8.2.5. Gas chromatography

The gas characterisation was conducted using Agilent Technologies 490 micro GC.
Column 1 consisted of 5 m PBQ + 10m MS5A, while column 2 was 10 m PPU. Samples with
100 mg mass were pyrolysed from room temperature to 1000 °C at a heating rate of 10 °C/min.
Helium was used as a carrier gas with a 50 ml/min flow. Before entering the chromatograph,
gases were cooled in an ice bath to ensure that only non-condensable gases passed through.

The gas yield was calculated on a He-free basis.
8.2.6. Fourier Transform Infrared Spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) was performed for the raw samples and
charred residue collected at 600 and 1000 °C. Nicolet 6700 FT-IR was used to determine the
spectral compositions from 4000 to 500 cm™' wavenumber. The results were compared with

the internal software spectra database (OMNIC Spectra) and related literature.
8.3. Results
8.3.1. Ultimate and proximate analysis

Results from the ultimate (elemental) and proximate analysis are summarised in Table 8.1.
They are in agreement with the results found in the literature [1, 4, 31], with high carbon and
hydrogen content observed in PS and PP, with a low oxygen share. This confirms the
hypothesis that plastic samples can act as hydrogen donors. On the other hand, sawdust comes
with a relatively high share of oxygen, which also translates to a higher contribution of oxygen
in the mixture. The proximate analysis showed a high share of volatile matter (>87%) in all
samples, which can be beneficial for achieving higher liquid yields. Furthermore, the share of
ash and FC is very low for individual samples, consequentially in the mixture (1.3%),
indicating low solid residue at the end of the process. Moisture share in SD is slightly higher
(9.3%) but still in the acceptable range for pyrolysis [32].



Table 8.1 - Results from ultimate and proximate analysis

Ultimate analysis Proximate analysis
C H N S O VM Ash  Moisture FC*
SD 462 64 - - 474 87.9 0.6 93 2.2
PP 819 146 - - 35 96.3 2.5 0.6 0.7
PS 909 78 - - 13 99.6 0.1 0.3 -
Mixture 629 86 - - 285 93.9 1.1 4.8 0.2

*calculated by the difference

8.3.2. Thermogravimetric and thermal analysis

Thermogravimetric analysis is typically applied as a preliminary experimental method to
determine the decomposition mechanism of the sample. Plastic samples, such as PS and PP,
have been widely investigated [33-35], and results from their analysis are mostly very similar
among the studies. This is because polymer materials are built from monomer units which
decompose simultaneously in a very narrow temperature range [34]. Discrepancies can occur
if plastic is heavily treated with additives in the production stage or due to some external
impurities collected during the exploitation stage. Plastic samples used in this study have
degradation mechanisms already reported in the literature and corresponding to the results from
their proximate analysis (Table 8.1). Since the share of ash and FC is initially low, the
remaining solid residue at the end of the process is also expected to be low. Results for all
samples are presented in Figure 8.1.

PS starts to decompose at around 350 °C with a very steep mass loss in a single step. At
450 °C, decomposition is finished, with a final mass residue of only 1.1%. Similarly, PP
decomposition starts at a slightly higher temperature of 400 °C and continues until 490 °C,
where most of the sample is already decomposed, resulting in a final mass of 3.7%.

Biomass decomposition exhibits a more complicated degradation mechanism than plastic
samples. It consists of three structural constituents: cellulose, hemicellulose and lignin with
variable proportions among the different types of biomasses. In addition, even the same kind
of biomass could express different degradation mechanisms because of ash or moisture
contents. This is especially evident when it comes to ash content, which is a consequence of
the mineral presence and related to the type of soil where biomass was grown [36]. The SD
used in this study starts with moisture evaporation until ~200 °C with a mass loss of about 7%.
This step is immediately followed by the most intensive stage of degradation, where mostly
cellulose and hemicellulose are decomposed. Between 200 and 400 °C, most of the initial

sample mass has deteriorated, and the residue is only 23% of the initial mass. Further heating



results in additional mass loss, even though degradation intensity slows down. At 500 °C
remaining mass is around 18.5%, which is further reduced to 15.5% at 600 °C. At the end of
the process, the mass residue is only 12% of the initial mass. Between 600 and 1000 °C, only
3% of the sample mass is decomposed, suggesting that selected SD could be a promising
feedstock for pyrolysis since most of the sample is decomposed when reaching 600 °C.

For the degradation of the biomass and plastic mixture, similar to the individual SD,
moisture evaporation starts immediately at the beginning of the process and goes up to 130 °C
with a total mass loss of approximately 4%. Mass loss is slightly less pronounced than
individual SD but corresponds to moisture content from the proximate analysis. The primary
decomposition step starts at around 250 °C with cellulose and hemicellulose degradation and
continues up to approximately 400 °C. Even though this area correlates with individual SD
degradation mechanism, the introduction of plastics reduces the intensity of decomposition and
shifts toward slightly higher temperatures. At approximately 400 °C, where 60% of the mass is
left, the degradation mechanism shifts due to initiated plastic degradation. From individual
samples, it was visible that plastic degradation is very intense and in a narrow temperature
range. The same is noticed for the mixture, even though the degradation intensity is lower than
for individual plastics, probably due to charred residue from the previous stage, which
interferes with heat transfer. By reaching 500 °C, most of the sample is already decomposed,
and the remaining mass is only 13.2%. Further temperature increments have almost negligible
effects on final mass. At 600 °C, solid residue accounts for 12% of initial mass, which can be

only reduced to 10% if the sample is heated up to 1000 °C.
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Figure 8.1 - TGA curves of individual samples and mixture

The thermal analysis results are complementary to the results from TGA and are presented
in Figure 8.2. Between 100 and 200 °C, the endothermic peaks indicating moisture evaporation
can be noticed for all samples except for PS. In the case of SD this peak is related to the
evaporation of strongly bound water. PP showed a pronounced peak, which can be attributed
to the melting of the PP fibres without mass loss, which occurs at 170 °C [37]. The primary
decomposition stage for PP starts around 400 °C, even though changes in specific heat can be
observed already at 300 °C when vaporisation is initiated. By 500 °C, the sample is completely
decomposed, and specific heat is reduced to only 0.5 MJ/m3. At around 250 °C, slight
fluctuations in specific heat can be observed for SD and mixture. Since cellulose, hemicellulose
and lignin are decomposed in this range, this is expected. At 500 °C, the specific heat for SD
becomes constant, indicating that the main decomposition phase is completed. Biomass
decomposition generally consists of endothermic peaks in the early stages when moisture is
evaporated (100-150 °C) and at the beginning of cellulose and lignin decomposition (320-360
°C). Slight exothermic reactions are observed between these areas, already reported in the
literature [38]. On the other hand, in the case of the mixture, specific heat sharply increases to
almost double values before reaching 400 °C since the plastic components decompose

immediately after the SD is carbonised. When comparing the results, it is clear that this sharp



increase is a consequence of PS presence. Individually, PS undergoes significant and
intensified changes in a very narrow temperature range where specific heat dramatically
fluctuates. Between 400 and 450 °C, a tremendous increase in specific heat is noticed, with a
peak at 431 °C. Shortly after the decomposition, specific heat drops back to a similar level as
the other samples. Finally, it is important to observe that the decomposition of all samples is
mainly completed at 500 °C, which indicates that for the maximised yield of volatiles, there is
no need to heat the sample further.
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Figure 8.2 - Specific heat of investigated samples

8.3.3. Product yield and synergistic effect

The product yield from the process for individual samples and mixture is given in Figure
8.3. The liquid is the main product for all investigated samples. Sawdust liquid yield is slightly
over 50%, with gas accounting for 34% and the remaining 16% being solid residue. High liquid
yield is even more expressed for plastics samples, with almost 98% and 76% for PS and PP,
respectively. The difference in liquid is primarily due to the difference in gas yield. For PP,
around 20% of volatiles are converted to gas, while for PS, this is below 1%. Solid residue for
plastics is expectedly low, 5% for PP, and slightly above 1% for PS. The mixture is exceedingly
favourable for pyrolysis oil production, with almost 81% share, while the by-products char and

gases account for 12% and 7%, respectively.
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Figure 8.3 - Product yield

The synergistic effect (AY) between the biomass and plastics is calculated by subtracting
the experimental values (Yexp) from the theoretically calculated ones (Yca) (Eq. 8.1).
Theoretical yield is calculated by multiplying sample share (Wsp/ps/pp) in the mixture with the

fraction yield (Ysprs/pp) from individual analysis (Eq. 8.2).

Yca=WspYspt+WrsYprs+WrpYrp Eq. 8.1

AY:Yexp-Ycal Eq 8.2

Results for the synergistic effect are given in Table 8.2. A high positive synergy of almost
12% is observed for the liquid fraction. This is a positive outcome of the process and feedstock
interaction since the aim was to maximise liquid yield. This positive synergy is achieved at the
expense of the gaseous fraction, which results is 15% lower than theoretically expected gas
yields. This implies that PS is an excellent inhibitor for liquid yield from pyrolysis with similar
observations also reported in the literature [15]. The trade-off between liquids and gases often
occurs in the co-pyrolysis of biomass with plastics, resulting in liquid favour. Although the
synergy level depends on the feedstock type, it is greatly enhanced with PS utilisation. A slight
positive synergy of 3% is noted for the char fraction. Similarly, small positive synergy almost
always occurs for the char fraction since feedstock interaction inevitably hinders the release of

volatiles, resulting in higher than theoretically expected yield.



