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Streszczenie

W pracy poddano analizie wptyw trzech kluczowych parametrow technologicznych
(temperatury, czasu trwania procesu, cisnienia) dla siedmiu materiatdéw odpadowych (drewno
odpadowe, osad $ciekowy, poferment z biogazowni, borowina, odchody stonia, oraz tworzywa
biodegradowalne polilaktyd (PLA) i papier). Na podstawie badan laboratoryjnych uzyskane dane
zostaly czgsciowo opisane za pomocg modeli matematycznych. Natomiast pozostate dane
eksperymentalne opracowano poprzez zestawienie W sposob tabelaryczny i graficzny.
Dla wszystkich analizowanych materiatow wyznaczono energie aktywacji z wykorzystaniem
analizy termograwimetrycznej (TGA), ciepto wlasciwe oraz efekty cieplne przemian zachodzacych
w trakcie procesu z wykorzystaniem skaningowej kalorymetrii roznicowej (DSC). Badane materiaty
poddano toryfikacji w zakresie temperatur od 200°C do 300°C i czasach trwania procesu od 20 min
do 60 min. Dodatkowo przeprowadzono toryfikacj¢ wybranych odpadéw w nadci$nieniu
dochodzacym do 10,5 bar z jednoczesnym pomiarem zuzycia energii. Na podstawie wynikow
wykazano, ze kazdy z przebadanych materialow charakteryzowat si¢ odmiennymi wtasciwosciami
paliwowymi. Wartosci ciepta spalania nieprzetworzonych materiatdow miescity si¢ w zakresie
0d 11410 J-g* do 19420 J-g%, odpowiednio dla odchodow stonia i PLA. Dla wigkszosci materiatow,
z wyjatkiem PLA 1 osadu $ciekowego, zastosowanie toryfikacji bez nadci$nienia pozwolito
na zwickszenie zageszczenia energii w toryfikatach od 12% (poferment 280°C i 20 min, borowina
280°C i 40 min, odchody stonia 200°C i 60 min, papier 300°C i 40 min) do 20% (drewno odpadowe
300°C i 40 min) wzgledem nieprzetworzonego materiatu. Ponadto zastosowanie nadci$nienia
pozwolito dodatkowo zwigkszy¢ ciepto spalania w zakresie od 1,7% do 7% wzglgdem toryfikatow
wytworzonych bez nadci$nienia. Wykazano takze, ze proces toryfikacji nie poprawia wtasciwosci
paliwowych PLA, a w przypadku osadu $cieckowego zaobserwowano ich pogorszenie. Ponadto
na podstawie bilansu masy i energii okre$lono, ze suche drewno odpadowe, osad Scieckowy,
poferment oraz papier mozna przetworzy¢ w sposob samowystarczalny energetycznie (w kazdych
warunkach technologicznych). Natomiast dla borowiny i odchodow stonia, proces moze by¢
samowystarczalny energetycznie tylko w przypadku temperatur wigkszych niz 220°C i 240°C.
Nalezy zaznaczy¢, ze po uwzglednieniu rzeczywistej zawartoSci wody w przetwarzanych
materiatach, jak osad $ciekowy, poferment i borowina wykazano, iz wykorzystanie ich w toryfikacji
nie pozwala na samowystarczalno$¢ energetyczng procesu (bez wzgledu na zastosowane parametry
technologiczne). Z kolei drewno odpadowe, odchody stonia oraz papier, ze wzglgdu na wzglednie

niskg zawarto$¢ wilgoci oraz wystarczajacg 1lo$¢ wydzielanych czesci lotnych 1 zawartej w nich



energii chemicznej mogg by¢ samowystarczalne energetycznie w temperaturach powyzej
odpowiednio 240°C, 263°C i 200°C.



Streszczenie w jezyku angielskim

The paper determines the influence of technological parameters of the torrefaction of low
energy waste and biomass on the amount of torrefied material, its fuel properties, and the energy
consumption of the process. The study investigated the impact of the 3 most important technological
parameters (temperature, process duration, pressure) on 7 waste materials (waste wood, sewage
sludge, biogas digestate, peloid, elephant excrement, and biodegradable polylactide and paper). The
effect of the parameters has been described by mathematical models developed from the
experimental data and by compiling the experimental data into tables and figures. The research was
carried out in laboratory conditions. For all tested materials, the activation energy was determined
using thermogravimetric analysis (TGA), also specific heat and thermal effects of changes taking
place during the process were determined using differential scanning calorimetry (DSC). The tested
materials were torrefied in the temperature range from 200°C to 300°C and the duration of the
process from 20 minutes to 60 minutes. In addition, selected wastes were torrefied in an overpressure
of up to 10,5 bar with the simultaneous measurement of energy consumption. The results showed
that each of the tested materials was characterized by different fuel properties and the requirements
of technological parameters ensuring the production of torrefaction with the best fuel properties. The
high heating value of raw materials ranged from 11410 J-g* to 19420 J-g™* for elephant dung and
PLA, respectively. For most materials, except for PLA and sewage sludge, the use of torrefaction
without overpressure allowed to increase the energy concentration in the torrefied materials by 12%
(digestate 280°C and 20 min, peloid 280°C and 40 min, elephant dung 200°C and 60 min, paper
300°C and 40 min) and by 20% (waste wood 300°C and 40 min) relative to the untreated material.
Moreover, the use of overpressure allowed to additionally increase the high heating value in the
range from 1,7% to 7% concerning torrefied materials produced without overpressure. It has also
been shown that the torrefaction process does not improve the fuel properties of PLA, and their
deterioration was observed in the case of sewage sludge. Moreover, the performed mass and energy
balance showed that dry waste wood, sewage sludge, digestate, and paper can be processed in an
energy self-sufficient way in all technological conditions, while for peloid and elephant dung, the
process can be energy self-sufficient only at temperatures higher than 220°C and 240°C. However,
after taking into account the actual water content in the processed materials, such as sewage sludge,
digestate, and peloid, it has been shown that their use in torrefaction does not allow for energy self-
sufficiency of the process, regardless of the technological parameters used. On the other hand, waste
wood, elephant dung, and paper, due to their relatively low moisture content and a sufficient amount



of released volatile matter and the chemical energy they contain, can be energy self-sufficient at

temperatures above 240°C, 263°C, and 200°C, respectively.
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1 Wprowadzenie

Wraz z rozwojem gospodarczym zwigksza si¢ ilos¢ wytwarzanych odpadow oraz ich
negatywne oddziatywanie na Srodowisko. Cze$¢ odpadéw moze by¢ ponownie wykorzystana w tym
poddana recyklingowi, podczas gdy inne odpady, ze wzgledu na swoje wlasciwosci, obecny stan
prawny, czynniki ekonomiczne i dostgpne technologie poddawane sa unieszkodliwianiu [1-3].
Zgodnie z hierarchig postepowania z odpadami zawartg w dyrektywie 2008/98/WE, odpady ktorych
produkc;ji nie udato si¢ unikna¢, nalezy podda¢ innym procesom recyklingu, w tym odzysku energii,
a jezeli jest to niemozliwe, procesowi unieszkodliwienia poprzez sktadowanie na sktadowisku
odpadow [4]. Jednym z procesow, ktory moze stuzy¢ do recyklingu jak i przygotowania odpadow
do odzysku energii jest toryfikacja. Toryfikacja to proces stosowany pierwotnie do zwigkszania
wartosci energetycznej drewna oraz do produkcji kawy (prazenia kawy). W procesie toryfikacji,
materiat jest poddawany oddzialywaniu temperatury z zakresu od 200°C do 300°C w atmosferze
gazu inertnego [5]. W efekcie oddzialywania temperatury cze$¢ materii organicznej ulega
rozktadowi i odgazowaniu w postaci palnego niskokalorycznego gazu zwanego torgazem.
W rezultacie odgazowania, pierwotna masa materialu poddanego toryfikacji ulega zmniejszeniu
0 okoto 30% przy zachowaniu do 90% pierwotnej energii. Produkt procesowy (toryfikat)
charakteryzuje si¢ wyzsza wartoscig energetyczng o okoto 20% wzgledem nieprzetworzonego
materialu. Ponadto torgaz stanowigcy okoto 30% pierwotnej masy przetwarzanego materiatu
1 zawierajacy okoto 10% pierwotnej energii moze zosta¢ wykorzystany jako Zrodto ciepta niezbedne
do przeprowadzenia toryfikacji [6]. Ze wzgledu na fakt, Zze proces toryfikacji prowadzi
do zmniejszenia masy przetwarzanego materialu, zwigkszenia zageszczenia energii
oraz wlasciwosci hydrofobowych (materiat chtonie mniej wody), toryfikacja wydaje si¢ by¢
rozwigzaniem, ktoére zmniejszy mase odpadow konieczng do zagospodarowania i zwigkszy ich
potencjal energetyczny [7]. Jest to Szczegdlnie istotne dla materiatow odpadowych
charakteryzujacych si¢ niskimi wartoSciami energetycznymi, ktorych obecne sposoby
wykorzystania lub recyklingu sg technicznie trudne, badz ekonomicznie nieuzasadnione. Poniewaz
toryfikacja tworzy nowy sposob ich energetycznego zagospodarowania poprzez konwersje w paliwo
state [8,9].

Proces toryfikacji mozna podzieli¢ na 5 etapow. Podczas etapu pierwszego, nastgpuje
wstepne ogrzanie materialu do 100°C, gdzie wraz z rosngcg temperaturg, z materiatu zaczyna
odparowywa¢ woda. Gdy temperatura osiggnie 100°C, zaczyna si¢ faza suszenia wstepnego,
w ktorej woda jest odparowywana w stalej temperaturze. Nastepnie, gdy wigkszo§¢ wody zostanie

usunigta w postaci pary wodnej, temperatura materialu zaczyna rosnaé. Podczas fazy dosuszania
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od 100°C do 200°C z materiatu poza wodg zwiazang fizycznie, odparowaniu ulega takze czgs¢ wody
zwigzanej chemicznie na skutek niszczenia wigzan chemicznych przetwarzanego materiatu.
Degradacji termicznej i odgazowaniu zaczynaja ulega¢ rowniez lekkie frakcje zwigzkow
organicznych. Gdy temperatura materiatu osigga warto$¢ 200°C zaczyna si¢ etap 4 wiasciwej
toryfikacji. Podczas toryfikacji materiat jest przetrzymywany w temperaturze z zakresu od 200°C
do 300°C w czasie od kilku minut do kilku godzin. W czasie trwania toryfikacji przetwarzany
material ulega odgazowaniu i karbonizacji (zageszczeniu zawartosci wegla w suchej masie).
Nastepnie po osiggnieciu wymaganego stopnia konwersji, nastepuje etap chlodzenia, podczas
ktérego temperatura wytworzonego toryfikatu jest obnizana do temperatury otoczenia [10].

Proces toryfikacji jest wykorzystywany przede wszystkim do waloryzacji wilasciwosci
energetycznych biomasy. Mozna wyrdznié podzial procesu na przedziaty temperaturowe ze wzgledu
na zmiany chemiczne zachodzace w przetwarzanym materiale. W zakresie od 50°C do 150°C
nastepuje suszenie, ktore nie powoduje zmian w strukturze chemicznej materiatu, przy czym
powyzej 120°C zaczyna migknac lignina. W temperaturach od 150°C do 200°C zaczynaja zachodzi¢
nieodwracalne zmiany, nastgpuje rozpad wigzan wodorowych i weglowych. W tej temperaturze
dochodzi do depolimeryzacji hemicelulozy oraz cze$ciowej depolimeryzacji lignin.
W temperaturach od 200°C do 300°C dochodzi do czgSciowego odgazowania wynikajacego przede
wszystkim z termicznego rozktadu hemicelulozy. Dochodzi takze do ograniczonej karbonizacji [11].