Table 8.2 — Product yield and synergistic effect

Sample Liquid fraction Gas fraction Solid fraction
Theoretical  Exp. AY  Theoretical Exp. AY Theoretical  Exp. AY
PS - 97.8 - - 0.8 - - 1.5 -
PP - 75.5 - - 19.9 - - 4.6 -
Sawdust - 50.4 - - 34.0 - - 20.6 -
Mixture 68.5 80.7 12.2 22.2 7.1 -15.1 9.3 12.1 2.8

8.3.4. Pyrolysis oil characterisation

Pyrolysis oil characterisation was conducted for individual samples and their respective
mixture. In general, derived pyrolysis oils comprise hundreds of chemical compounds with
many present only in traces and cannot be identified by the equipment. Therefore, only
compounds with a yield above 0.1% were analysed in this work, and detailed insight is given
for the most significant ones. Since the oil composition depends on the temperature, the general
comparison based on organic groups was carried out for oils collected at 500 and 600 °C (Table
8.3.). The main observation regarding the temperature influence relates to the identified number
of chemical species with significant yield. With the temperature increment, oil composition
becomes more complex due to the degradation of compounds with high carbon numbers to
those with lower ones. This is especially evident in the case of plastics-derived oils while
observing the hydrocarbon yield (Table 8.4-8.5). It is obvious that higher hydrocarbons are
degraded into lighter ones, while most prominent compounds at both temperatures remain the
same. In the case of SD-derived oil (Table 8.6), temperature increment greatly influences the
selectivity of the compounds since they significantly differ, except for the phenols. Phenols are
present at both temperatures, and yield increases with the temperature increment, making the
oil composition less complex. In general, biomass-derived oils change their composition
quickly, with only slight changes in process conditions, feedstock composition or pre-treatment
method [3]. Regarding mixture-derived pyrolysis oil, compositions and temperature behaviour
correlate with plastic-derived oils since identified compounds are mostly similar. It should be
emphasised that none of the organic compounds identified in SD-derived oil is recognised in
the mixture’s oil. Nevertheless, various oxygenated compounds, alcohols and acids suggest on

the SD's influence on oil composition.



Table 8.3 - Identified organic groups in pyrolysis oils

Mix PS PP SD
Temperature [°C] 500 600 500 600 500 600 500 600
Aromatic hydrocarbons 38.0% 32.1% 72.0% 74.6%
Cyclic hydrocarbons 28.4% 303% 0.2% 04%  36.8% 344%  3.0% 3.5%
Sulfoxides 1.7% 0.3% 1.1% 3.5%
Alcohols 10.8%  12.4% 383% 354% 9.1% 1.6%
Linear hydrocarbons 5.1% 4.6% 1.4% 4.8% 10.8% 11.3%
Ester/Acid 0.7% 3.6% 1.8% 1.4%
PAHs 3.6% 2.6%  20.5% 18.0% 2.3%
Other oxygenated 14%  1.4% 52%  64%  54%  03%
compounds
N;-containing compounds 0.9% 0.7% 33.5% 2.5%
Silanes 1.2% 0.8%
Polysaccharides 1.4%
Phenols 324%  71.8%
Ketones 5.4% 3.7%
Furans 0.6% 0.1%

Pyrolysis oil derived from PS has similar compounds identified at both temperatures, even
though their yields might differ [15]. Identified compounds given in Table 8.4 are very often
found in PS-derived oils with a significant share, making oil composition relatively
homogeneous, especially when compared to biooils. As can be seen, obtained products are
mostly aromatic hydrocarbons with the addition of 1,2,3,4-tetrahydro-2-phenyl naphthalene (2-
phenyl tetralin) as PAH. These six compounds are responsible for almost 92% of oil
composition, with styrene accounting for more than half. It should be emphasised that the
presence of aromatics is welcomed in fuel composition but to a limited extent. On the other

hand, PAHs are not welcomed due to their adverse effects on human health.

Table 8.4 - PS-derived oil composition

Share [%]

Compound Formula 500 °C 600 °C
Styrene CsHs 43.7% 51.2%
Naphthalene, 1,2,3,4-tetrahydro-2-phenyl- CisHie 20.3% 17.9%
benzene, 1,1',1"-[5-methyl-1-pentene-1,3,5-triyl]tris- Ca4H24 24.2% 17.3%
Benzene, 1,1'-(1,3-propanediyl)bis- CisHie 1.3% 3.4%
.alpha.-Methylstyrene CoHio 0.6% 2.0%
Ethylbenzene CsHio 0.1% 1.0%

PP-derived oil expresses the most complex structure of all investigated samples. Obtained
compounds are mostly linear or cyclic hydrocarbons, similar to conventional fuels (Table 8.5).

Nevertheless, the compound with the highest share is 2-hexyl-1-decanol, branched alcohol



often used in polymer and lubricant synthesis as softener [39]. It is interesting to notice the

presence of silane compounds in oil composition, indicating the presence of inorganic additives

in raw materials [35].

Table 8.5 - PP-derived oil composition

Share [%]

Compound Formula 500 °C 600 °C
1-Decanol, 2-hexyl- Ci6H340 28.7% 26.5%
Cyclohexane, 1,2,3,4,5,6-hexaethyl- CisH3e 19.8% 13.0%
3-Heptene, 2,6-dimethyl- CoHis 8.0% 6.3%
Cyclododecanemethanol Ci13H260 5.0% 5.8%
1R,2c,3t,4t-Tetramethyl-cyclohexane CioH20 3.0% 5.0%
Cyclooctane, 1-methyl-3-propyl- Ci2Ho4 1.9% 4.3%
(2,4,6-Trimethylcyclohexyl) methanol Ci0H200 3.5% 3.1%
Cyclopentane, 1-butyl-2-propyl- Ci2Ho4 4.4% 2.7%
Cyclopropane, 1-butyl-1-methyl-2-propyl- CiiH2 2.7%
1,7-Dimethyl-4-(1-methylethyl) cyclodecane CisHso 2.7% 2.2%

Especially complex is the composition of biomass-derived oils or bio-oils due to their
heterogeneity and general structural differences in biomass, which often results in the inability
to predict product yield. Furthermore, the high share of oxygenated compounds, like phenols,
alcohols, ketones, acids and similar, results in thermal instability and limited exploitation
properties (i.e. lower heating value) [40]. In this case, phenols are the most abundant organic
group from bio-oil analysis accounting for 70% of the total identified compounds (Table 8.6).
Phenols are often found in bio-oil composition, even though their presence in fuel is not

beneficial due to their high corrosive potential [41].

Table 8.6 - SD-derived oil composition

Share [%]

Compound Formula 500 °C 600 °C
2-Methoxy-5-methylphenol CsH1002 14.6% 26.3%
Phenol, 2-methoxy- C7Hs02 6.0% 19.5%
Phenol, 4-ethyl-2-methoxy- CoH1202 5.2% 14.5%
Phenol, 2-methoxy-4-(1-propenyl)- Ci0H1202 5.8% 4.3%
Pyrolo(3,2-d)pyrimidin-2,4(1h,3h)-dione CsHsN302 3.5%
Phenol, 2-methoxy-4-propyl- Ci0H1402 3.4%
2-Isopropyl-10-methylphenanthrene CisHis 2.3%
Phenol, 3,4-dimethyl- CsH100 0.3% 2.1%
2-propanone, 1-(4-hydroxy-3-methoxyphenyl) Ci0H1203 1.9%

Diphenyl sulfide Ci2H10S 1.1% 1.8%




Most significant compounds identified in the mixture-derived oil are summarised in Table
8.7. It is interesting to notice that oil is almost exclusively composed of the compounds
identified in plastic oil, while none of the compounds from SD oil is detected in the mixture.
Nevertheless, the presence of oxygenated compounds (carbonic acid) is not eliminated, even
though it is significantly reduced. Aromatic (32%) and cyclic hydrocarbons (30.3%) are the
major constituents accounting for almost 62% of the total composition. Styrene is the major
compound with a 20% yield at 600 °C. This is more than halved compared to individual PS
pyrolysis and can be considered a good outcome since the share of aromatics in the fuel
composition should be limited. The secondary compound with significant yield is 1-propene,
3-(2-cyclopentenyl)-2-methyl-1,1-diphenyl, responsible for 14.6% of oil composition,
belonging to the group of cyclic hydrocarbons. Even more, the yield of polycyclic aromatic
hydrocarbons (2-phenyl tetralin) is reduced eight times compared to PS-derived oil to only 2%.
Furthermore, a significant share of alcohol is also noticed (12.4%), probably from PP, since
individual SD yields only 1.6%. It is interesting to observe the yield of 1-decanol, 2-hexyl-, the
main constituent of PP-derived oil (26.5%). In the case of the mixture, its share is only 2.4%,
which means that PP interaction with PS and SD completely changes the compound's
selectivity and the yield of alcohols, which is reduced three times compared to individual PP-
derived oil. Alcohols as oxygenated compounds are also not preferred in fuel composition;
therefore, this can also be considered a positive outcome of co-pyrolysis. Cyclic and linear
hydrocarbons, which compose almost half of the PP oil, are also found with 16.4% and 4.6%,
respectively. Their presence in fuels is welcomed and should be increased if possible due to
their high heating value and mostly smoke-free combustion process that does not cause
problems to engine equipment [42]. The most significant positive outcome of the process is the
complete removal of phenolic compounds, which are the main constituent of SD oil, since they

have strong corrosiveness potential and, as oxygenated compounds, reduce fuel heating value.