O ile proces toryfikacji drewna jest znany i zostal dogl¢bnie przebadany, znacznie mniej
informacji mozna znalez¢ na temat toryfikacji materiatow innych niz ligninocelulozowe
z uwzglednieniem materiatow odpadowych [12,13]. Wraz z globalnie rosngca produkcja odpadow
i zwigkszong podaza energii, toryfikacje zacze¢to uwaza¢ za technologi¢ mogaca ujednolicaé
zroznicowane wlasciwosci odpadow (np. zmieszanych odpadow komunalnych), celem utatwienia
wykorzystania ich w celach energetycznych. Wiekszo$¢ dostepnych prac naukowych opisuje
materiaty rolnicze oraz okresla wlasciwosci paliwowe bez uwzglednienia energochtonno$ci procesu
a tym samym zasadno$ci wykorzystania toryfikacji do ich przetwarzania [13]. Ponadto dla
materialéw odpadowych brakuje badan nad zastosowaniem nadci$nienia jako dodatkowego
czynnika optymalizujacego proces toryfikacji [14].

Stad w niniejszej pracy wybrano 7 materialow odpadowych i poddano je procesowi
toryfikacji (drewno odpadowe, osad $ciekowy, poferment z biogazowni, borowina po zabiegowa,
odchody stonia, tworzywo biodegradowalne polilaktyd (PLA) i papier). Okreslono wptyw
parametréw technologicznych toryfikacji (temperatury, czasu trwania procesu, ci$nienia)

wybranych materialdow na wiasciwosci paliwowe wytwarzanych toryfikatow, przebieg procesu



1jego energochtonnos¢. W celu dostarczenia pelnej wiedzy o wptywie najwazniejszych parametrow
technologicznych przeprowadzono badania laboratoryjne, ktore pozwolity na ilo§ciowe okreslenie
wplywu temperatury, czasu trwania procesu i ciesnienia toryfikacji na ilos¢ i jakos¢ toryfikatu

oraz ilo$¢ energii zuzytej na proces.



2 Problem badawczy, cel pracy i hipotezy

2.1 Problem badawczy

Waloryzacja materiatu odpadowego w procesie toryfikacji wymaga naktadu energii w celu
uzyskania odpowiedniej temperatury procesu 200-300°C. Energia dostarczana do procesu moze
pochodzi¢ z zewngtrznego zrodia lub z przetwarzanego materiatu. Produkty state (toryfikat)
oraz gazowe (torgaz) moga by¢ réowniez wykorzystane jako zrodto energii. Naktad energii jest
wypadkowa parametréw technologicznych procesu takich jak temperatura i czas przetrzymywania
materialu w reaktorze, wiasciwosci fizyczno-chemicznych materialu oraz jego poczatkowej
wilgotno$ci. Poniewaz na etapie wytwarzania toryfikatu nie ma mozliwosci wpltywu na wlasciwosci
fizyczno-chemiczne materialu oraz jego poczatkowa wilgotno$é, sformutowano problem badawczy
dotyczacy poszukiwania warunkéw technologicznych pozwalajacych na zbilansowanie ilosci
energii zuzytej na proces z iloécig energii zachowanej w toryfikacie tak aby stosowanie toryfikacji

do waloryzacji odpadéw i biomasy byto energetycznie uzasadnione.
2.2 Cel pracy

Celem pracy bylo okres§lenie wplywu parametrow technologicznych toryfikacji odpadow
i biomasy: temperatury, czasu trwania procesu i ci$nienia na ilos¢ produkowanego toryfikatu, jego

wlasciwos$ci paliwowe oraz energochtonnos¢ procesu.
2.3 Hipotezy

H1 — Wazrost temperatury toryfikacji prowadzi do polepszenia wiasciwosci paliwowych
przetwarzanego materiatu

H2 — Wydhuzenie czasu prowadzenia procesu toryfikacji prowadzi do polepszenia whasciwosci
paliwowych przetwarzanego materiatu

H3 — Wzrost cisnienia procesu toryfikacji prowadzi do polepszenia wiasciwosci paliwowych
przetwarzanego materiatu

H4 — Toryfikacja w nadcisnieniu skutkuje zmniejszeniem zapotrzebowania energii na proces

HS5 — Toryfikacja materiatu o wigkszej trwalosci termicznej charakteryzuje si¢ wyzszym

zapotrzebowaniem na energi¢
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3 Struktura rozprawy doktorskiej

3.1 Struktura pracy

Rozprawa doktorska sklada si¢ z 6 spdjnych tematycznie artykutdéw naukowych

opublikowanych w recenzowanych czasopismach oraz 1 zalgcznika z danymi nieopublikowanymi.

Publikacje charakteryzuja si¢ facznym IF = 17,015 i taczng punktacja Ministerstwa Edukacji i Nauki

(MNiSW) = 840 pkt. Sredni udziat procentowy doktoranta we wskazanych pracach wynosi 42,5%.

W sktad zbioru artykuléw wchodzg publikacje przedstawione w tabeli 1. Publikacje zostaty

przedstawione w sposob chronologiczny od opublikowanych najwcze$niej do opublikowanych

najp6zniej. Laczna dtugosé artykutow wynosi 156 stron, a taczna liczba zacytowanych w nich zrodet

350. Natomiast taczna dtugos¢ niniejszego opracowania bez zatgcznikéw wynosi 59 stron i zawiera
60 Zrodet.

Tabela 1. Zestawienie artykutéw wchodzacych w sktad zbioru publikacji

Nr.

Publikacja

IF,
pkt

MNIiSW,
pkt

Udgziat,

%

Al

Kacper Swiechowski, Marek Liszewski, Przemystaw Babelewski, Jacek A.
Koziel, Andrzej Bialowiec. Oxytree Pruned Biomass Torrefaction:
Mathematical Models of the Influence of Temperature and Residence Time on
Fuel Properties Improvement. Materials 2019, 12, 2228;
d0i:10.3390/mal2142228

2,972

140

35

A2

Kacper Swiechowski, Sylwia Stegenta-Dabrowska, Marek Liszewski,
Przemystaw Babelewski, Jacek A. Koziel, Andrzej Bialowiec. Oxytree Pruned
Biomass Torrefaction: Process Kinetics. Materials 2019, 12, 3334;
doi:10.3390/mal12203334

2,707

140

40

A3

Pawel Stepien, Kacper Swiechowski, Martyna Hnat, Szymon Kugler, Sylwia
Stegenta-Dabrowska, Jacek A. Koziel, Piotr Manczarski, Andrzej Biatowiec.
Waste to Carbon: Biocoal from Elephant Dung as New Cooking Fuel.
Energies 2019, 12, 4344; do0i:10.3390/en12224344

2,707

140

20

A4

Kacper Swiechowski, Martyna Hnat, Pawet Stepien, Sylwia Stegenta-
Dabrowska, Szymon Kugler, Jacek A. Koziel, Andrzej Bialowiec. Waste to
Energy: Solid Fuel Production from Biogas Plant Digestate and Sewage
Sludge by Torrefaction-Process Kinetics, Fuel Properties, and Energy Balance.
Energies 2020, 13, 3161; d0i:10.3390/en13123161

2,002

140

50

AS

Kacper Swiechowski, Matgorzata Le$niak, Andrzej Biatowiec. Medical Peat
Waste Upcycling to Carbonized Solid Fuel in the Torrefaction Process.
Energies 2021, 14, 6053. doi.org/10.3390/en14196053

3,004

140

50

A6

Kacper Swiechowski, Christian Zafiu, Andrzej Bialowiec. Carbonized Solid
Fuel Production from Polylactic Acid and Paper Waste Due to Torrefaction.
Materials 2021, 14, 7051. doi.org/10.3390/mal14227051

3,623

140

60
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Na rysunku 1 zamieszczono ogolng struktur¢ pracy wraz z umiejscowieniem publikacji

I danych w nich zawartych stuzacych realizacji niniejszej pracy. Aby utatwi¢ podsumowanie

uzyskanych danych doswiadczalnych, prace podzielono na dwie cze¢sci. Pierwsza czesé wynikow

dotyczy wyznaczeniu wptywu parametrow technologicznych (temperatura, czas trwania procesu,

ci$nienie, wlasciwosci materiatu) na ilo$¢ i jako$¢ produkowanego toryfikatu. Natomiast druga cz¢s¢

wynikow dotyczy wptywu parametrow technologicznych na energochtonnos¢ toryfikacji. Wyniki

z badan dotyczacych wptywu temperatury i czasu przebywania materialu w zadanej temperaturze

na ilos$¢ 1 jako$¢ wytworzonego toryfikatu przedstawiono w artykutach A1-A6, natomiast wplyw

ciSnienia na badane materialy zawarto w zalgczniku Z1. Z kolei wplyw temperatury

na energochtonno$¢ procesu przedstawiono w artykutach A4-A6 a wptyw cis$nienia na zuzycie

energii zawarto w zataczniku Z1. Wyniki uzyskane w poszczegolnych publikacjach oraz zataczniku

Z1 pozwolity na sprawdzenie poprawnos$ci postawionych hipotez H1-H5.

Wyznaczenie wplywu parametrow

produkowanego toryfikatu

technologicznych na ilo$¢ i jakos¢ |————

Waloryzacja odpadoéw i
biomasy o niskich wartosciach
eneergetycznych w procesie
toryfikacji

'

Cel pracy

Wyznaczenie wplywu parametrow
technologicznych na
energochtonnos¢ procesu
toryfikacji

Y v

v Y

Y v

Temperatura AL-A6

Czas trwania
procesu Al-A6

P Rodzaj materiatu
Cisnienie Z1 ] ‘ AL-AB

:

;

H1 H2

H3

H4 HS5

Rysunek 1. Struktura pracy, Al-A6 artykuty wchodzace w sktad cyklu publikacji rozprawy doktorskiej, H1-H5
hipotezy postawione w rozprawie doktorskiej
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Zawartos¢ poszczegolnych publikacji A1-AB6, istotng dla realizacji celu rozprawy doktorskiej
oraz dyskusje uzyskanych wynikoéw, opisano ponizej W podrozdziale 3.2 Opis zawartosci publikacji
i zalgcznika z danymi nieopublikowanymi. Poniewaz wszystkie publikacje bazuja na podobnej
metodyce z drobnymi zmianami, metodyke badan i materialy badawcze zostaly zebrane i opisane
w rozdziale 4 Materiaty i metody. W rozdziale 4.3 opisano proces toryfikacji w nadci$nieniu, ktorego
wyniki zestawiono w zataczniku z danymi nieopublikowanymi. Najwazniejsze wyniki uzyskane
w publikacjach oraz z analizy danych nieopublikowanych zostaly zebrane i podsumowane
w rozdziale 5 Wyniki badar i dyskusja. Nastepnie w rozdziale 6 Wnioski i konkluzje, dokonano
catosciowego przedstawienia najwazniejszych wynikow, sprawdzenia poprawnosci postawionych

hipotez oraz odpowiedzi na postawiony problem badawczym.
3.2 Opis zawartosci publikacji i zalacznika z danymi nieopublikowanymi

W publikacji Al ,,Oxytree Pruned Biomass Torrefaction: Mathematical Models of the
Influence of Temperature and Residence Time on Fuel Properties Improvement™ [15] przedstawiono
cze$¢ wynikoéw z badan nad toryfikacja drewna odpadowego Oxytree (Paulownia Clon in Vitro 112).
Publikacja zawiera uzasadnienie prowadzenia badan nad drewnem odpadowym pochodzacym
z zabiegow agrotechnicznych wykonywanych na plantacjach roslin energetycznych/przemystowych
na przyktadzie rosliny Oxytree. W pracy przedstawiono metodyke uzyta do wyznaczenia modeli
empirycznych opisujacych wplyw temperatury i czasu przebywania materialu w zadanej
temperaturze na ilo$¢ i wilasciwosci paliwowe wytworzonych toryfikatow. Publikacja zawiera
wartosci statystyczne okreslajace doktadnos¢ modeli oraz ich graficzng prezentacje w postaci
wykresow 3D.