Table 8.7 - Mix-derived oil composition

Share [%]

Compound Formula 500°C 600 °C
Styrene CsHs 29.2%  20.2%
1 Tpropene, 3-(2-cyclopentenyl)-2-methyl-1,1- CarHan 193%  14.6%
diphenyl
2-Isopropyl-5-methyl-1-heptanol Ci11H240 6.6% 7.1%
1R,2¢,3t,4t-Tetramethyl-cyclohexane CioH20 4.1% 5.8%
Benzene, 1,3-dimethyl- CsHio 2.8% 3.6%
Benzene, 1,1'-(1,3-propanediyl)bis- CisHise 2.5% 3.5%
.alpha.-Methylstyrene CoHio 2.1% 2.6%
1-Decanol, 2-hexyl- Ci6H340 1.7% 2.4%
Cyclohexane, 1,2,3,5-tetraisopropyl- CisHse 2.4%
Naphthalene, 1,2,3,4-tetrahydro-2-phenyl- CicHie 3.6% 2.2%
Carbonic acid, eicosyl vinyl ester C23H4403 2.0%
3-Heptene, 2,6-dimethyl- CoHis 1.8% 1.7%
1,7-Dimethyl-4-(1-methylethyl)cyclodecane CisHso 1.7%
Cyclohexane, 1,2,3,4,5,6-hexaethyl- CisH3e 2.0% 1.2%

8.3.5. Gas analysis

Gas yield from the individual samples varies significantly in terms of cumulative
volumetric yields and composition. Gases started to evolve slightly below 500 °C, with the
maximum amount noted at 1000 °C. The highest yield of 974 ml/g is observed for SD at 1000
°C (Figure 8.4). If the co-pyrolysis temperature is 600 °C, the gas yield would be around 450
ml/g. PP also yields a significant amount of gases, which is also observed in the literature [20].
At 600 °C, 183 ml/g of gases is collected, further increasing to almost 500 ml/g at 1000 °C. The
high gas yield from these two samples shows that most volatiles are converted to non-
condensable gases, which might comprise liquid yield. On the other hand, the gas yield from
PS is almost negligible. At 600 °C, gases account for less than 10 ml/g, while at 1000 °C, only
27 ml/g is collected. Consequently, this shows that pyrolysis can convert volatiles from PS to
valuable liquids, as preferred. Even though SD and PP compose 75% of the mix, the gas yield
of the mixture is several times lower than their individual analyses. At 600 °C, only 47 ml/g of
gases are evolved, which is further increased to 135 ml/g at 1000 °C. This implies that feedstock
interaction and the introduction of PS greatly influence volatile conversion and favour liquid

yield at the expense of gases.
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Figure 8.4 - Cumulative gas yield

The gas composition differs among the investigated samples. At 600 °C, the pyrolysis gas
from sawdust is composed mainly of carbon monoxide (CO) and carbon dioxide (CO2),
combined accounting for 83% of volume share (Figure 8.5a). The rest is comprised of methane
(13%), hydrogen (2%), and higher hydrocarbons (2%). With the further temperature increment,
the share of CO and CO: declines while the percentage of hydrogen notably increases. At the
final temperature of 1000 °C, gas is composed of CO (31%), CO2 (25%), and CH4 (13%), while
hydrogen accounts for almost 30%. Ethane and ethylene are present with a nearly negligible
2% combined.

A significantly different composition is observed for PP (Figure 8.5b). At 600 °C, a
representative amount of gases is collected, composed of light hydrocarbons (89%). The
combined yield of CO and COz is almost negligible throughout the process, ranging between
an initial 6% and 13% at the final temperature. At the final temperature, a significant share of
light hydrocarbons is converted to methane (32%) and hydrogen (24%). Nevertheless, the
percentage of hydrocarbons is still respective, with 17% noted for ethane and 14% for ethylene.
Since PS generally yields a small amount of gases, its composition is not of great interest. At
600 °C, the gas yield is below 10 ml/g, with hydrogen (32%) and methane (24%) as the main
constituents (Figure 8.5¢). With further temperature increments, the share of hydrogen is
significantly increasing at the expense of light hydrocarbon gases. At a final temperature of
1000 °C, it accounts for almost 70% of the total gas yield. For quantitative comparison, at 1000

°C, hydrogen yield is approximately at the same levels as in the case of SD at 600 °C.



Finally, the composition of the gases from mixtures expresses similar trends to individual
SD sample (Figure 8.5d). At 600 °C, CO and CO2 account for 84% of gas composition.
Methane brings an additional 11%, while the rest are hydrogen and hydrocarbons. With
temperature increment, the share of hydrogen increases at the expense of hydrocarbons, but
also because of tar cracking at high temperatures. At 1000 °C, hydrogen is the principal
constituent of the gas composition with 32%, followed by CO2 (31%) and CO (29%). The share

of methane is reduced to only 6%, while ethane and ethylene are responsible for 1% each.
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Figure 8.5 - Composition of obtained pyrolysis gases

8.3.6. Char analysis

Before conducting experiments, FTIR spectra were obtained for selected untreated samples
to confirm their identity and compare with commercial spectra to identify possible differences
which might impact results. All results for raw and charred samples at 600 and 1000 °C are
plotted in Figure 8.6. Results from plastic samples correlate with commercial spectra from the
internal database and the literature [43-44]. In the case of PP (Figure 8.6a), asymmetric and
symmetric stretching of methyl (CH3) and methylene (CH2) groups are observed. Stretching of
methyl groups occurs at 2956 and 2875 cm’!, while methylene stretching can be observed at
2921 and 2836 cm!. The existence of four peaks in that area suggests the presence of both
groups [43]. Symmetrical bending of the CH3 group is noted again at 1452 cm™!, followed by



the umbrella mode at 1375 cm!. Finally, three peaks at 1166, 973 and 840 cm™! that are often
used to confirm PP structure are also identified and they can be due to the wagging or rocking
of C-H and CH3 groups. In addition, a significant peak is noted at 1016 ¢cm™! and compared
with the internal databases. An identical peak is found in the software database for PP mixed
with 20% talc, indicating the possible presence of inorganic compounds.

The identification of PS structure (Figure 8.6b) also shows excellent correspondence with
the literature [45]. Stretching of aromatic C-H (3059 and 3023 c¢m™') and methylene groups
(2923 and 2854 cm™') is first observed. Having peaks above and below 3000 cm™! indicates the
presence of saturated and unsaturated carbons. Further presence of aromatics is proven by the
peaks in the area between 1600 and 1450 cm™!, with a particular focus on 1600 cm!, which
corresponds to benzene ring mode. Moreover, peaks at 748 (aromatic out-of-plan C-H bend)
and 694 cm™! (aromatic ring bend) can be used to identify monosubstituted benzene rings. In
conjunction with the evenly distributed benzene fingers between 2000 and 1600 cm™!, these
two peaks confirm the presence of monosubstituted benzene rings.

Analysis of SD spectra showed that the sample contains various oxygenated organic groups
but also aromatics (Figure 8.6¢). Intensive O-H bending is observed between 3400 and 3000
cm’!, indicating the presence of alcohols, phenols and acids. Because of methyl and methylene
groups, C-H stretching occurs between 2970 and 2850 cm™!. A strong peak is again noted at
1727 cm™ due to C=O stretching. This stretching might be due to the presence of esters,
ketones, aldehydes or acids. Benzene ring stretching vibrations are observed at 1600 and 1506
cm’!. The peak at 1423 cm! corresponds with the C-H group, probably due to cellulose
bending. Significant stretching and bending overlap occurs between 1360 and 1263 cm!,
suggesting the presence of the OH group, lignin and polysaccharides. Additional deformation
of C-H and C-O groups is observed at 1153 cm!. Finally, significant deformations, typical for
pine wood, are found between 1054 and 1024 cm’!, which, combined with the peak at 1727
cm’!, confirms the substantial presence of esters [46].

Finally, the analysis of mixture spectra expresses the combination of organic groups
identified for individual samples (Figure 8.6d). Therefore, strong stretching of O-H groups is
observed in the range between 3500-3000 cm’!, similar to the SD sample. The methylene group
is observed at 2915 cm! and identified in all samples. The presence of aromatics is confirmed
by the peaks at 1600 and 1509 cm’!, found in individual PS and SD. The peak at 1450 cm™ is
identified in all investigated samples and corresponds to the symmetrical bending of methylene.

Another stretching, similar to the SD sample, occurs at 1025 c¢cm™, indicating the C-O-C



deformations. Finally, several peaks are identified below 750 cm™!, like for PS and PP samples,
probably indicating the presence of aromatics.

Spectra analysis of char samples collected from 600 and 1000 °C is important to determine
which organic groups remain in the solid residue. It should be emphasised that char yield from
plastics is minimal. Therefore, most of the volatiles are expected to be converted into liquid
and gases, and only a minor share remains in the solid residue. In the case of PP char from 600
°C, few peaks can be identified, starting at 2956 cm™! with the stretching of a methyl group,
reported for a raw sample as well. Furthermore, intense stretching can be observed at 1016 cm"
!"again, corresponding to the inorganic group with silica content. It should be mentioned that
the peak at 671 cm!, also found in PP's spectra with talc, suggests the presence of the inorganics
once again. Temperature increment to 1000 °C completely degrades the sample and ensures
that most organics are converted into volatiles. Between 1070 and 850 ¢cm™!, the rocking of
remaining C-H bonds is noted.

PS completely degrades almost without solid residue, and char traces can be collected from
the tube wall and the FTIR spectra for the char collected for both temperatures corresponds to
that of a solid carbon.

Analysis of char fraction from SD is the most important due to the highest yield of solid
residue. Compared to the raw sample, there are no peaks above 1600 cm™! in the case of char
from 600 or 1000 °C, implying complete conversion of oxygenated compounds into volatiles
at this range. In the case of char from 600 °C, notable bending is noted at 1573 cm™! indicating
the presence of aromatic hydrocarbons and benzene rings. Similar to the raw sample at 1157
cm!, deformations of C-H and C-O bonds are noted, suggesting presence of lignin compounds
[5]. This can be confirmed when observing spectra from 1000 °C, where this peak is not seen.
The 600 °C is sufficient to degrade cellulose and hemicellulose, but some of the lignin
component remains. Only further temperature increments can completely degrade biomass so
that no specific organic group can be identified. It should be mentioned that several additional
peaks can be seen in char spectra from 600 °C in the range between 865-500 cm,
corresponding most probably to hydrocarbons.

Analysis of mixture char shows similar observations. At 600 °C, most compounds are
degraded and converted into volatiles. Slight bending of aromatic rings can be seen at 1575
cm’!. Similar to individual PP sample, intense stretching occurs at 1018 cm™!. The peak
absorbance is pronouncedly lower than individual PP since the share of PP in the mixture is
only 25%. Even though this peak seems to be the most prominent in char at 600 °C. Moreover,

similar to individual SD at 600 °C, several peaks are observed between 867-670 cm!,



suggesting the presence of hydrocarbons. Finally, in the case of mixtures char from 1000 °C,

representing the deformations in C-O-C bonds.
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Figure 8.6 - FTIR spectra from investigated raw and charred samples

8.4. Discussion

The results obtained in this work were further compared to related studies from the

literature to draw conclusions from a critical perspective. Suriapparao et al. [47] investigated

the co-pyrolysis of PS and PP with different types of biomass, including mixed wood sawdust.

Results from the ultimate and proximate analysis show similarities, as well as product yield for

SD and PS, while in the case of PP main difference is in the oil yield. This study reports almost

15% higher oil yield, which is unsurprising since the PP can be produced in various forms

depending on the application. Regarding the mixtures with biomass-plastic ratio 1:1, oil yield

was 60% in the PS case, with a notable gas share of 27%. In the case of PP-SD, oil yield was



only 30%, with almost 54% of gases. PS-derived oils were mostly composed of monoaromatics
and polycyclic aromatic hydrocarbons. On the other hand, PP oils were composed of aliphatics,
PAHs, and various oxygenated compounds with a lower share. The low oil yield for PP and
rubberwood seed co-pyrolysis was also reported in a study by Izzatie et al. [35], with only 37%
noted at 550 °C. Simultaneously, the gas yield was between 40-70% in the temperature range
of 450-600 °C. Nguyen et al. [48] co-pyrolysed PS and pine SD showing a great reduction of
oxygenated and acetic compounds with a simultaneous increase in heating value. Nevertheless,
the used temperature of 500 °C seems to be slightly too low due to higher char yield. The
reduction of oxygenated compounds with only a slight introduction of PS to mixed wood SD
was also confirmed in a study by Stancin et al. [15]. Furthermore, this study shows that only
25% of PS in the mixture will greatly enhance aromatic selectivity. Nisar et al. [34] showed
that the polymers recovered from mixed waste should be pre-treated to avoid a higher yield of
oxygenated compounds, especially acids. Finally, Li et al. [20] investigated the gasification
potential of PS and PP, obtaining very limited gas yield without using CO2 as a gasification

agent. This suggests that PS and PP might be more appropriate for pyrolysis than gasification.
8.5. Conclusion

The co-pyrolysis of three different types of feedstocks, including biomass and plastics,
demonstrates the potential for alternative fuel production from these waste resources. Selected
waste materials: sawdust, PS and PP show great potential for high liquid yield production due
to the high volatile and low ash contents. Furthermore, PS acts as a catalyst for liquid yield
since an almost negligible amount of char and gases collected from individual analysis reflects
in a beneficial outcome of the mixture pyrolysis, where the gas yield was greatly reduced in
favour of the liquids.

The chemical composition of obtained pyrolysis oil from the mixture showed that the
selected ratio gives the desired outcome of the identified compounds. The introduction of PS
greatly helps in achieving oil homogeneity, simultaneously giving moderate aromatic content
in the acceptable range for conventional fuels. On the other hand, the presence of PP helps in
selectivity toward linear and cyclic hydrocarbons, which are the main constituents of traditional
fuels. Finally, the presence of plastics reduces the oxygenated content of bio-oils, even though
feedstock should be pre-treated before pyrolysis to minimise the possibility of acid yield.

Since PS is the primary driver for liquid yield, it also allows better prediction of oil

composition as most identified compounds in the mixture will be of PS origin. The selected



25% of PS is sufficient to promote aromatic yield while remaining in the acceptable range for
further fuel utilisation. The share of PP content could be increased to increase the yield of linear
or cyclic hydrocarbons with lower carbon numbers.

Analysis of process by-products shows that obtained gas composition and charred residue
could be further utilised for electricity and heat production as substitutes for fossil fuels, even
though their yield accounts for only 20%. Hydrogen, CO and CO2 are the main gaseous
products, primarily derived from sawdust and PP. Collected char consists of inorganics from
PP and various hydrocarbon groups, probably derived from sawdust.

The synergistic effect shows that feedstock interaction will promote liquid over a gaseous
fraction. The synergy level depends on the mixture composition, and gas yield could be higher
with higher content of sawdust, but also PP. In the case of solid residue, synergy level will
always have slightly positive values, but with 50% of plastics content, this will mostly stay
below 5%. This observation could be very useful for the future development of a prediction

model for the product yield from co-pyrolysis.
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tential substitutes for conventional fossil fuels. Co-pyrolysis has emerged as a potential solution for production of
alternative fuels, while dealing with waste management issues, due to its ability to process different feedstocks.
Biomass-derived fuels, with all their constraints, are already used on a commercial scale. Simultaneously, sig-
nificant efforts are given to scale up fuel production from the thermal treatment of waste plastics. The fuel must
be produced sustainably with minimal environmental impacts to be considered an alternative. This study pre-
sents the life cycle assessment (LCA) of waste biomass and plastic materials, co-pyrolysed with an aim to produce
pyrolysis oil that could be used as a petroleum substitute. Moreover, the environmental impacts from the co-
pyrolysis are compared to incineration and landfilling, which are today mostly used to deal with end-of-life
plastics. The LCA is carried out in openLCA software using ReCiPe Midpoint 2016, and Environmental foot-
print methods. Results show that co-pyrolysis mostly reduces emissions associated with environmental impacts,
even though this greatly depends on the treatment method used to divert the feedstock. Furthermore, most
process emissions are associated with electricity consumption, therefore, integration of plastic processing with
renewable energy sources can further reduce the environmental impacts. Finally, the products derived from the
process should be of high quality with minimal after-treatment requirements to effectively substitute fossil fuels.
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1. Introduction

Climate change presents a major challenge nowadays, raising the
need for immediate action and energy transition. Increased production
of electricity from renewables, electrification of transport and industrial
processes, and various alternative fuels are expected to replace fossil
fuels and contribute to overall decarbonisation (Stancin et al., 2020).
Biofuels were marked as the most promising alternative due to their
carbon neutrality. Nevertheless, they still have limitations in techno-
logical viability, and lately, practices of the current biofuel production
have raised several sustainability considerations (Wang et al., 2015b).
Even though emissions released in the utilisation stage can be consid-
ered neutral, increased deforestation and land use can significantly
negatively impact the environment. Moreover, biofuel production has
environmental impacts, especially evident in the pre-treatment stage,
specifically from the drying process (Iribarren et al., 2012).

On the other hand, waste plastics cause tremendous environmental
burdens and threaten human health and the environment. Current end-
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of-life treatment methods are either based on incineration (42%) or
landfilling (23%), while mechanical recycling accounts for about 34%
(Plastics - the Facts, 2021). Lately, co-pyrolysis has emerged as a po-
tential solution to prevail drawbacks of biofuel production while
simultaneously tackling waste management problems of plastic mate-
rials. Pyrolysis oil cannot be used directly and requires purification and
refining to meet conventional fuel standards. Fuel production from
co-pyrolysis requires significant energy and material input, resulting in
various environmental pollutant emissions. Therefore, to quantify the
benefits of the production procedure, it is necessary to carry out a life
cycle assessment (LCA) and determine the environmental impacts.
LCA has been carried out for various biomass and plastic feedstock
thermal treatment methods. Even though, it is often hard to compare the
results since different system boundaries, functional units, or impact
assessment methods are applied. Global warming potential (GWP)
expressed in kg CO5 eq. is the only impact category common across all
studies, which is also dependent on the functional unit and system
model. Gahane et al. (2022) conducted an in-depth review of LCA for
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biomass pyrolysis. The review considered various types of biomass
feedstock, sources of electricity for the process, pre-treatment methods,
and utilisation. The study concluded that biofuel production and uti-
lisation emissions are lower than fossil fuels; therefore, biomass should
be considered a feasible alternative. Osman et al. (2021) carried out a
detailed review of biomass LCA, concluding that both production routes,
thermochemical and biochemical, come with environmental burdens. In
addition, the review showed that most of the studies focused on
assessing a particular part of the production stage, while overall
assessment from cultivation to end use is missing. Fan et al. (2011)
compared the biofuel production process from three different sources.
The lowest emissions are associated if the pyrolysis oil is produced from
waste wood since it enters the system free of burdens from harvesting
and cultivation processes. Nevertheless, due to the lower product den-
sity, waste wood comes with higher collection and transportation im-
pacts. Overall results showed that pyrolysis oil could save between 77
and 99% of GHG emissions if used as a fossil fuel substitute. Pyrolysis of
agricultural waste was marked as a promising route to produce biofuels,
especially since it greatly outperforms other alternatives like incinera-
tion (Alcazar-Ruiz et al., 2022). On the other hand, Vienescu et al.
(2018) emphasised that emissions could be three times higher in the
case when poor synthetic fuel quality is produced compared to con-
ventional fossil fuels.

Antelava et al. (2019) conducted a detailed review of LCA studies for
plastic end-of-life treatment to compare the environmental benefits of
different waste management methods. The main problem with plastic
LCA of waste management practices is associated with the uncertainty of
product quality, consequently, its processing properties. Therefore, even
though mechanical recycling is the preferred option, the quality of
recyclate often constrains the replacement potential of virgin material.
This was also confirmed in the study by Martin-Lara et al. (2022), where
it was found that environmental impacts and threats to human health
are higher due to the requirements to wash and dry waste feedstock. In
case when high-quality recyclate is obtained, environmental benefits are
significant, as in the study by Papo and Corona (2022). Additionally,
they emphasised the need for feedstock pre-sorting to mono-fractions
since that allows the control of product quality. Jeswani et al. (2021)
studied the LCA of chemical recycling for mixed plastic waste (MPW)
from a waste and product perspective. Pyrolysis as a chemical recycling
method was found to have about 50% lower GWP than energy recovery
from incineration. Still, the rest of the impact categories, such as acid-
ification and eutrophication, perform worse. Some studies (Demetrious
and Crossin, 2019; Eriksson and Finnveden, 2009) found that landfilling
of MPW might be a better option for thermal treatment from the
perspective of GWP but worse for the rest of the impact categories.
Mechanical recycling often shows better environmental impact
compared to other treatment methods. However, the quality of recyclate
must be almost 80% of virgin material to be considered an adequate
replacement (Lazarevic et al., 2010).

The utilisation of pyrolysis oil in internal combustion engines has a
promising perspective to reduce overall GWP, NOy, and CO emissions.
Furthermore, the formation of particulate matter and unburned hydro-
carbons are reduced if optimal combustion conditions are maintained
(Roque et al., 2023). Similar observation was confirmed in the study by
Puricelli et al. (2022), even though it should be emphasised that electric
vehicles are still outperforming alternative fuels in terms of environ-
mental impacts.