W publikacji A2 ,,Oxytree Pruned Biomass Torrefaction: Process Kinetics” [16]
przedstawiono drugg cze$¢ badan nad drewnem odpadowym Oxytree (Paulownia Clon in Vitro 112).
W publikacji opisano metodyke badan dotyczaca sposobu okreslenia kinetyki procesu toryfikacji.
W pracy wyznaczono parametry kinetyczne w warunkach izotermicznych w tym warto$¢ energii
aktywacji, wspotczynnika przed wykladniczego oraz stale szybkosci reakcji. W rezultacie,
na podstawie uzyskanych danych, mozliwe jest modelowanie ubytku masy (wydajnosci masowej
toryfikatu) w funkcji temperatury i czasu trwania procesu, doktadniej niz ma to miejsce w przypadku
modeli zaproponowanych w publikacji [15]. Sposob wykorzystania parametréw kinetycznych
przedstawiono w koncowej czgsci publikacji [16], w sekcji Appendix B.

W publikacji A3 ,,Waste to Carbon: Biocoal from Elephant Dung as New Cooking Fuel”
[17] przedstawiono wyniki z badan nad toryfikacja odchodow stonia. Badania zawieraty okreslenie
wlasciwosci paliwowych odchodéw stonia przed i po jego toryfikacji, okreslenie parametrow
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kinetycznych toryfikacji oraz okreslenie energochtonnosci procesu na podstawie danych
ze skaningowej kalorymetrii roznicowej (DSC). Wykonano takze modele matematyczne okreslajace
wplyw temperatury i czasu przebywania materialu w zadanej temperaturze na ilo$¢ toryfikatu
oraz zmian¢ wlasciwosci paliwowych w sposob tozsamy do publikacji [15,16] z drobnymi
zmianami.

W publikacji A4 ,Waste to Energy: Solid Fuel Production from Biogas Plant Digestate and
Sewage Sludge by Torrefaction-Process Kinetics, Fuel Properties, and Energy Balance” [18]
przedstawiono wyniki z badan nad toryfikacjg pofermentu z biogazowni oraz osadéw $ciekowych.
Wykorzystujac do$wiadczeniec i metodyke¢ z poprzednich artykuldéw wyznaczono modele
matematyczne opisujace wplyw temperatury i czasu przebywania materialu w zadanej temperaturze
na ilo$¢ oraz wlasciwosci paliwowe toryfikatow produkowanych z pofermentu oraz osadow
sciekowych. Wyznaczono parametry kinetyczne stuzace do modelowania ubytku masy, wyznaczono
energochtonno$¢ procesu oraz wyliczono teoretyczny bilans masy i energii procesu toryfikacji.
W bilansie uwzgledniono ilo$¢ energii zawartej w nieprzetworzonym materiale, ilo$¢ energii zuzytej
na proces; 1lo$¢ energii zachowanej w toryfikacie oraz ilo§¢ energii zawartej w torgazie.

W publikacji A5 ,,Medical Peat Waste Upcycling to Carbonized Solid Fuel in the
Torrefaction Process” [19] przedstawiono wyniki z badan nad toryfikacjg borowiny pozabiegowe;j.
Badania wykonano na podstawie metodyk opisanych we wczesniejszych artykutach [15-18]
z drobnymi zmianami. W pracy wyznaczono wilasciwos$ci paliwowe borowiny przed i po procesie
toryfikacji, na podstawie ktorych wyznaczono modele matematyczne opisujace wpltyw temperatury
1 czasu przebywania materialu w zadanej temperaturze na ilo$¢ oraz wlasciwosci paliwowe
toryfikatow produkowanych z borowiny pozabiegowej. Wyznaczono réwniez parametry Kinetyczne
stuzace do modelowania ubytku masy oraz wyliczono teoretyczny bilans masy 1 energii procesu
toryfikacji. Wykonano bilans masy i energii toryfikacji borowiny pozabiegowej i poréwnano
go z drewnem odpadowym z publikacji [15,16].

W publikacji A6 ,,Carbonized Solid Fuel Production from Polylactic Acid and Paper Waste
Due to Torrefaction” [20] korzystajac z metodyk przedstawionych we wczesniejszych pracach
zbadano wtasciwosci paliwowe toryfikatow wytwarzanych z PLA oraz papieru jako materiatu
odniesienia dla PLA. W publikacji wyznaczono modele matematyczne opisujace wplyw
temperatury i czasu trwania procesu na ilo$¢ oraz wlasciwosci paliwowe toryfikatow. Wyliczono
takze teoretyczny bilans masy i energii procesu toryfikacji dla badanych materiatow.

Nie wyznaczono natomiast parametrow kinetycznych w warunkach izotermicznych,
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poniewaz uzywany termograwimetr nie byt w stanie zarejestrowa¢ zmian masy badanego PLA
(temperatura rozktadu materiatu poza zakresem termicznym toryfikacji).

W zalaczniku Z1 ,,Wyniki z badan toryfikacji w nadcisnieniu” przedstawiono wyniki
z badan w formie tabelarycznej. Wyniki zawieraja informacje o masie materiatow poddanych
analizie 1 ilosci wytworzonych toryfikatow, wilasciwosciach paliwowych toryfikatow, zuzyciu
energii na proces toryfikacji oraz charakterystyki zmiany parametrow technologicznych
(temperatury ptaszcza grzewczego, temperatury wewnatrz reaktora, ci$nienia wewnatrz reaktora)

podczas procesul.
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4  Materialy i metody badawcze

Na rysunku 2 przedstawiono schemat blokowy przeprowadzonych badan, na podstawie

ktorych powstala niniejsza rozprawa doktorska.
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Rysunek 2. Schemat blokowy badan
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Na poczatku zostaty wybrane 1 pozyskane materiaty badawcze. Pozyskane materiaty (probki
pierwotne) zostaty przygotowane do dalszych badan poprzez suszenie, rozdrobnienie, a nastepnie
magazynowanie. Kazdy z materialow zostal poddany analizie DSC, analizie TGA, okresleniu
wlasciwosci paliwowych, a nastepnie poddany procesowi toryfikacji. Wytworzone toryfikaty
poddano analiza majagcym na celu wyznaczenie wlasciwosci procesu oraz whasciwosci paliwowych
toryfikatow. Na podstawie zebranych i przeanalizowanych danych okreslono wptyw temperatury
oraz czasu trwania procesu na wlasciwosci paliwowe toryfikatow oraz teoretyczng energochtonnosé
procesu dla poszczegolnych materiatow. Na podstawie przeanalizowanych danych zdecydowano
takze, ze badania w nadci$nieniu zostang wykonane w 300°C i 60 min przy nadci$nieniu
nieprzekraczajacym 15 bar. Gléwnym powodem wyboru najwyzszej mozliwej temperatury procesu
byla idea uzyskania mozliwie najwyzszego Wzrostu nadcisnienia w reaktorze, podczas gdy
ograniczenie do 15 bar wynikato z wytrzymatosci uzywanego reaktora. Natomiast dlugi czas
procesu wplywat na lepsze odgazowanie przetwarzanego materiatu i dalszy wzrost ci$nienia.
Podczas badan w warunkach nadci$nienia mierzono realne zuzycie energii na proces, a nastepnie
wyznaczono wlasciwosci paliowe wytworzonych toryfikatow. Dane z badan w warunkach
nadci$nienia wykorzystano nastepnie do okreslenie wptywu tego parametru na wlasciwosci

produkowanego paliwa oraz energochtonno$¢ procesu.
4.1 Materialy badawcze

W rozprawie doktorskiej poddano analizie tacznie 7 materiatdow o niskich warto$ciach
energetycznych. Wybranymi materiatami badawczymi byly drewno odpadowe, osad $ciekowy,
poferment z biogazowni, borowina po zabiegowa, odchody stonia, tworzywo biodegradowalne
polilaktyd (PLA) i papier.

Drewno odpadowe — material badawczy reprezentujacy drewno odpadowe pochodzit
z zabiegbw agrotechnicznych wykonanych na plantacjach doswiadczalnych potozonych
w Pawtowicach i Psarach (Wroctaw, Polska), gdzie uprawiane sg drzewa Oxytree (Paulownia Clon
in Vitro 112). Materiat badawczy pochodzit z przycinki drzew w pierwszym roku wegetacyjnym.
Badaniu poddano tacznie 8 probek drewna odpadowego z przycinki uprawianych na 2 r6éznych
rodzajach gleby oraz 4 wariantow uprawy z wykorzystaniem geowtdkniny i systemu nawadniania.
Ze wzgledu na fakt, ze w publikacji [16] wykazano brak wptywu gleby i sposobu uprawy na kinetyke
procesu toryfikacji, wszystkie probki badawcze traktuje si¢ w tej pracy jako rownowazne. Doktadne
dane sposobu uprawy sg dostepne w publikacji [21].
Osad S$ciekowy — zostal pobrany z oczyszczalni $ciekéw w Jandéwek (Wroctaw, Polska)
przetwarzajacej 140 000 m3.d?! écieckow z Wroclawia. W oczyszczalni Janowek $cieki
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sg oczyszczane w sposOb mechaniczno-biologiczny z dodatkiem zwigzkéw chemicznych
usuwajacych nadmiar fosforu [22]. Pierwotna probka osadow $cieckowych o masie 20 kg zostata
pobrana ze zbiornika wtdrnego przed procesem stabilizacji beztlenowej.

Poferment z biogazowni — Poferment do badan zostal pobrany z biogazowni Bio-Wat
Sp. z 0. 0. zlokalizowanej w Swidnicy, posiadajacej moc zainstalowana 1 MWe [23]. Na czas poboru
probki pofermentu do produkcji biogazu stosowane byty nastepujace substraty: frakcja organiczna
odseparowana ze zmieszanych odpadéow komunalnych 34%, kiszonka z kukurydzy 30%, wystodki
buraczane 30%, ciasto drozdzowe 6%. Probka pierwotna o masie 20 kg zostata pobrana z komory
na poferment.

Borowina po zabiegowa — Borowina do badan zostata pozyskana z uzdrowiska, Uzdrowisko
Kotobrzeg S.A. (Kotobrzeg, Polska). Borowina pochodzita z torfowiska zlokalizowanego okoto
3,5 km od miasta Kolobrzeg. Probka pierwotna o masie okoto 25 kg charakteryzowata si¢ stopniem
humifikacji pomiedzy Hs a Hs wedtug skali van Posta.

Odchody stonia — Probka pierwotna odchodow stonia azjatyckiego o masie 5 kg zostata
pobrana z Wroctawskiego ogrodu zoologicznego (Wroctaw, Polska).