There is a limited number of studies focusing on the LCA of co-
pyrolysis of two different feedstock. In fact, only Neha et al. (2022)
carried out an assessment which is solely focused on co-pyrolysis as a
waste treatment method. In their study, food waste and low-density
polyethylene (LDPE) were co-pyrolysed, concluding that pyrolysis out-
performs landfilling or open dumping several times in terms of GWP.
Since food waste contains high moisture feedstock (>70%), the drying
requirements are significant, accounting for 57% of total energy de-
mand, which can negatively impact sustainability of the process. The
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energy required to drive pyrolysis is also energy-intensive and respon-
sible for an additional 33% of total energy consumption. Biomass drying
and pyrolysis are the two main contributors to the environmental im-
pacts of the co-pyrolysis process.

This study presents the LCA of waste plastic and biomass materials
used in the co-pyrolysis process. The proposed method aims to maximise
the liquid fraction yield as the product of interest. The composition of
the investigated mixture consists of 50% pine sawdust (SD) and 50%
waste plastics, equally divided between polystyrene (PS) and poly-
propylene (PP). Environmental impacts are assessed for the overall
process and pre-processing activities. Compared to similar studies, this
work brings extensive, in-depth analysis of several most prominent
environmental impacts rather than just focusing on GWP. In addition,
sawdust as an abundant waste product is assessed for the first time from
the perspective of co-pyrolysis utilisation. Finally, analysis was per-
formed from the perspective of input (feedstock) and output (product)
flows to provide a better insight into their influence on the environ-
mental impacts. Individual analysis of input flows opens the possibility
to evaluate feedstock burdens and credits, consequently determining
their applicability for pyrolysis. On the other hand, individual analysis
of output flows suggests which product yields should be prioritised to
reduce the environmental impacts of proposed procedure.

2. Materials and methods

The investigated types of plastic are selected since they have low
recycling potential, while based on experimental investigations and
literature, it was found that they could yield compounds preferred in
fuel composition. In the case of PP, these are linear hydrocarbons (Uebe
etal., 2022), while aromatics are obtained from PS (Stancin et al., 2021).
In the case of polyethylene terephthalate (PET) (Stegmann et al., 2023)
and high-density polyethylene (HDPE) (J. Zhang et al., 2023), me-
chanical recycling is widely used with quite a good recovery rate,
therefore, it should be preferred over thermochemical conversion. In the
case of polyvinyl chloride (PVC) (Ephraim et al., 2018) and poly-
urethanes (PU) (Stancin et al., 2022), obtained products are not in line
with fuel requirements, and therefore such feedstock requires different
approaches and utilisation pathways.

2.1. Goal and scope

The system boundaries are set from feedstock collection in the form
of waste materials to the production of pyrolysis oil as the final step. This
implies that oil refining and upgrading are not considered, and no
credits or burdens are assessed for oil utilisation. As the main product,
pyrolysis oil is assessed with all environmental impacts, while credits are
received for producing by-products that can substitute fossil fuels else-
where. Synthetic gas (syngas) is used internally to provide heat, while
char is sent to the market as a coal substitute. The functional unit used
for impact assessment is 1 t of the pyrolysis oil produced. The model of
the proposed system is given in Fig. 1.

As shown, co-pyrolysis is preceded by several processes related to
feedstock transport and pre-treatment. Input waste flows are free of
production or cultivation burdens, but there are environmental impacts
derived from their collection. Biomass, preferably in waste forms like
sawdust or shavings, is collected and transported from the sawmill or
source of origin to a hypothetical co-pyrolysis plant, where it is dried
and shredded to a particle size below 2 mm. The plastic stream starts
with waste collection in the form of mixed plastic waste transported to
the separation plant. MPW is further separated on monomer fractions
where non-recyclable components are diverted from landfilling or
incineration to a pyrolysis plant. Before mixing with sawdust, plastic is
shredded to the same particle size to ensure the homogeneity of the
mixture. The prepared mixture is then introduced to the pyrolysis
reactor and heated to 600 °C under an inert atmosphere, where liquid,
gaseous and solid charred products are obtained.
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Fig. 1. The proposed model for the co-pyrolysis process.

In the scope of the work, three scenarios are considered based on the
current waste management methods used to deal with end-of-life plastic
waste. This implies that mechanical recycling is not considered, and
pyrolysis is evaluated as an alternative to incineration or landfilling.
Each scenario represents a specific country: S1 - Germany, S2 - Croatia
and S3 - Australia, but the results are comparable to other countries with
the same end-of-life treatment methods. Table 1 summarises the
assessed scenarios alongside waste management methods currently used
to deal with waste plastics. The values for S1 and S2 scenarios are taken
from the ecoinvent database (Home - Ecoinvent), while for the S3 are
taken from national strategic documents (Pickin et al., 2020; Schandl H
et al., 2020) due to the lack of data in the database. As shown, the S1
scenario is vastly dominated by incineration, while S2 and S3 scenarios
are based on landfilling with the difference if they are sanitary or un-
sanitary. Open dump, in the case of S3, represents a waste plastic
leakage to the environment based on a study carried out by Black et al.
(2020).

2.2. Impact assessment

OpenLCA 1.11 (Ciroth, 2007). is used to carry out impact assessment
using the ReCiPe Midpoint 2016 (H) method. Additionally, to test the
model’s robustness, an Environmental footprint (EF) analysis is carried
out as well. As a functional unit, the 1 t of pyrolysis oil is assessed using
the consequential approach. This implies that the environmental im-
pacts present the comparison between pyrolysis and incineration or
landfilling from the perspective of waste materials utilisation. The initial
sawdust input to produce 1t of pyrolysis oil for the base scenarios
(S1-S3) is 817 kg, while the initial input for plastic feedstock is 710 kg,
equally divided between PS and PP. For the sensitivity analysis scenarios
(S6-S7), where oil yield is lower than expected, to produce 1t of py-
rolysis oil, initial input for sawdust is increased to 1632 kg, while initial
input for plastics is increased to total of 1420 kg, where each type of
plastic accounts for 50% of mass.

As mentioned above, the system boundaries are cutting off further oil
upgrading and usage, therefore, potential burdens are not assessed.
Altogether 18 impact categories are assessed, of which nine are widely
discussed. The rest of the impact categories are briefly mentioned since

Table 1

Analysed scenarios with waste plastic end-of-life treatment methods.
Scenario S1 DE S2 HR S3 AU
Treatment method [%]
Incineration 99 1 1
Sanitary landfill 0.5 27 80
Unsanitary landfill - 70 10
Open burning 0.5 2 -
Open dump - - 9

their impact is primarily neutral. The global warming potential (GWP)
expressed in kg COy eq. is used to compare the results with similar
studies. The rest of discussed categories include human carcinogenic
toxicity (HTC), human non-carcinogenic toxicity (HTNC), freshwater
ecotoxicity (FET), marine ecotoxicity (MET), terrestrial ecotoxicity
(TET), all expressed in kg 1,4-DCB. Additionally, fossil resource scarcity
(FRS) in kg oil eq., acidification potential (AP) in SO eq., and fine
particulate matter formation expressed in kg PMys eq. are briefly
discussed.

2.3. Inventory data

The ecoinvent 3.8 database with a consequential approach is used in
this work to design the product system (Ecoinvent v3.8 - Ecoinvent).
Additional literature is consulted for further information about specific
consumptions and flows for processes inside the system. An overview of
used database flows and service providers is presented in Supplementary
Table S1. Furthermore, in Table S2, the electricity mixes for considered
scenarios are given, while Table S3 presents the detailed flows with
input values for each pre-treatment and pyrolysis process.

2.3.1. Transport

The distance for the mixed plastic waste collection is taken from the
database and assumed to vary between 50 and 100 km, depending on
the country. Separated plastic is transported to a pyrolysis plant within
100 km. Sawdust is collected from a sawmill or similar forestry pro-
duction site and transported to a pyrolysis plant within the same dis-
tance as the separated plastic. The considered type of transport is a truck
with EURO 6 emissions standard for both feedstocks.

2.3.2. Feedstock pre-treatment

The plastic separation plant is powered by electricity, which con-
sumes 69 kWh per tonne of mixed waste plastic processed (Jeswani
et al., 2021). Separation plant efficiency is 90%, based on BASF case
study analysis (Russ et al., 2020). The same case study analysis assumes
that there is no need for plastic washing and drying for pyrolysis, and a
similar approach is taken in this study as well. The waste from separa-
tion is further sent to the market for waste plastic, where different
end-of-life treatment methods are applied, depending on the country.
Electricity consumption for plastic shredding is 30 kWh/t (Chen et al.,
2019), with 97% efficiency.

Sawdust pre-treatment starts with drying. During the transport and
storage of biomass, natural drying is assumed to reduce moisture from
50 to slightly below 35% (Del Giudice et al., 2019). Pyrolysis requires
moisture content below 10%, so the difference needs to be removed by
drying (Y. Zhang et al., 2014). Rotary dryer requires 1.64 GJ of heat per
tonne of water removed with additional electricity consumption of 5
kWh per tonne of biomass processed (Haque and Somerville, 2013).
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Electricity requirements for grinding vary depending on the type of
biomass and particle size. In this process, 33 kWh/t is assumed (Lan
et al., 2020) with an efficiency of 97% (Brassard et al., 2021). Waste
from both feedstock grinding is collected and sent to the national market
for incinerating or landfilling.

2.3.3. Pyrolysis

The shear mixer is used for mixing purposes before pyrolysis, with an
average consumption of 20 kWh/m® (Mixers Specific Power Consump-
tion). Electricity consumption for pyrolysis reactors differs in the liter-
ature between 400 and 550 kWh per tonne of pyrolysis oil produced. For
this case, 500 kWh per tonne of pyrolysis oil is considered based on
previous studies (Gahane et al., 2022; Vienescu et al., 2018; Zheng et al.,
2022). Nitrogen is used as a carrier gas (Brassard et al., 2017), while
water for quenching and condensation of volatiles (Salvi et al., 2021).

2.3.4. Synthetic gas combustion

Synthetic gas is used internally to provide heat for sawdust drying.
The input flows are based on a similar process found in the literature
(Ayer and Dias, 2018; Jones et al., 2009). The synthetic gas composition
is obtained experimentally. Air consumption and process emissions
(water and CO3) are based on combustion stoichiometry which was
additionally calculated.

2.3.5. By-products markets

Char residue from the process is sent to the market for coal as a
lignite substitute. Besides, the produced char could be used as fertiliser
or for water remediation purposes (Osman et al., 2022). Additionally, a
surplus of synthetic gas not used for drying is also sent to the market for
synthetic gas as a substitute for biomass gasification. In both cases,
credits are given to the pyrolysis process.

2.4. Experimental conditions

Before carrying out LCA, an experimental investigation was con-
ducted to determine the yield and distribution of the pyrolysis products.
Obtained results are used in the final stage of LCA, where 1 t of the
mixture is introduced to co-pyrolysis, while the product output is based
on experimental results. The co-pyrolysis is conducted on a mixture of
50% sawdust (radiata pine), 25% waste PS previously used for the CD
case, and 25% waste PP used for different packaging purposes. The
sample is heated up from room temperature to 600 °C in an infrared
packed bed furnace with a heating rate of 10 °C/min (Strezov et al.,
2008). The gases are analysed using the Agilent 490 Micro GC analyser
with helium as a carrier gas, while the liquid is collected at the end of the
tube and diluted with dichloromethane.

3. Results
3.1. Experimental results

Experimental results showed that at the end of the pyrolysis process,
the solid residue or char was only 13% of the initial mass. The gas yield
was calculated on a He-free basis, accounting for 7% of the obtained
products. Finally, the share of liquid fraction is 80%, calculated by the
difference between initial mass and the sum of solid and gas yields.
Results are summarised in the supplementary material (Table S4).

3.2. Environmental impact assessment of the proposed co-pyrolysis system
model

Global warming potential is one of the most important categories
when discussing environmental impacts. As shown in Table 2, the
greatest savings of CO3 eq. are in the case of scenario S1 (—574 kg CO,
eq.). At the same time, S2 and S3 have almost identical values and
positive contributions to this impact category (~400 kg CO; eq.). The
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Table 2
Summary of environmental impact assessment category.
Impact category Reference S1 DE S2 HR S3 AU
unit

Global warming potential kg CO; eq. —547.0  408.5 394.9

Freshwater ecotoxicity kg 1,4-DCB -9.9 —80.1 —84.1

Terrestrial ecotoxicity eq. 2410.2 3823.3 3762.7

Human carcinogenic toxicity 99.8 30.6 40.3

Human non-carcinogenic 814.3 —2862.9  —2498.0
toxicity

Marine ecotoxicity —23.3 —115.9 —122.4

Fossil resource scarcity kg oil eq. 270.9 153.5 109.2

Fine particulate matter kg PMy 5 eq. 3.2 0.5 0.5
formation

Freshwater eutrophication kg P eq. 1.2 -0.3 -0.1

Marine eutrophication kg N eq. 0.1 -0.2 -0.1

Terrestrial acidification kg SO, eq. 6.2 1.3 1.3

Ozone formation, Human kg NOx eq. 2.9 0.9 0.9
health

Ozone formation, Terrestrial 3.0 0.9 1.0
ecosystems

Ionizing radiation kBq Co-60 62.3 13.1 13.7

eq.

Land use m?a crop eq. 1001.3 700.5 674.2

Mineral resource scarcity kg Cu eq. 2.1 1.8 1.6

Stratospheric ozone kg CFClleq. 0.0 0.0 0.0
depletion

Water consumption m® 189.3 158.0 157.0

reason behind the GWP reduction in scenario S1 is due to avoided
incineration of waste plastics, which would emit emissions into the air.
In the case of S2 and S3 scenarios, waste streams are mostly diverted
from sanitary and unsanitary landfills, and credits for this are consid-
erably lower compared to S1. In such cases, received credits are insuf-
ficient to compensate for the rest of the process burdens, and overall
values are positive.

In order to test the robustness of the analysis, for the main three
scenarios (S1-S3), an environmental footprint (EF) assessment is also
carried out (detailed results are given in Supplementary Table S5). Since
there are differences in used units to evaluate the environmental im-
pacts, a comparison between the two used methods can only be made to
some extent. Consequently, the obtained values from the analysis differ
as well. Most interesting is to observe the GWP, where differences be-
tween ReCiPe and EF methods are barely visible. More precisely, the S1
difference is below 4 kg CO2, while almost the same values are observed
in the case of S2 and S3 for both methods. The rest of the impact cate-
gories have different units used; therefore, obtained values vary greatly,
even though the trends are very similar to the ReCiPe method. Following
categories are having similar trends between considered scenarios:
acidification potential, eutrophication potential, human carcinogenic
toxicity, particulate matter formation, mineral resource scarcity, and
water consumption. Nevertheless, significant differences are observed
for freshwater ecotoxicity which express negative values for all sce-
narios in case of ReCiPe method, while from EF assessment obtained
values are significant and positive. This implies that two considered
methods assess this category completely different reducing the results
reliability. Similar is noticed for human non-carcinogenic toxicity. In the
case of ReCiPe method, avoided landfilling brings environmental credits
to the process, while avoided incineration comes with burdens. If EF
method is used, all three scenarios are causing negative environmental
burdens, even though obtained values are pronouncedly low.

Results of the toxicity impact categories expressed in kg 1,4-DCB eq.
significantly differ between the three considered cases. The proposed
process reduces freshwater and marine ecotoxicity, especially when the
waste is diverted from landfills (S2-S3). The credits received for avoided
landfilling are several times higher than for avoided incineration. In the
case of freshwater toxicity, avoided emissions are around 80 kg 1,4-DCB
eq. for scenarios S2-S3, compared to 10 kg 1,4-DCB eq. in the case of S1.
Credits are even higher in the case of marine toxicity, with savings of
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more than 115 kg 1,4-DCB eq. for S2-S3, while only 23 kg of emissions is
prevented for S1. Some credits are received for char fraction sent to
market, around 11 and 8 kg 1,4-DCB eq. for marine and freshwater
ecotoxicity, respectively.

Human carcinogenic toxicity impact (HTC) is mainly associated with
the sawdust drying process and the combustion of synthetic gas to
provide heat. Emissions are not directly related to the combustion itself
but to the background process for delivering air for the combustion
(27.03 kg 1,4-DCB eq). Similarly, water used for cooling comes with
substantial burdens, but most are associated with the distribution
network development rather than the pyrolysis process. The HTC is
higher in the case of S1 (99.8 kg 1,4-DCB eq.) compared to other sce-
narios (30.6 and 40.3 for S2 and S3, respectively). This is because
avoided incineration requires higher input of fossil fuels to compensate
for lost electricity and heat production. Increased demand for fossil fuels
consequently requires more mining operations, resulting in rising
environmental burdens. Char fraction, which can be sent to market as a
lignite substitute, saves around 15% of the emissions related to HTC.

Human non-carcinogenic toxicity shows the most significant differ-
ences between scenarios. The S2 and S3 scenarios show a remarkable
reduction of emissions associated with HTNC, 2862.9 and 2498 kg 1,4-
DCB eq. On the other hand, for the S1 scenario, the process generates
significant emissions (814 kg 1,4-DCB eq.) For all scenarios, around 300
kg 1,4 DCB eq. is saved since char is used as a coal substitute which
prevents mining operations. Additional credits of 37 kg 1,4-DCB eq. are
associated with synthetic gas sent to market.

Terrestrial ecotoxicity (TET) is the category with the highest impact
in terms of absolute values. There are several reasons behind these.
Firstly, when comparing the results between scenarios, it is noticeable
that the treatment methods play an essential role. Avoided incineration
brings tremendously higher credits than avoided landfilling, especially
in the case of waste PP. Avoided waste plastic landfilling also brings
some credits, but not nearly enough to compensate for process burdens.
Moreover, significant burdens associated with TET come from sawdust
stream flows and feedstock transport to the processing unit. Almost
2000 kg 1,4-DCB eq. is related to the drying process with burdens
associated with the production of compression equipment used for air
supply. Furthermore, sawdust is heavily burdened with emissions
related to various processing techniques like slab, siding, chopping,
suction and similar. Finally, significant emissions come from the trans-
port sector due to break wear emissions of copper and antimony to the
air. This is the only impact category where the transport sector plays a
significant role in environmental impacts.

Regarding fossil resource scarcity, all scenarios generate environ-
mental burdens. Nevertheless, it should be emphasised again that pro-
duced pyrolysis oil could substitute conventional naphtha, which would
get significant credits, which are still not given in this case due to system
boundaries. In general, most of the burdens in this category come from
the consumption of fossil fuels to produce the electricity required for the
process. In the case of S1, avoided incineration requires higher input of
other fuels to satisfy heat and electricity production, therefore, burdens
are even higher in this case (270.9, compared to 153.5 and 109.2 kg oil
eq. for S2 and S3). About 33 kg of oil eq. is saved for sending the char to
the coal market.

The process has a minor or neutral environmental impact for the rest
of the impact categories. For terrestrial acidification, it can be observed
how avoided incineration increases SOz eq. emissions since higher fossil
fuel inputs are required to produce electricity and heat. Land use and
water consumption have a notable impact. Land use is associated with
forestry activities, unrelated to the pyrolysis itself, but it is present here
as a background process for acquiring sawdust. Even though system
boundaries are set up at feedstock acquisition as the first step, some
background processes are inevitable when using a consequential
approach. Water used for cooling and condensing volatiles also has a
significant impact. Still, this parameter would greatly depend on the
cooling system, which is closely related to the reactor design and, as
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such, may vary greatly.
3.3. Global warming potential of pre-treatment processes

Fig. 2 presents the global warming potential for each process pre-
ceding pyrolysis. Environmental impacts from waste streams present
cumulative credits or burdens gained through the pre-treatment process
for each feedstock separately. They merge into a single flow in the
mixing process, which is then subjected to pyrolysis in the next step.