Polilaktyd (PLA) — Probka pierwotna PLA zostala pozyskana poprzez mechaniczne
rozdrobnienie kubkéw jednorazowych wykonanych w 100% z PLA. Kubki zostaly zakupione
w lokalnym sklepie (Wroctaw, Polska).

Papier — Probka pierwotna papieru zostala pozyskana poprzez mechaniczne rozdrobnienie
kubkéw jednorazowych wykonanych w 99% z papieru oraz 1% PLA, ktére zostaty zakupione

w lokalnym sklepie (Wroctaw, Polska).
4.2 Metody badawcze dla toryfikacji w ci$nieniu atmosferycznym
4.2.1 Przygotowanie materialu do badan

Wszystkie probki pierwotne po dostarczeniu do laboratorium zostaty podzielone na mniejsze
probki laboratoryjne. Nadmiar materiatu byt magazynowany w zamrazarce. Natomiast materiat
stuzacy do badan byt suszony w 105°C w suszarce laboratoryjnej (WAMED, KBC-65W, Warszawa,
Polska) do uzyskania suchej masy, a nast¢gpnie rozdrobniony przy wykorzystaniu laboratoryjnego
miynka nozowego (Testchem, LMN-100, Pszéw, Polska) do frakcji mniejszej niz 1 mm.
Tak przygotowane do badan materiaty byly przechowywane w plastikowych pojemnikach badz
workach strunowych w temperaturze pokojowej. Przed kazdym badaniem material byt ponownie

suszony, celem usunig¢cia ewentualnej wilgoci.
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4.2.2 Proces toryfikacji (wytwarzanie toryfikatow)

Proces toryfikacji przedstawiony w publikacjach [15-20] odbyt si¢ w piecu muflowym
(Snol, 8.1/1100, Utena, Litwa), przedstawionym na rysunku 3a. Wysuszony i rozdrobniony materiat
badawczy o masie 10-20 g byt umieszczany na porcelanowych plaskich tyglach, ktore nast¢pnie
byty umieszczone w komorze pieca muflowego. Przed wlgczeniem programu grzewczego,
do komory pieca dostarczany byt gaz interny COz ktory tworzyt warunki beztlenowe. Po napetnieniu
komory gazem, program grzewczy byl uruchamiany, przy czym przeptyw gazu intratnego byt
kontynuowany przez caty proces toryfikacji az do momentu wyjecia produktu
z pieca. Proces toryfikacji byt prowadzony w temperaturach w zakresie od 200°C do 300°C
z interwalem co 20°C 1 czasach przebywania materialu w zadanej temperaturze wynoszacych
odpowiednio 20, 40 i 60 minut. Szybkos$¢ ogrzewania (ang. heating rate) pieca byta kazdorazowo
ustawiona na 50°C-min™, co zapewniato relatywnie szybkie osiagniecie zadanej temperatury,
a takze miescito si¢ w zakresie szybkosci ogrzewania stosowanej w procesach toryfikacji [24].
Po zakonczeniu procesu grzanie pieca byto wytaczane i nastgpowat etap samoistnego chtodzenia
reaktora. Przyktadowa krzywa zmiany temperatury podczas procesu toryfikacji przedstawiono
w publikacji [17], oraz jej odpowiedniku na rysunku 3b. Toryfikaty byly wyjmowane z pieca, gdy

temperatura na etapie chtodzenia wynosita ponizej 150°C.

a) b)
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Rysunek 3. a) Piec muflowy (Snol, 8.1/1100, Utena, Litwa) b) Przyktadowy przebieg temperatury podczas toryfikacji
osadow $ciekowych i pofermentu, warunki procesu 300 °C i 60 min, publikacja [17]
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4.2.3 Analiza wlasciwosci paliwowych nieprzetworzonych materialow i toryfikatow

Suche i rozdrobnione materialy badawcze przed i po procesie toryfikacji zostaty poddane
analizom okreslajacym ich wlasciwosci paliwowe. W przypadku materiatow borowiny, PLA, oraz
papieru wyznaczono wszystkie wtasciwosci przedstawione w tabeli 2, natomiast dla pozostatych
materiatlow nie wyznaczono zawartosci czesci lotnych oraz zawartosci wegla zwigzanego.

W sktad wlasciwos$ci okreslajacych jakos$¢ paliwa wyznaczono:

e wilgotnos¢ (ang. moisture content, MC) wyrazong w %, $wiadczaca o ilosci wody zawartej
w badanym materiale. Dane dotyczace wilgotno$ci przedstawione w publikacjach jak i tej
pracy odnosza si¢ do stanu roboczego (ang. as recived basis);

e czesci lotne (ang. volatile matter, VM) wyrazone w %, $wiadczace o zawartosci substancji
ulegajacych odgazowaniu w temperaturze 950°C w czasie 7 min, warto$ci w publikacjach
| pracy odnosza si¢ do stanu suchego (ang. dry basis);

e wegiel zwigzany (ang. fixed carbon, FC) wyrazony w %, $wiadczacy o zawartosci statych
substancji palnych nieulegajacych odgazowaniu w temperaturze 950°C w czasie 7 min,
wartos$ci w publikacjach 1 pracy odnoszg si¢ do stanu suchego (ang. dry basis);

e popiodt (ang. ash content, AC) wyrazony w %, $wiadczacy o zawarto$ci mineralnej pozostatej
po spaleniu paliwa w 815°C, warto$ci w publikacjach i pracy odnoszg si¢ do stanu suchego
(ang. dry basis);

e materie organiczng (ang. volatile solids, VS) $wiadczaca o ilosci masy organicznej ktora
ulega spaleniu w temperaturze 550°C. Zawarto$¢ materii organicznej jest wyrazona jako
% suchej masy paliwa, a nie calego paliwa (sucha masa + woda);

e czesci palne (ang. combustible parts, CP) wyrazone w %, $wiadczace o ilo$¢ wszystkich
zwiazkdéw organicznych i1 nieorganicznych ktére ulegaja spaleniu w temperaturze 815°C,
warto$ci w publikacjach i pracy odnoszg si¢ do stanu suchego paliwa (ang. dry basis);

e cieplo spalania (ang. high heating value) wyrazone w dzulach na gram suchej masy paliwa
(J-g1), okreslajace ilos¢ energii wydzielonej podczas catkowitego i zupelnego spalenia

1 g suchej masy paliwa.
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Tabela 2. Zestawienie analizowanych wlasciwosci paliwowych

Wiasciwosé Metoda Aparatura badawcza

Suszarka laboratoryjna (WAMED,
KBC-65W, Warszawa, Polska)
Termograwimetr
Czesci lotne (VM) Metoda termograwimetryczna [26] (Czylok, RST 40 x 200/100,

Jastrzebie-Zdroj, Polska)

Wilgotnosé (MC) PN-EN 14346:2011 [25]

Wegiel zwiagzany (FC) Metoda obliczeniowa [26] -
Popiot (AC) PN-Z-15008-03:1993 [27]
Materia organiczna (VS) PN-EN 15169:2011 [28] Piec m“‘:ﬂ‘i‘e"n“’a,(sl_?t%a?'” 1100,
Czeéci palne (CP) PN-Z-15008-03:1993 [27]
Cieplo spalania (HHV) PN EN ISO 18125:2017-07 [29]  Kalorymetr (IKA, €200, Staufen,

Niemcy)

4.2.4 Analiza efektywnosci procesu toryfikacji

Podczas procesu toryfikacji, masa materiatlu przed i po procesie byla mierzona w celu
wyznaczenia parametrOw charakteryzujacych efektywnos¢ procesu. Na podstawie masy
poczatkowej 1 koncowej wyznaczono wydajno$¢ masowa (ang. mass yield, MY) wyrazona w %,

wskazujaca, ile toryfikatu mozna uzyska¢ w danym procesie, rownanie 1 [21].

masa materiatu po toryfikacji

MY =

100 1)

masa materiatu przed toryfikacjg

Na podstawie wynikoéw ciepta spalania dla toryfikatow 1 nieprzetworzonych materiatow
wyznaczono wspotczynnik zageszczenia energii (ang. energy densification rato, EDr). EDr jest
wskaznikiem §wiadczacym o tym, o ile wzrosta/zmalata warto$¢ ciepta spalania w toryfikacie

wzgledem nieprzetworzonego materiatu, rOwnanie 2 [21].

ciepto spalania materiatu po toryfikacji
EDr = p 1Y p y ) (2)

ciepto spalania materiatu przed toryfikacja
Natomiast poprzez potaczenie danych otrzymanych z réwnan (1) 1 (2) wyznaczono
wydajno$¢ energetyczng (ang. energy yield, EY) wyrazong w %, $§wiadczaca o ilosci energii
zachowanej w toryfikacie wzgledem energii zawartej w materiale wykorzystanym do jego produkcji,
rownanie 3 [21].

EY = MY X EDr ©)
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4.25 Modelowanie wplywu temperatury i czasu trwania procesu na ilosé

i wlasciwosci paliwowe toryfikatow

Wyniki dotyczace wlasciwosci paliwowych toryfikatow oraz wlasciwosci procesu
toryfikacji zostaly poddane analizie regresji wielorakiej, ktorej celem byto stworzenie modeli
matematycznych opisujacych wplyw temperatury procesu i czasu przebywania materiatu
w zadanej temperaturze na ilo$¢ 1 wlasciwosci paliwowe toryfikatoéw. We wszystkich publikacjach
do przeprowadzenia regresji metoda najmniejszych kwadratow wykorzystano oprogramowanie
Statistica 13.3 (StatSoft, Palo Alto, CA, USA). Nie mniej w kazdym artykule rozwijano podejscie
do wykonywanej analizy regresji, co wynikato z zdobywanego do$§wiadczenia i umiejetnosci
w trakcie opracowywania kolejnych modeli.

Metodyka procesu analizy regresji polegata na estymacji wspotczynnikow narzuconego
rownania skladajacego si¢ z 1 wspotczynnika kierunkowego (ai1) i do 6 wspdtczynnikow
regresyjnych (az-a7). Nastepnie, dla wygenerowanego modelu wyliczano wspotczynnik determinacji
R? okreslajacy stopien dopasowania danych eksperymentalnych do wygenerowanego modelu, gdzie
warto$¢ 0 oznaczata brak dopasowania, natomiast 1 idealne dopasowanie. Sprawdzano takze
istotno$¢ 0szacowanych wspolczynnikéw regresji na poziomie istotnosci 0,05, a gdy wartosc¢
p > 0,05 zaktadano brak istotno$ci statystycznej wspdlczynnika. Nastepnie z rOwnan usuwano
nieistotne wspotczynniki i przeprowadzano estymacje pozostatych wspotczynnikow ponownie.
Kolejno dla nowych modeli niezawierajacych wspotczynnikow nieistotnych ponownie wyznaczano
wspotczynnik determinacji. Dodatkowo dla modelu przed i1 po usunigciu nieistotnych
wspolczynnikow wyznaczano warto$¢ kryterium informacyjne Akaike (AIC). Kryterium AIC stuzy
jako pomoc do wyboru pomigdzy modelami wielomianowymi o réznej liczbie wspotczynnikow,
im mniejsza wartos¢ AIC tym lepiej (mniejsza szansa, ze model jest przeuczony) [30]. Nastepnie
dokonywano wyboru najlepszego modelu w nastepujacy sposob: na poczatku wybierano model
z najwicksza warto$cia R2, w przypadku, gdy modele miaty podobng wartoéé R?, wybierano model
o mniejszej wartosci AIC, a gdy warto$ci AIC byly zblizone, wybierano model niezawierajacy

wspotczynnikow nieistotnych statystycznie.
4.2.6 Analiza termograwimetryczna (TGA)

Wszystkie materialy poza PLA i papierem zostaly poddane analizie termograwimetrycznej
TGA w warunkach izotermicznych. Materiat PLA 1 papier zostalty wykluczone z badan, poniewaz
uzyty sprzet, termograwimetr (Czylok, RST 40 x 200/100, Jastrzebie-Zdroj, Polska), nie byt w stanie
zarejestrowa¢ zmian masy PLA w sposob poprawny. Wynikato to z faktu, ze po osiagnigciu

temperatury topnienia PLA zaczynato wycieka¢ z tygla, a nastgpnie sptywalo ponizej strefy grzania.
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Pozostate materiaty zostaty poddane analizie TGA w temperaturach 200, 220, 240, 260, 280 i 300°C
w czasie przebywania materialu w zadanej temperaturze wynoszacym 60 min. Sucha prébka
0 wadze od 1 do 3 g (w zalezno$ci od badanego materialu) byta umieszczana w tyglu pomiarowym
sprzezonym z wagg o doktadnosci d = 0,001 g. Nastepnie na tygiel byl opuszczany wygrzany
do zadanej temperatury reaktor. W czasie procesu od spodu reaktora byt dozowany gaz interny COx.
Na podstawie wygenerowanych danych (ubytek masy w funkcji czasu) wyznaczono parametry
kinetyczne procesu toryfikacji, w tym stala szybkosci reakcji (k), energi¢ aktywacji (Ea)
oraz wspOtczynniki przed wyktadnicze (A).