It can be seen from Fig. 2 that the diversion of plastic waste from
current waste treatment methods, like incineration or landfilling, brings
immediate GWP credit to the proposed process. As already discussed,
avoiding incineration is beneficial for reducing GWP due to avoiding
direct emissions of COy to the air. Therefore, emissions savings are
several times higher in the case of S1, compared to S2 and S3, where
pyrolysis prevents methane leakage from landfills. On the other hand,
sawdust utilisation comes with burdens associated with forestry and
post-processing actions. The sawdust pre-treatment increases GWP until
the grinding stage with the same rate for all analysed scenarios.
Nevertheless, in the grinding step, a slight reduction is noticed in the
case of S1, while a small increment occurs for the rest. This depends on
the treatment method for dust collected at this stage, but the overall
impact is limited since grinding is considered efficient, with minimal
losses. Nevertheless, it should be mentioned that sawdust initially comes
with a very low GWP of only 34 kg CO; eq., confirming the hypothesis
about its carbon neutrality. Before mixing, when all pre-treatment
methods are performed, the GWP of the sawdust stream is between
141 and a maximum of 175 kg CO; eq. for S1 and S2, respectively.

After the mixing stage, the S1 scenario negatively contributes to
GWP, while S2 and S3 express positive values. The primary reason for
this is because credits for using waste plastics are insufficient to cover
the burdens from the sawdust side. Furthermore, the electricity mix used
to power up the process plays an important role, and electricity con-
sumption is the primary source of environmental burdens associated
directly with pyrolysis.

Environmental impacts from electricity are associated with emis-
sions directly emitted to the environment from power plants and the
background processes required to produce equipment. Electricity con-
sumption is several times lower for pre-treatment processes compared to
pyrolysis itself. Consequently, GWP associated with electricity con-
sumption is several times higher in the case of pyrolysis than for the rest
of the processes together. The GWP from electricity consumption varies
between very low 67 kg CO» eq. for S1 to high values in the case of S3
and S2 with 272 and 334 kg CO; eq., respectively. All emissions from the
electricity sector are based on ecoinvent electricity mixes for selected
countries using consequential system modelling. Plastic separation ac-
counts for approximately 7% of the emissions associated with GWP.
Sawdust drying with the combustion of synthetic gas has negligible
electricity consumption. Sawdust and plastic grinding processes
together contribute to additional 6-7% kg CO, eq. Mixing has only
slightly higher values, accounting for about 8%, while the remaining
77% of the emissions associated with electricity consumption come from
pyrolysis and reactor heating. The results are summarised in Fig. 3. The
rest of the impact categories have a similar share of emissions for the
pre-treatment processes.

Feedstock transport, for both SD and plastics, brings some burdens to
the process. Since the transport distance and market are assumed to be
the same for all scenarios (S1-S3), values do not differentiate between
them. Global warming potentials for this process are 14 and 11 kg CO»
eq. for SD and plastics, respectively. Slightly higher values in the case of
the SD are due to the significant moisture content, which is later
removed with the drying process. Nevertheless, mass loss in the drying
stage indicates that the initial feedstock requirement is higher for the
sawdust stream than the plastic, resulting in higher transport emissions.
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3.4. Waste flow analysis 150
Plastic consists of two separate waste streams for PS and PP. Their
utilisation in pyrolysis comes with either credits or burdens, depending 20 I_ . | -
on which treatment methods they are diverted from. Simultaneously, 50 I. Il -
waste sawdust comes to the process with burdens. Nevertheless, these
burdens are several times lower than the plastic counterparts for most © 1150
impact categories, implying that plastics utilisation in the process is the
major source or sink of the emissions. (5)1) 250
Global warming potential is significantly reduced by using both PP -~
and PS in all scenarios (Fig. 4). The biggest savings are achieved for -350
avoided incineration (S1) of waste PS and PP with —541 and —410 kg

CO; eq., respectively. A comparison of scenarios S2 and S3 shows that -450
diverting waste plastics from unsanitary landfills brings slightly bigger

credits than sanitary ones. Once again, more considerable savings are -550 )

achieved for waste PS. On the other hand, sawdust positively impacts Waste PP Waste PS Plastic Sawdust Dust
this category due to the background processes related to forestry ac- LHpuries

tivities, and emissions are about 48 kg CO5 eq. Treatment of plastic GWP

impurities from separation and grinding increases GWP, especially if

treated by incineration. In general, dust from biomass grinding has a mS1 mS2 mS3

negligible impact on all categories.

Regarding human toxicity categories, the results are quite the
opposite (Fig. 5), and the biggest differences are observed in S1. The
main source of carcinogenic emissions from the incineration of plastics
is chromium VI emissions into the water. Chromium VI, or hexavalent

Fig. 4. Global warming potential of waste flows.
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chromium, is used as a pigment in the ink, dyes, paints and plastics. In
Fig. 5a, waste PP has a slightly bigger impact than waste PS, even though
values are very similar at 37.8 and 36.1 kg 1,4-DCB eq., respectively.
Treatment of plastic impurities in S1 by incineration brings some credits
(6.6 kg 1,4-DCB eq.). Landfilling, either sanitary or unsanitary, nega-
tively impacts the carcinogenic toxicity impact category. In both S2 and
S3 cases, diverting the plastic wastes from landfills brings negligible
credits to the process of only 1 kg avoided 1,4-DCB eq. emissions. In this
case, emissions are primarily associated with arsenic and chromium
leaking into the groundwater.

Sawdust does not have a visible impact on human toxicity categories.
The carcinogenic toxicity impact is 0.2 kg 1,4-DCB eq., while around 21
kg 1,4-DCB eq. is noted in the case of non-carcinogenic toxicity.
Nevertheless, in Fig. 5b, it can be seen that the non-carcinogenic toxicity
potential for waste plastics, associated with zinc and vanadium emission
to the water, is enormous. This is especially evident in the case of waste
PS, in which utilisation brings substantial credits for pyrolysis. The
highest emissions savings are achieved in S2, where ~2400 kg 1,4-DCB
eq. is saved, compared to 2200 kg 1,4-DCB eq. in S3. The utilisation of
waste PP in pyrolysis instead of landfilling brings notable savings of 969
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Fig. 6. Ecotoxicity impact categories marine (a), freshwater (b), terrestrial (c).



H. Stancin et al.

and 930 kg 1,4-DCB eq., for S2 and S3, respectively. Nevertheless,
incineration might be better than pyrolysis regarding HTNC emissions
(Fig. 5b). For the S1, emissions associated with using waste PS and PP
are 479 and 328 kg 1,4-DCB eq., respectively. From plastic impurities
treatment, it can be seen that incineration reduces non-carcinogenic
toxicity slightly better than pyrolysis, while landfilling increases emis-
sions drastically (~400 kg 1,4-DCB eq.).

Ecotoxicity categories presented in Fig. 6 are primarily associated
with zinc emissions to the air. For the waste PP, vanadium is also
emitted. Zinc is used as a heat stabilizer in plastic production, as a
coating material in the metal industry, in rubber production and other
applications. This is important because zinc emissions are found almost
in all processes, from waste treatment and electricity production to
feedstock transport.

The same trends and similar values are obtained for the marine
(Fig. 6a) and freshwater (Fig. 6b) ecotoxicities. For MET, diverting waste
PP from current treatment methods to pyrolysis saves between 63 and
87 kg 1,4-DCB eq. On the other hand, diverting waste PS from inciner-
ation brings only slight credits to the process (15 kg 1,4-DCB eq.), but
diverting waste PS from landfills brings tremendous credits of almost
100 kg 1,4-DCB eq. for scenarios S2 and S3. Treatment of plastic im-
purities from separation and grinding burdens the process, especially if
waste is landfilled (S2-S3).

Regarding the FET, waste PP saves between 43 and 62 kg 1,4-DCB
eq., while waste PS brings an additional 10 and 70 kg 1,4-DCB eq.
Similarly to MET, avoided landfilling brings bigger credits than avoided
incineration. Sawdust has a negligible impact on these two ecotoxicity
categories.

Terrestrial ecotoxicity shows different values and trends between the
analysed scenarios and the other two ecotoxicity categories. In Fig. 6c¢,
obtained values for waste PP greatly differ. In S1, more than 2000 kg
1,4-DCB eq. is saved if waste PP is pyrolysed rather than incinerated.
Compared to unsanitary (S2) and sanitary (S3) landfilling, pyrolysis
saves almost 300 and 40 kg 1,4-DCB eq., respectively. All these savings
are achieved due to the prevented emissions of vanadium into the air.
Simultaneously, the impacts of waste PS show even more interesting
results. For the S1, waste PS does not reduce emissions but increases for
almost 300 kg 1,4-DCB eq. If unsanitary landfilling is prevented, about
136 kg 1,4-DCB eq. are saved, while only 17 kg of emissions is prevented
in the case of sanitary landfilling. Landfill emissions from waste PS are
due to the release of mercury in the air, while vanadium and, to a lower
extent, cadmium is responsible for PP emissions. When it comes to
sawdust, tremendous emissions of 722 kg of 1,4-DCB eq. are observed
(Fig. 6¢). High contributions come from the slab and siding process, but
the market for transport is the most significant generator of emissions.
Biomass feedstock is generally transported several times between
chopping and final processing, which requires continuous usage of
transport services, resulting in zinc and antimony emissions from break-
wearing to the air. This category is similar to the analysed scenarios
since they use the same transport markets. This is the only environ-
mental impact category where sawdust impacts exceed waste plastics.

The fossil resource scarcity impact category should be carefully
observed. Pyrolysis seems to have a remarkable negative impact on this
category in the case of the S1 scenario, with almost 240 kg oil eq.
required (Fig. 7). This is since avoided incineration of waste PP and PS
demands higher input of hard coal and lignite to compensate for heat
and electricity production. For the S2 and S3 scenarios, energy recovery
as a treatment method is not considered. Therefore, credits for waste
streams are almost insignificant. From the rest of the impact categories,
acidification potential is only significant in S1 due to increased coal
consumption as a substitute for waste plastics. Emissions are 3.3 and 2.8
kg SO3 eq., for PS and PP, respectively. Potential for particulate matter
formation is only visible for S1, where around 3.3 kg of PM; 5 eq. are
observed if waste is diverted from incineration to pyrolysis.
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3.5. Sensitivity analysis

Additional scenarios are built to carry out sensitivity analysis.
Varying parameters were electricity mix and product yield. Results are
presented in percent of changes to allow easier orientation and are
summarised in Fig. 8. Results are presented only for the most significant
impact categories.

3.5.1. Electricity mix

Two additional scenarios are made to investigate the electricity mix
influence and the potential emission reductions by powering the process
entirely with renewables. Scenarios S4 and S5 represent the variation of
scenarios S1 and S3. All flows are kept the same, except the electricity,
where the market group for electricity is wholly substituted by elec-
tricity production from a solar tower power plant of 20 MW. In the case
of S4, the provider is selected for the rest of the world, while for S5
provider is dedicated to Australia. For scenario S4, analysed impact
categories show emission reductions of up to 10% compared to S1. The
limited impact is because, in S1, 76% of electricity already comes from
renewable wind production. Marine and freshwater ecotoxicity express
almost 100 and 200% reduction, respectively. On the other hand, GWP
is reduced by only 10%, or an additional 60 kg CO; eq., and avoided
emissions are now more than 600 kg CO; eq. It is worth mentioning that
TET is reduced by almost 25% but still accounts for 1780 kg 1,4-DCB eq.

In the Australian case, the emission reduction is much more pro-
nounced. In S5, solar energy needs to substitute almost 70% of fossil
fuels, primarily natural gas and coal, compared to the electricity mix in
S3. Since a high share of fossil fuels is substituted, emissions are more
significantly reduced. The most considerable emission reductions are
achieved in fossil resource scarcity (68%) and GWP (61%), even though
the overall GWP of the process is still positive with ~155 kg CO, eq.
Notable reductions are also seen in AP by 41% to only 0.8 kg SO; eq. and
HTC, where the decrease is 25% from 40.3 to 30.3 kg 1,4-DCB eq. The
rest of the impact categories have emission reductions of around 10%.

For both scenarios, the introduction of solar energy reduced the
environmental impacts. In case when fossil fuels are substituted (S5), the
reduction can be large. Solar energy can bring only small further savings
if the electricity mix already consists of a high share of renewables, like
wind in S4.

3.5.2. Product yield
Two additional scenarios, S6 and S7, are also created here, repre-
senting the variation of S1 and S3. In these cases, it was assumed that
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pyrolysis oil yield was halved to only 403 kg, while new masses for char
and gas fractions are 367 and 230 kg, respectively. The new mass of char
and syngas fraction is calculated by the difference and maintaining the
same ratio between them. Since the yield of products depends on process
conditions and feedstock quality, it is assumed that due to some impu-
rities or feedstock composition, the yield of products might vary, also
affecting the environmental impacts. Fig. 8 shows that product variation
has more influence on environmental impacts than the electricity mix.
The low liquid yield would cause a 100% increase in GWP for S7, while a
more than 100% reduction occurs for S6. The increment or reduction of
GWP should be observed from the perspective of FU, which is 1 t of
pyrolysis oil, and energy sources used to produce required electricity.
When oil yield is lower than expected, this implies that more feedstock is
initially required to meet production goals, which is 1 t of pyrolysis oil.
For the S6, this leads to greater diversion of waste plastics from incin-
eration, directly reducing released COy emissions and GWP. On the
other hand, in the case of S7, waste materials are diverted from landfills,
and only slight credits are received for their utilisation in the process
from the perspective of GWP. This suggests that low oil yield increases
demand for initial feedstock, but since received credits are low, they are
not sufficient to compensate for emissions released during the electricity
production to power up the process. Besides, in the case of S6, the wind
is the main energy source used for electricity production, while natural
gas and coal dominate the electricity mix for S7. Energy from wind
comes with very low CO5 emissions, while combustion of natural gas
and coal are among the greatest contributors to GWP. Significant
reduction is noticed in the case of TET for both scenarios. This results
from a substantial char fraction sent to market as a coal substitute,
reducing the need for background mine operations. In general, high char
yield is beneficial in reducing the demand for coal and associated
emissions with coal mining. If credits were given to pyrolysis oil for
substituting petroleum products in the first place, a change in yield
would likely result in worsened environmental impacts.

3.6. Comparison with other studies
Comparison of the data with other studies is challenging for several

reasons, such as different impact assessment methods, inventory data,
system models and boundaries. Other studies often deal with either

Table 3

Comparison with other studies.
Study GWP (kg CO; eq) FU
This study —547-408 1 t of pyrolysis oil
Vienescu et al. (2018) 2000-6000 1 t of upgraded fuel
Jeswani et al. (2021) 238-739 1t of MPW
Iribarren et al. (2012) —255-(—178) 1 t of gasoline blend
Demetrious and Crossin (2019) 1870 1t of MPW
Wang et al. (2015a) 1250 1t of MSW
Neha et al. (2022) 389 1 t of food waste
Gear et al. (2018) 460-1570 1t of MPW

biomass or plastics pyrolysis, and obtained values are hardly compara-
ble. Nevertheless, Table 3 summarises the results from relatable studies
to the presented work. It should be emphasised that all studies have
multiple scenarios considered, so the given values present a possible
emissions range. Results are presented in kg CO» eq. per functional unit
used in the study. In our research, to obtain 1 t of pyrolysis oil, around
0.75 t of waste PS and PP is pyrolysed. The GWP from this study is
mostly lower compared to others. There are multiple reasons for this, as
already mentioned. First of all, upgrading the pyrolysis oil is not
considered in this study, therefore, these emissions are not taken into
account. Even more, Vienescu et al. (2018) investigated biomass py-
rolysis, which implies that there are no credits received for avoided
incineration of plastic waste. On the other hand, Iribarren et al. (2012)
assessed the substitution of conventional fuel with pyrolysis-produced
fuel, meaning that significant credits are received for avoided petro-
leum extraction activities. Furthermore, besides the difference in FU
between this study and (Demetrious and Crossin, 2019; Gear et al.,
2018; Jeswani et al., 2021; Neha et al., 2022; Wang et al., 2015a), the
type of feedstock also differs. This implies that product distribution
differs as well, affecting the credits received for each product. For
example, Demetrious and Crossin (2019) focused on syngas production,
which has a very low heating value between 0.48 and 2.23 MJ/kg. Gear
et al. (2018) indicated that the composition of mixed plastic waste
varies, affecting the product yield and quality. For this reason, emissions
can vary between low and high levels. Wang et al. (2015a) investigated
pyrolysis of municipal solid waste, which gives very poor product
quality, therefore, the received credits are pronouncedly lower.
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4. Conclusion

The LCA carried out in this work shows for the first time the envi-
ronmental impacts of the co-pyrolysis of biomass and plastic feedstocks.
Since the emissions associated with each feedstock are significantly
different, co-pyrolysis is shown that is beneficial not just from the
perspective of product quality but also from an environmental point of
view. The utilisation of plastics brings significant credits to the process,
which would not exist if only biomass was pyrolysed. At the same time,
the neutral environmental impact of biomass in some categories reduces
the overall impact, which would be significant if only plastics were
pyrolysed. The main findings of the work are the following:

e Co-pyrolysis is a better option than incineration in terms of GWP,
freshwater and marine ecotoxicities. At the same time, it performs
much worse in terms of human carcinogenic and non-carcinogenic
toxicities, terrestrial ecotoxicity, fossil resource scarcity and acidifi-
cation potential.

Co-pyrolysis significantly outperforms landfilling in human non-
carcinogenic toxicity and freshwater and marine ecotoxicities,
while it has a slightly beneficial impact on eutrophication potential.
Nevertheless, emissions associated with GWP are several times
higher, as well as terrestrial ecotoxicity, fossil resource scarcity and
human carcinogenic toxicity impact.

Pyrolysis consumes the most electricity and accounts for 77% of
emissions associated with GWP. Sawdust drying emits significant
emissions associated with terrestrial ecotoxicity due to the systems
requirements for syngas combustion.

Plastic separation plays an important role in keeping product yield at
a constant rate and similar quality, therefore, it should always be
carried out as a pre-treatment process. Using waste PS brings more
credit to the process than waste PP, especially if diverted from
landfills. On the other hand, sawdust comes with burdens associated
with its collection and is most pronounced for terrestrial ecotoxicity.
Sensitivity analysis showed that solar energy for electricity produc-
tion could greatly reduce environmental impacts if used as a sub-
stitute for fossil fuels. In contrast, a limited impact can be achieved if
the electricity mix is already comprised of renewables. Furthermore,
environmental impacts change greatly if the pyrolysis oil yield is
halved compared to the expected one. This is especially visible for
freshwater and marine ecotoxicity, where emissions reduction is
tremendous due to the substitution of coal with char. Human non-
carcinogenic toxicity emissions and eutrophication potential are
also reduced in both cases. On the other hand, GWP is reduced if
waste is diverted from incineration but increased if landfilling is
avoided.

Since the objective of the research was to produce pyrolysis oil, the
main limitation of the study can be considered the lack of impact
assessment from oil upgrading and final utilisation in internal com-
bustion engines. Nevertheless, the environmental impacts from the
oil upgrading come with significant uncertainties regarding the
exhaust emissions. Assuming generic values and emissions can lead
to unreliable results and wrong conclusions. Therefore, for the future
work it is necessary to broaden system boundaries and encompass
the emissions from upgrading and final consumption of derived py-
rolysis oil based on measured data. This will give the full overview of
the process’s environmental impacts and suitability for large-scale
deployment.
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Abbreviations

AP Acidification potential

FET Freshwater ecotoxicity

FRS Fossil resource scarcity

FU Functional unit

GHG Greenhouse gasses

GPW Global warming potential
HTC Human carcinogenic toxicity
HTNC  Human non-carcinogenic toxicity
LCA Life cycle assessment

MET Marine ecotoxicity

MPW Mixed plastic waste

PP Polypropylene

PS Polystyrene

SD Sawdust

TET Terrestrial ecotoxicity
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