Wyznaczenie statych szybkosci reakcji k dla poszczegdlnych temperatur polegato
na dopasowaniu krzywych ubytku masy do rownania reakcji pierwszego rzedu z wykorzystaniem
estymacji nieliniowej w oprogramowaniu Statistica 13,3 (StatSoft, Palo Alto, CA, USA), metoda
najmniejszych kwadratow. Nastepnie state szybkosci reakcji wyznaczone dla poszczegdlnych
temperatur naniesiono na wykres Arrheniusa (In(k) vs 1/T). Kolejno z nachylenia powstalej prostej
wyznaczono energi¢ aktywacji korzystajac z rdwnania 4 oraz wspotczynnik przed wyktadniczy
korzystajac z rownania 5 [31].

E,=—-axR 4)
A = exp (b) ()
gdzie:
a — wspolczynniki kierunkowy rownania prostej z wykresu Arrheniusa,
b — wyraz wolny rownania prostej z wykresu Arrheniusa,

R — uniwersalna stata gazowa.
4.2.7 Skaningowa kalorymetria réznicowa (DSC)

Analizy DSC zostaly uzyte i opisane w artykutach [17-20]. Do analizy materiatlow osad
scickowy, poferment i odchody stonia wykorzystano kalorymetr skaningowo réznicowy
(TA Instruments, DSC Q2500, New Castle, DE, USA) a dla materiatbw drewna odpadowego,
borowiny, PLA oraz papieru, analizator termiczny TGA-DSC (Netzsch, 449 F1 Jupiter, Selb,
Germany). Masa suchej probki uzytej w badaniu wynosita migdzy 3 a 6 mg (w zaleznosci od rodzaju
materialu). Analiza DSC byla wykonana warunkach nieizotermicznych, gdzie temperatura
zwigkszata si¢ z temperatury otoczenia do 500-800°C z szybkoscig 10°C-mint. Analizy byty
przeprowadzone w atmosferze gazu N2. Wyniki z analiz DSC z zakresu temperatur 30-300°C zostaty
nastepnie uzyte do wyznaczenia ilo$¢ energii pochlonigtej przez probke w trakcie jej ogrzewania

do zadanej temperatury lub wydzielonej w wyniku zachodzgcych procesow egzotermicznych.
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4.2.8 Bilans masy i energii procesu toryfikacji

Bilans masy i energii dla procesu toryfikacji zostal wyznaczony dla wszystkich badanych
materiatéw poprzez wykorzystanie danych uzyskanych z wcze$niejszych analiz w tym: wartosci
ciepta spalania (HHV), ilo$¢ energii pochtonigtej przez probke w trakcie ogrzewania jej do zadanej
temperatury (wyniki z analizy DSC), oraz wydajno$ci masowej (MY). Bilans zostat obliczony
w przeliczeniu na ilos¢ masy 1 energii potrzebnej do wyprodukowania 1 g toryfikatu.
W publikacjach, nazwe ,.toryfikat” zastgpiono nazwa karbonizowanego paliwa statego ,,carbonized
solid fuel” (CSF). W celu uproszczenia obliczen przyj¢to nastgpujace zalozenia: przetwarzany
materiat nie zawiera wilgoci, MC = 0%; energia do procesu jest dostarczana z zewngtrznego zrodta
energii z sprawno$cig 100%; brak strat ciepla z reaktora; warto$¢ energii zawartej w torgazie jest
suma energii chemicznej wynikajacej z jego sktadu chemicznego i posiadanej temperatury (ciepta),
w obliczeniach zatozono, ze cate cieplo z procesu trafia do torgazu.

Schemat obliczania bilansu masy i energii przedstawiono na rysunku 4. Na szaro zaznaczono
dane wejsciowe uzyskane z wspomnianych analiz. Kolorem niebieskim zaznaczono mas¢ i energie
materialdw wchodzacych do reaktora oraz mas¢ i energi¢ produktow opuszczajacych reaktor.

Natomiast kolorem zielonym oznaczono kolejno§¢ wykonywanych obliczen.

Masa i energia zawarta
w wytworzonym
torgazie

Masa i energia zawarta Para me.try
w substracie technologiczne:

wykorzystanym do 200-300°C
20-60 min

Masa i energia zawarta
w wytworzonym
toryfikacie

produkgji toryfikatu

Energia zewnetrzna
potrzebna do
podgrzania
przetwarzanego
materiatu do zadanej
temperatury

Rysunek 4. Schemat obliczania bilansu masy i energii procesu toryfikacji, publikacja [20]

W pierwszym etapie obliczen (I) wykorzystano wydajnos¢ masowg (MY) do wyliczenia
ilosci materiatu potrzebnego do wyprodukowania 1 g toryfikatu (rownanie 6), nastepnie znajgc masg
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potrzebnego materialu oraz jego ciepto spalania (HHV), wyznaczono ilo$¢ energii zwartej
W przetwarzanym materiale (rownanie 7).

W drugim etapie (I) obliczen wykorzystano wyniki z analizy DSC w celu okres$lenia ilo$ci
energii pobranej przez przetwarzany material w celu osiggniecia przez niego zadanej temperatury
toryfikacji. Poniewaz wyniki DSC wyrazone sg w mocy dostarczonej/wydzielonej z probki podczas
jej ogrzewania (mW-mg™), wartosci te zostaty przeliczone Z mocy na energi¢ pOprzez przemnozenie
mocy przez czas (mJ-mg™). Nastgpnie uzyskane wyniki zsumowano od temperatury otoczenia
do zadanej temperatury toryfikacji uzyskujac ilos¢ energii pochlonigtej przez probke.

Na trzecim etapie obliczen (III) zatozono, ze ilos¢ energii w wyprodukowanym toryfikacie
odpowiada wyznaczonemu eksperymentalnie cieptu spalania toryfikatu (HHV).

Na czwartym etapie obliczen (IV) zostala wyliczona masa (réwnanie 8) i energia (réwnanie
9) torgazu, ktory powstat podczas produkcji 1 g toryfikatu. Zatozono, ze energia torgazu jest sumg

energii chemicznej wynikajacej z jego sktadu chemicznego oraz posiadanego ciepta (posiadanej

temperatury).
_ Mrcsr
Ms = MYcsr ©)
ES = MS X HHVS (7)
MG = (100% - MYCSF) X MS (8)
Eg =Ez + Es — Ecsr )
gdzie:

Mg — masa potrzebnego materiatu do wyprodukowania Mr¢gg g toryfikatu, g,
Mrcgr — masa toryfikatu jaka chcemy wyprodukowad, (tu 1 g), g,

MYcsk — wydajnos¢ masowa produkc;ji toryfikatu, %,

Eg — energia zawarta w materiale uzytym do produkcji Mrcgp g toryfikatu, J,
HHV; — ciepto spalania materiatu przed toryfikacja, J-g™.

M — masa torgazu wytworzona podczas produkcji toryfikatu, g.

E¢ — energia zawarta w wyprodukowanym torgazie, J,

E; — energia zewnetrzna dostarczona do procesu wyliczona na II etapie, J,

Ecsk — energia zawarta w wyprodukowanym toryfikacie, J.
4.2.9 Analiza statystyczna

Do okreslenia czy temperatura i czas procesu miaty wptyw na proces i zmiang wtasciwosci
paliwowych stosowano analiz¢ wariancji. Dla uktadow, dla ktorych analiza wariancji na poziomie

(p<0,05) wskazata wystgpowanie istotnych statystycznie roznic, przeprowadzono test post hoc
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Tukey-a w celu wyznaczenia pomiedzy ktorymi $rednimi te réznice wystepujg. Analize wariancji
oraz test post hoc wykonano przy wykorzystaniu oprogramowania Statistica 13,3 (StatSoft, Palo
Alto, CA, USA).

4.3 Metody badawcze dla toryfikacji w nadci$nieniu
4.3.1 Przygotowanie materialu do badan

Dla 5 z 7 przebadanych materiatbw wykonano badania w prototypowym reaktorze
cisnieniowym (WUELS, RBMT2020-1.1, Wroctaw, Polska). Toryfikacjc w nadci$nieniu
przeprowadzono dla drewna odpadowego, osadu $ciekowego, pofermentu, borowiny oraz PLA.
W przypadku odchodoéw slonia i1 papieru zabezpieczono niewystarczajacg mas¢ materiatu
do przeprowadzenia badan. Przed procesem toryfikacji materialy badawcze zostal wysuszone
za pomocg suszarki laboratoryjnej (WAMED, KBC-65W, Warszawa, Polska) zgodnie z normag
PN-EN 14346:2011. Po wysuszeniu kazdy materiat badawczy zostat podzielony na 5 réwnych
czeSci o tacznej masie ~160-400 g. Tak podzielony material byl nastgpnie umieszczany
w aluminiowych tackach, ktére nastgpnie zostaly szczelnie owinigte folig aluminiowa.

Tak przygotowany material byt nastepnie umieszczany w reaktorze cisnieniowym.
4.3.2 Budowa reaktora ciSnieniowego

Badania w nadci$nieniu przeprowadzono w prototypowym reaktorze ci§nieniowym
(WUELS, RBMT2020-1.1, Wroctaw, Polska) przedstawionym na rysunku 5a i 5b. Reaktor sktada
si¢ z komory reaktora (1) o pojemnosci catkowitej 22,3 dm?3. Wewnatrz komory na wysokosci okoto
10 cm nad dnem znajduje si¢ kratka stanowigca miejsce umieszczania materiatu badawczego. Celem
kratki jest oddzielenie frakcji statej od frakcji cieklej wydzielonej podczas toryfikacji i skroplonej
wewnatrz reaktora podczas procesu jego chlodzenia, ktora to zbiera si¢ na dnie pod kratkg. Komora
reaktora z zewnetrznej strony jest owinigta plaszczem grzewczym o mocy 3 kW, ktory zostat
owinigty tasma izolacyjng z wildkna szklanego (grubos¢ warstwy izolacyjne; ~7,5 cm,
A ~0,05 W-m 1-K™!). Dodatkowo cata komora reaktora z uwzglednieniem ptyty dolnej i gornej
zostala zaizolowana z wykorzystaniem welny mineralnej jednostronnie pokrytej folig aluminiowa
(grubosci 2.5 cm A ~0,047 W-m 'K™!). Gorna ptyty reaktora jest potaczona z chtodnica (5), ktore;
zadaniem jest schladzanie wydostajacych si¢ gazéw do temperatury ponizej 200°C w celu
zapobiegniecia uszkodzenia manometru (4). Szczelno$¢ reaktora mozna regulowaé poprzez
manualne otwieranie i zamykanie zaworéw gornego (1) oraz zaworu dolnego (7). Reaktor zostat
zaprojektowany tak aby prowadzi¢ proces w nadci$nieniu dochodzacym do 15 bar. Powyzej

wartos$ci 15 bar dochodzi do samoczynnego otwarcia zaworu bezpieczenstwa.
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Rysunek 5. Prototyp reaktora cisnieniowego do toryfikacji, a) reaktor bez dodatkowej izolacji z welny mineralnej,
b) reaktor z dodatkowsa izolacja. 1 — rura wylotowa, 2 — zawor gorny, 3 — zawor bezpieczenstwa, 4 — manometr,
5 — chlodnica, 6 — komora reaktora owini¢ta matg grzejng i taSma izolacyjna z wiokna szklanego, 7 — zawoér dolny [14]

4.3.3 Proces toryfikacji w nadci$nieniu (wytwarzanie toryfikatow)

Dla kazdego materiatlu badawczego wykonano dwa pomiary W zmiennych warunkach
ci$nienia. Pierwszy pomiar odniesienia z otwartym zaworem reaktora (O), w ktory produkowany
podczas procesu torgaz swobodnie opuszczat komore reaktora — ci$nienie normalne. Drugi pomiar,
w ktorym wszystkie zawory byly zamknigte (Z) a wzrost temperatury oraz powstajacy torgaz
zwigkszal ci$nienie wewnatrz reaktora.

Wysuszony i rozdrobniony materiat badawczy byt umieszczany w 5 aluminiowych tackach,
ktore po zawinigciu w aluminiowg foli¢ byly rownomiernie rozktadane w komorze reaktora
ci$nieniowego. Po zatadowaniu materialu badawczego do reaktora, program grzewczy byt
uruchamiany. Gaz inertny nie byt dozowany do komory reaktora, poniewaz materiat zostat szczelnie
owinigty folig. W przypadku pomiaru pierwszego, powstajacy torgaz opuszczal komore rektora
swobodnie poprzez otwarty zawor dolny, natomiast w przypadku pomiaru drugiego powstajacy
torgaz pozostawal w komorze reaktora, poniewaz wszystkie zawory byly zamknigte.
W celu osiagnigcia wewnatrz reaktora temperatury 300°C, temperatura na ptaszczu grzewczym byta
nastawiona na 500°C, a nastgpnie, gdy warto§¢ wewnatrz reaktora osiagala 300°C, temperaturg
ptaszcza redukowano do 400°C. Po osiagnig¢ciu temperatury 300°C wewnatrz komory reaktora,
odliczano 60 minut, po uptywie, ktérych ptaszcz grzewczy byl wylaczany, a reaktor zostawiony
do wychtodzenia. W przypadku procesu z zamknietymi zaworami, po uptywie 60 minut zawoér dolny

byt otwierany w celu upuszczenia nadci$nienia panujagcego w komorze. Material badawczy byt
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wyjmowany z reaktora po jego wychtodzeniu do temperatury otoczenia. Krzywe zmiany temperatur
i ci$nienia podczas procesu toryfikacji dla poszczegdlnych materiatdéw przedstawiono w zataczniku
Z1 na rysunkach Z1-Z5 natomiast na rysunku 6 przedstawiono przyktadowy przebieg temperatury

zewngtrznej (T;) na ptaszczu reaktora oraz temperatury (Tw) i nadci$nienia (p) wewnatrz reaktora.

a) b)
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Rysunek 6. Przyktadowy przebieg temperatury zewnetrznej (plaszcza grzewczego), wewngtrznej (wewnatrz reaktora)
oraz ci$nienia dla borowiny, a) pomiar z zaworem otwartym (O), b) pomiar z zaworami zamknietymi (Z)

Podczas kazdego pomiaru, mierzono ilo$¢ energii elektrycznej zuzytej przez ptaszcz
grzewczy reaktora. Ilo$¢ zuzytej energii zostala zmierzona za pomocg analizatora jako$ci sieci
energetycznej (Lumel, ND40, Zielona Gora, Polska). Wiasciwosci paliwowe toryfikatow
oraz wlasciwosci procesu toryfikacji zostaly wyznaczone w sposob tozsamy z opisami

w podrozdziatach 4.2.3 1 4.2.4.
4.3.4 Analiza statystyczna

Wyniki pomiaréw wykonane w powtorzeniach zostaly poddane analizie wariancji dla
uktadow czynnikowych, gdzie zmiennymi zaleznymi byly wlasciwosci procesu toryfikacji
1 wlasciwosci paliwowe toryfikatow, a czynnikami jako§ciowymi rodzaj przetwarzanego materiatu
oraz rodzaj procesu (toryfikacja z zaworem otwartym i z zaworami zamknietymi). Dla uktadow, dla
ktorych analiza wariancji na poziomie (p<0,05) wskazata wystgpowanie istotnych statystycznie
réznic, przeprowadzono test post hoc Tukey-a w celu wyznaczenia pomigdzy ktorymi $rednimi
wystepuja rdéznice. Analize wariancji oraz test post hoc wykonano przy wykorzystaniu
oprogramowania Statistica 13,3 (StatSoft, Palo Alto, CA, USA). Wyniki z analizy wariancji

oraz testu post hoc przedstawiono w zataczniku Z1 w tabelach Z3-712.
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5 Wyniki badan i dyskusja
5.1 Wydajnos¢ procesu toryfikacji i wlasciwosci paliwowe toryfikatow

Szczegdtowe wyniki dotyczace wilasciwosci paliwowych nieprzetworzonych materiatow,
toryfikatow, efektywnosci procesu toryfikacji, kinetyki toryfikacji oraz energii aktywacji procesu,
jak rowniez estymacji parametréw modeli opisujacych wplyw parametréw technologicznych
toryfikacji na wtasciwosci toryfikatow oraz efektywno$¢ procesu oraz ich dyskusja zostaty zawarte
w publikacjach [15-20]. W niniejszej rozprawie w sposob syntetyczny i porOwnawczy zestawiono
uzyskane wyniki. W podrozdziale 5.1.1 oméwiono toryfikaty charakteryzujgce si¢ najlepszymi
wlasciwosciami  paliwowymi  wytworzonymi w ci$nieniu  atmosferycznym, natomiast
w podrozdziale 5.1.2 omdwiono wptyw nadcisnienia na wydajnos$ci procesu toryfikacji oraz zmiang

wlasciwosci paliwowych toryfikatow.
5.1.1 Wplyw temperatury i czasu na wydajnos¢ procesu i wlasciwos$ci paliwowe toryfikatow

W tabeli 3 dokonano zestawienia poréwnawczego wiasciwosci paliwowych
nieprzetworzonych materialow oraz toryfikatow o najwyzszym cieple spalania wytworzonych

w okre$lonych warunkach technologicznych.

Tabela 3. Zestawienie wlasciwosci procesu toryfikacji oraz wiasciwosci paliwowych dla waloryzowanych materiatow
oraz toryfikatow o najwigkszej warto$ci ciepta spalania, publikacje [15,17-20]

MY, EDr, EY, MC, VM, FC, AC, VS, CP, HHV,

Materiat % % % % % % % % % Jg?
Drewno odpadowe - - - 40,0 - - 8,1 90,2 91,9 18295
Toryfikat 300/40 54,7 1,20 65,9 6,4 - - 14,0 82,9 85,9 22034
Zmiana, % - - - 17,0 - - 73,9 -8,2 -6,5 20,44
Osady sciekowe - - - 84,4 - - 36,3 61,9 63,7 14590
Toryfikat 200/20 96,2 1,02 97,9 4,3 - - 38,6 59,3 61,4 14854
Zmiana, % - - - -94,9 - - 6,3 -4,3 -3,6 181
Poferment - - - 85,6 - - 12,4 86,5 87,6 18087
Toryfikat 280/20 59,3 1,12 66,3 4,0 - - 17,9 80,9 82,1 20215
Zmiana, % - - - -95,3 - - 44,6 -6,5 -6,3 11,77
Borowina - - - 84,8 59,3 26,3 14,4 83,0 85,6 19013
Toryfikat 280/40 79,9 1,12 89,6 0,0 44,6 37,7 17,7 78,8 82,3 21324
Zmiana, % - - - -100,0 -24,8 43,4 22,9 -5,1 -3,9 12,15
Odchody stonia - - - 49,2 - - 50,8 48,9 49,3 11410
Toryfikat 200/60 95,6 1,14 108,9 2,4 - - 42,5 57,4 57,5 13003
Zmiana, % - - - -95,2 - -16,3 17,3 16,6 13,96

PLA - - - 0,7 100,0 0,0 0,0 100,0 100,0 19420
Toryfikat 220/40 99,6 1,02 1015 0,5 100,0 0,0 0,0 100,0 100,0 19799
Zmiana, % - - - -26,1 0,0 - - 0,0 0,0 1,95
Papier - - - 6,4 88,2 8,7 3,6 96,3 96,4 17525
Toryfikat 300/40 42,4 1,11 47,3 4,4 60,8 31,5 7,7 91,8 92,3 19520
Zmiana, % - - - -315  -311 2859 1124 -4,7 -4,2 11,38
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Dla toryfikatéw podano takze wiasciwosci opisujace procesu toryfikacji, w ktorych zostaty
wytworzone. Dane pochodza z artykutéw [15,17-20]. Dla kazdego toryfikatu wyznaczono wzglgdna
warto$¢ (wzgledem materiatu nieprzetworzonego) zmiany parametrow paliwowych wynikajacych
z przeprowadzonej toryfikacji.

Do najwazniejszych parametréw opisujacych proces toryfikacji zalicza si¢ wydajnos¢
masowa, wspotczynnik zageszczenia energii oraz wydajno$¢ energetyczng. Wydajnos¢ masowa
wyrazona w % S$wiadczy o tym, ile toryfikatu powstanie po procesie z kazdej jednostki
nieprzetworzonego materiatu umieszczonego w reaktorze. Warto$¢ ta powinna by¢ zawsze mniejsza
niz 100%, poniewaz wartosci wyzsze niz 100% wskazywatyby, Zze masa materialu po procesie jest
wigksza niz przed procesem [32]. Wspotczynnik zageszczenia energii jest ilorazem wartosSci ciepta
spalania toryfikatu do wartosci nieprzetworzonego materialu. Jezeli wartos¢ wspotczynnika
zageszczenia energii jest wieksza niz 1 oznacza to, ze toryfikat charakteryzuje si¢ wigkszg warto$cia
energetyczng niz nieprzetworzony materiat. Z kolei warto$¢ nizsza niz 1, wskazuje, ze toryfikat
posiada nizsza warto$¢ ciepta spalania niz nieprzetworzony materiat wykorzystany do jego
produkcji [32]. Z kolei wydajnos¢ energetyczna jest iloczynem wydajno$ci masowej
1 wspotczynnika zaggszczenia energii i $wiadczy o iloSci energii pierwotnej zachowanej
w toryfikacie. Energi¢ pierwotna rozumie si¢ jako energie chemiczng zawartg w materiale uzytym
do produkcji toryfikatu. Warto$¢ tego wspotczynnika, takze powinna by¢ mniejsze niz 100%,
poniewaz wartosci powyzej 100% S$wiadczytaby, ze w wyprodukowanym toryfikacie jest wiecej
energii niz w materiale wykorzystanym do jego produkcji. Nie mniej jednak, mozna znalez¢é
w literaturze wartosci wyzsze niz 100% co wynika najprawdopodobniej z niedoktadnosci
pomiarowej dotyczacej ilosci materialu powstalego po procesie toryfikacji oraz niedoktadnosci
pomiaru ciepla spalania, na skutek duzej heterogeniczno$ci materiatu [33,34]. Wystapito to rowniez
w przypadku probek odchodow stonia dla ktorych wartos¢ EY wyniosta 108,9% (tabela 3),
co wynikato z duzego zr6znicowania materialu i wysokiej zawartosci popiotu. Najprawdopodobniej
materiat uzyty do oznaczenia ciepta spalania w nieprzetworzonym materiale posiadat wiecej popiotu
niz materiat wykorzystany do wyprodukowania toryfikatu. W rezultacie toryfikat mogt mieé
znacznie wyzsza warto$¢ ciepla spalania, ktdra po przemnozeniu przez wydajno$¢ masowa wykazata
wicksza ilo$¢ energii niz ilo$¢ energii zawarta w materiale wykorzystanym do jego
wyprodukowania.

Wyniki wskazujg, ze wraz ze wzrostem temperatury i czasu trwania procesu wydajno$c
masowa 1 energetyczna procesu maleje, przy czym szybko$¢ tego spadku jest zalezna od rodzaju

przetwarzanego materiatu [15,17-20]. Z kolei wspolczynnik zaggszczenia energii (EDr)
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nie wykazuje takiej tendencji i w zaleznosci od rodzaju materiatu oraz parametréw technologicznych
toryfikacji rosnie badz maleje po przekroczeniu granicznych warto$ci temperatury i czasu procesu.
Dla przyktadu, warto$ci EDr dla drewna i papieru rosng wraz ze wzrostem temperatury i czasu
trwania procesu z okoto 1,01 dla toryfikatéw wytworzonych w 200°C i1 20 min odpowiednio do 1,20
i 1,10 dla toryfikatow wytworzonych w 300°C i 60 min [15,20]. Podczas, gdy dla osadu $ciekowego
trend jest odwrotny i warto§¢ EDr maleje wraz ze wzrostem temperatury i dla toryfikacji w 300°C
uzyskuje warto$¢ 0,85 [18]. Z kolei odchody stonia charakteryzowaty si¢ warto$ciag wspotczynnika
EDr powyzej 1 dla temperatury 200°C, natomiast powyzej 200°C wartos¢ ta malata podobnie jak w
przypadku osadow $ciekowych [17]. Poniewaz warto$¢ zageszczenia energii zalezy od ciepta
spalania toryfikatu i nieprzetworzonego materiatu, jest on dobrym wskaznikiem jakos$ci toryfikatu
pod wzgledem energetycznym. Z tego wzgledu tylko toryfikaty o najwickszej wartosci EDr dla
poszczegolnych materiatdw zostaty zestawione w tabeli 3. Dzigki wykorzystaniu procesu toryfikacji
udato si¢ zwigkszy¢ zageszczenie energii dla drewna odpadowego do 1,20, odchodow stonia
do 1,14, borowiny do 1,12, pofermentu do 1,12, oraz papieru do 1,10. Natomiast dla materiatlow
takich jak osady S$ciekowe oraz PLA efekt zwigkszenia zageszczenia energii byt znikomy
EDr = 1,02 (tabela 3) co $wiadczy o nieprzydatnosci procesu toryfikacji do waloryzacji wlasciwosci
paliwowych tych materiatow. Ponadto analiza wariancji w publikacji dotyczacej PLA [20]
wykazata, ze wartosci ciepla spalania dla wszystkich przebadanych toryfikatow nie roznity si¢
istotnie od materiatu nieprzetworzonego (p<0,05).

Znaczacy wplyw na efekt procesu toryfikacji miaty wlasciwosci badanych materialow.
Badane materialy charakteryzowaly si¢ odmiennymi wlasciwos$ciami paliwowymi. Najwieksza
wilgotno$¢ w stanie roboczym (na moment pozyskania materialu do badan) posiadal poferment
85,6%, borowina 84,8% oraz osad sciekowy 84,4%. Prawie dwukrotnie mniejsza wilgotnos¢
charakteryzowaly si¢ odchody stonia 49,2% oraz drewno odpadowe ~ 40%. Pozostate materiaty jak
papier i PLA posiadaly znacznie nizsza warto$¢ wilgotnosci wynoszaca odpowiednio 6,4%
i 0,7% (tabela 3). Pomimo tego, ze materiaty przed toryfikacja zostaly wysuszone, proces suszenia
jest nieodzownym elementem toryfikacji i jej przeprowadzenie skutkuje usunigciem wody. Dla
wszystkich przedstawionych w tabeli 3 toryfikatow, zawarto$¢ wilgoci w stanie powietrzno-suchym
po procesie toryfikacji byla nie wigksza niz 6,4%. Dla borowiny natomiast warto$¢
ta wyniosta 0%, co $wiadczy o wytworzeniu toryfikatu o wlasciwosciach silnie hydrofobowych.
Badania nad wilgotno$cig wytworzonych toryfikatow nie zawieraly okreslenia hydrofobowosci,
przy czym z danych literaturowych wynika, ze wzrost temperatury toryfikacji prowadzi do zmiany

wlasciwosci hydrofilowych na hydrofobowe [35]. Temperatura z zakresu 220-240°C moze
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spowodowa¢ zmian¢ wlasciwo$ci materiatu hydrofilowego na wlasciwosci ekstremalnie
hydrofobowe [35]. Wynika to przede wszystkim z termicznego rozktadu hemicelulozy oraz celulozy
bogatych w grupy hydroksylowe (-OH), ktore sa uwazane za kluczowy czynnik wigzacy wodg [36].

W  przeprowadzonych badaniach najwickszag poczatkowa zawartoscig popiotu
charakteryzowaty si¢ odchody stonia 50,8%, oraz osad S$ciekowy 36,3%. Znacznie mniejsza
zawarto$¢ popiotu posiadata borowina 14,4%, poferment 12,4% oraz drewno odpadowe 8,1%.
Natomiast najnizszg zawarto$cig charakteryzowat si¢ papier 3,6% oraz PLA 0,7% (tabele 3). Bez
wzgledu na rodzaj odpadu (z wylaczeniem PLA) wzrost temperatury procesu i1 czasu jej
oddziatywania prowadzit do zwickszenia zawartosci popiotu w toryfikacie [15,17-20]. Dla
toryfikatéw o najwyzszych cieptach spalania przedstawionych w tabeli 3, takze odnotowano wzrost
zawarto$ci popiotu wzgledem nieprzetworzonego materialu. Najwigkszy procentowy wzrost
zawarto$ci popiotu odnotowano dla papieru, odpowiednio 112,4% oraz drewna odpadowego, wzrost
0 73,9%. Znaczacy wzrost zawarto$ci popiotu odnotowano takze dla pofermentu odpowiednio
44,6% oraz borowiny, wzrost 0 22,9% (tabela 3). W przypadku PLA nie odnotowano zmiany
zawarto$ci popiotu, poniewaz materiat ten charakteryzowat si¢ zerowa zawarto$cig popiotu.
Natomiast zawarto$¢ popiotu w toryfikacie wykonanym z odchodéow stonia okazata si¢ mniejsza
0 16,3% niz w nieprzetworzonym materiale (tabela 3). Zawarto$¢ popiotu w toryfikacie zalezy
bezposrednio od zawarto$ci popiotu w materiale uzytym w procesie. Wzrost zawarto$ci popiotu jest
wzgledny, wzrasta na skutek zmniejszenia zawartos$ci czesci lotnych ulegajacych odgazowaniu [37].
Zaobserwowane zmniejszenie zawarto$ci popiolu w przypadku odchodow stonia wynika
najprawdopodobniej z duzej heterogeniczno$ci materialu pomimo jego homogenizacji przed
rozpoczeciem badan. Gdzie najprawdopodobniej materiat uzyty do wyprodukowania toryfikatu
w 200°C 1 60 min (tabela 3) posiadatl znacznie mniej czgSci mineralnych niz ten wykorzystany
do oznaczenia zawartosci popiolu w nieprzetworzonym materiale. Aby unikng¢ takiej sytuacji
w przysztos$ci nalezatoby opracowac¢ lub zastosowaé procedury poboru i homogenizacji probek
materialow charakteryzujacych si¢ duza heterogenicznoscia. Przyktadem takiej procedury moze by¢
zwigkszenie masy i ilo$ci pobranych probek pierwotnych oraz i ich kilkukrotne mieszanie. Pomocne
bedzie takze zwigkszenie ilosci powtdrzen wykonywanych analiz [38].

Dla borowiny, papieru i PLA oznaczono zawartos¢ czesci lotnych oraz zawartosci wegla
zwigzanego. Najwigkszg zawarto$cig czgsci lotnych charakteryzowat si¢ PLA 100%, nastepnie
papier 88,2% 1 borowina 59,3%. Tym samym najmniejszg zawartoscig wegla zwigzanego
wynoszacg 0% zmierzono dla PLA, 8,7% dla papieru, oraz 26,3% dla borowiny (tabela 3). Wyniki

przedstawione w publikacjach [19,20] wskazuja, Ze niezaleznie od przetwarzanego materiatu
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(z wyltaczeniem PLA) wraz ze wzrostem temperatury i czasu trwania procesu w toryfikatach maleje
zawartos¢ czesci lotnych, a rosnie zawartos¢ wegla zwigzanego [19,20]. Jest to efekt pozadany,
poniewaz prowadzi do przyblizenia wlasciwosci paliwowych biomasy i odpadéw do wiasciwosci
wegla wykorzystywanego w energetyce, co utatwia ich wspotspalanie. Typowy wegiel energetyczny
posiada zawarto$¢ czesci lotnych w zakresie od 21% do 45% [39]. Podczas, gdy w biomasie czesci
lotne stanowig do 80% [40]. W przypadku toryfikatow o najwigkszym cieple spalania zestawionych
w tabeli 3, zawarto$¢ czesci lotnych wyniosta 44,6% w przypadku borowiny oraz 60,8%
w przypadku papieru. W zwigzku z czym toryfikat z borowiny osiggnal zblizone wiasciwosci
do wegli energetycznych, a papier powinien zosta¢ silniej odgazowany poprzez zwigkszenie
temperatury procesu albo wydluzenie czasu procesu. Substancjami, ktore w gtownej mierze sa
odpowiedzialne za wysoka zawarto$¢ czegsci lotnych w biomasie jak i badanym papierze jest
hemiceluloza oraz celuloza, ktére zawierajg odpowiednio 78.6% i 95.2% czesSci lotnych [41].
Badane materiaty, poza odchodami stonia oraz osadem $ciekowych charakteryzowaty sig¢
wysoka zawarto$ci materii organicznej oraz zawartosci czg¢sci palnych wynoszacych ponad 80%
(tabela 3). W przypadku odchodéw stonia i osadu S$ciekowego zawarto$¢ materii organicznej
wynosita odpowiednio 48,9% 1 61,9%, co wynikato bezposrednio z wysokiej zawartosci popiotu
w tych materiatach (tabela 3). Wyniki uzyskane w publikacjach [15,17-20] wykazaty, Zze wraz
Ze wzrostem temperatury procesu oraz wydtuzeniem czasu jej oddzialywania na materiat podczas
toryfikacji zachodzi zmniejszenie zawarto$ci materii organicznej 1 czesci palnych
w produkowanym toryfikacie. Podobnie jak w przypadku czeSci lotnych, podczas termicznej
dekompozycji dochodzi do rozktadu i odgazowania zwigzkdw organicznych, ktore takze stanowia
czegsci palne, skutkujac zmniejszeniem ich procentowych udziatow w toryfikatach. W przypadku
toryfikatow zestawionych w tabeli 3, najwickszy ubytek materii organicznej odnotowano dla
odchodow stonia, zmniejszenie udziatu materii organicznej o 17,3%, natomiast najmniejszy ubytek
materii organicznej wynoszacy 4,3% odnotowano dla osadu §ciekowego. Roznica w iloéci utracone;j
materii organicznej oraz cz¢sci palnych, zalezy od parametrow procesu w ktorych wyprodukowano
toryfikat oraz od wlasciwosci przetwarzanego materiatlu [15,17-20]. Materialy mniej trwate
termiczne (tatwiej ulegajace rozkladowi termicznemu), beda charakteryzowaty si¢ wiekszym
ubytkiem materii organicznej i czgéci palnych, niz materiaty o wigkszej trwatosci nawet jesli beda
przetwarzane w tych samych warunkach [15,17-20]. Ciekawym przypadkiem jest natomiast PLA
dla ktorego nie zaobserwowano zmian w zawarto$ci materii organicznej oraz czesci palnych (tabela
3) co wynika najprawdopodobniej z faktu, ze materiat ten w cato$ci sktada si¢ z materii organiczne;j

1jej ubytek nie powoduje zmniejszenia wzglednego udziatu materii organicznej i czgsci palnych.
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Najwazniejsza wlasciwos$cig paliwa jest jego cieplo spalania. Ciepto spalania wskazuje, ile
energii zostanie wydzielone podczas calkowitego i zupelnego spalenia suchego paliwa [42].
Z przebadanych materiatoéw, najwyzsza warto$¢ ciepla spalania posiadat PLA oraz borowina,
odpowiednio 19549 J-g* i 19013 J-g™t. Wzglednie wysoka warto$é ciepta spalania posiadato takze
drewno, poferment oraz papier, ktérych wartoéci wyniosty odpowiednio 18295 J-g%, 18087 J-g*!
i 17525 J-gl. Natomiast najnizsza warto$¢ posiadat osad $ciekowy oraz odchody stonia,
odpowiednio 14590 J-gti 11410 J-g* (tabele 3). Poza osadami $ciekowymi i odchodami stonia
przebadane materiaty wykazywaly zblizong warto$¢ energetyczng do biomasy odpadowej i roslin
energetycznych ~17500-18500 J-g* [43,44]. Dzicki zastosowaniu toryfikacji, udato sie zwigkszy¢
cieplo spalania badanych materialéw. Najwigckszy wzrost ciepta spalania wynoszacy 20,44%
odnotowano dla drewna odpadowego. Wysoki, lecz dwukrotnie mniejszy wzrost wynoszacy migdzy
11%, a 13% odnotowano dla pofermentu, borowiny odchodéw stonia oraz papieru. Natomiast
w przypadku osadéw $ciekowych oraz PLA wzrost ten wyniost niecate 2% (tabela 3). Pomimo
wzrostu ciepla spalania dla wigkszosci badanych materiatow, uzyskane wartosci nadal sg relatywnie
niskie w poréwnaniu do wegla wykorzystywane w energetyce ~27000 J-g* [45]. Materiat
po toryfikacji znacznie bardziej nadaje si¢ do wspodlspalania z weglem poniewaz, ma nizsza
wilgotno$¢, oraz jego rozdrobnienie wymaga mniejszych naktadow energii [46]. Ponadto toryfikat
posiada wicksze zageszczenie energii niz nieprzetworzony material, w zwigzku z powyzszym wigcej
energii w jednostce czasu moze by¢ dozowane do komory pieca [46]. Zwigkszenie ciepta spalania
oraz zmniejszenie objetosci toryfikatu jest uzyskiwane poprzez minimalizowanie stosunku tlenu
do wegla (O/C) oraz wodoru do wegla (H/C) na skutek odgazowania niskoenergetycznych czesci
lotnych i wody chemicznie zwigzanej zawartej w przetwarzanym materiale [47]. Ponadto relatywnie
niska temperatura procesu toryfikacji oraz niska warto$¢ szybko$ci ogrzewania pozwala unikngé
reakcji karbonizacji, maksymalizujac tym samym wydajno$¢ masowa [47]. Nie mniej jak wykazaty
przeprowadzone badania, kazdy material charakteryzuje si¢ odmiennymi parametrami
technologicznymi  w  ktorych uzyskuje najwigksze warto$ci ciepta spalania, natomiast
po przekroczeniu ktorych warto$ci te zaczynaja spada¢ [15,17-20]. Najprawdopodobniej,
poczatkowy wzrost wartosci ciepla spalania wraz ze wzrostem temperatury wynika z odgazowania
niskoenergetycznych substancji zawierajacych znaczace ilosci tlenu. Po przekroczeniu granicznej
warto$ci temperatury, odgazowaniu zaczynaja ulega¢ rowniez zwigzki zawierajace wigkszg wartosé
energetyczna np. wegiel elementarny w formie CO lub CO2. W nastepstwie skutkuje
to zmniejszeniem nominalnej ilo$ci materii palnej, a zwiekszeniem wzglednej ilosci popiotu

w toryfikacie.
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W tabeli 4 przedstawiono dane dotyczace parametrow kinetycznych toryfikacji badanych
materiatdw pochodzace z publikacji [16—-20]. W tabeli zestawiono parametry kinetyczne wykonane
w warunkach izotermicznych dla 5 z 7 badanych materialow. Dla PLA i papieru wyznaczono
parametry kinetyczne w warunkach nieizotermicznych. Z tego wzgledu, warto$ci parametrow
kinetycznych dla PLA 1 papieru nie zostaty ujete. Peten opis znajduje si¢ natomiast w publikacji
[20]. Zmiana metody wynikata z faktu, ze materiaty te byly badane jako ostatnie, i podczas analizy
PLA, uzywany sprz¢t okazato si¢ nieodpowiedni. Podczas pomiaru PLA ulegato uptynnieniu pod
wpltywem temperatury i wyciekalo z tygla pomiarowego ponizej strefy grzania. Tabela 4 zawiera
srednie wartosci statej szybkosci reakcji, dla modelu rownania reakcji pierwszego rzedu, energi¢
aktywacji oraz warto$¢ wspotczynnika przedwyktadniczego. Dokladne dane stalych szybkosci
reakcji dla poszczegolnych temperatur sg dostgpne w publikacjach [16—19]. Wyznaczone wartosci
energii aktywacji oraz wspotczynnik przedwyktadniczego mozna wykorzysta¢ do wyznaczenia
statej szybkosci reakcji dla dowolnej temperatury i tym samym zamodelowa¢ zmian¢ masy
materiatu w czasie znacznie dokladnie, niz mialo to miejsce z wykorzystaniem wyznaczonej
wydajnosci masowej (MY). MY pehi funkcje taczaca wartosci czasu, w ktorym materiat byt
ogrzewany do zadanej temperatury, czasu przebywania materialu w zadanej temperaturze
oraz czasu chtodzenia materiatu po procesie jako jedng warto$¢. W zwigzku z powyzszym moze
to powodowa¢ duze bledy przy stosowaniu modelu wyznaczonego np. na piecu muflowym
do instalacji przemystowej. Natomiast parametry kinetyczne mozna wykorzysta¢ do modelowania
ubytku masy dla dowolnych warto$ci temperatury 1 czasu oddzialywania temperatury na materiat.

Przyktad symulacji z wykorzystaniem parametrow przedstawiono w publikacjach [16,19].

Tabela 4. Zestawienie pordéwnawcze parametrow kinetycznych toryfikacji dla poszczegdlnych materiatow

Material k, st Ea, J-mol? A, st

Drewno odpadowe 3,90 x 10® 36440 1,53 x 101
Osad $ciekowy 1,93 x 107 46704 7,48 x 1071
Poferment 1,62 x 10 52227 1,94 x 10°
Borowina 2,23 x 107 22025 3,41 x 10°°
Odchody slonia 1,67 x 107 17725 9,60 x 10

PLA - - -

Papier - - -

Z kolei warto$ci Srednie statych szybkosci reakcji mozna wykorzysta¢é do poréwnania
trwatosci termicznej materiatow. Im wyzsza warto$¢ K, tym szybciej materiat ulega dekompozycji
lub wiekszy stopien odgazowania/konwersji zostanie osiggnigty w tych samych warunkach.
Z uzyskanych danych przedstawionych w tabeli 4 wynika, ze najtatwiej ulegajacym dekompozycji
jest drewno odpadowe 3,90 x 10 s, oraz borowina 2,23 x 10° s, Natomiast znacznie nizsze

wartosci posiadat poferment 1,62 x 107 oraz odchody stonia 1,67 x 107°. Na szybkos¢ rozktadu poza
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zawigzkami organicznymi wchodzacymi w sktad material, moze mie¢ wplyw takze zawarto$¢
popiotu. Badane materialty posiadaly znaczne wartosci popiotu 1 niejako wartos$¢
k maleje wraz ze wzrostem zawarto$ci popiotu w badanych materiatach (tabela 3 i 4). Wynika
to najprawdopodobniej z faktu, ze material zawierajagcy wigcej popiotu posiada mniej materii
organicznej, ktéra moze ulec dekompozycji pod wptywem temperatury. Wptywa to bezposrednio

na zmniejszenie utraty masy, ktora jest uzywana do oszacowania wartosci k [48,49].
5.1.2 Wplyw ciSnienia na wydajno$¢ procesu i wlasciwosci paliwowe

W tabeli 5 przedstawiono wiasciwosci procesu toryfikacji i wihasciwosci paliwowe
toryfikatow wytworzonych w reaktorze ciSnieniowym wraz z wartoscig maksymalnego nadcisnienia

uzyskanego w reaktorze. Proces prowadzono w temperaturze 300°C i trwat 60 min.

Tabela 5. Efektywnos¢ toryfikacji i wasciwosci paliwowe toryfikatow wyprodukowanych w reaktorze cisnieniowym w
temperaturze 300°C, przy czasie przetrzymania materialu w zadanej temperaturze wynoszacym 60 min i nadci$nieniu
<15 bar w przypadku procesu z zamknietym zaworem (Z) i nadcisnieniu 0 bar dla procesu z zaworem otwartym (O)

p, MY, EDr, EY, MC, VM, FC, AC, VS, CP, HHV,

Material Proces bar % _ % % % % % % % gt
0 0 33,8 1,5 55,4 3,5 30,9 66,3 2,8 96,5 97,2 30590

+1,3 +£00 +22 +01 =<£01 +01 +£01 £0,2 +£01 +£232
Drewno 36,0 1,6 57,2 3,2 245 728 2,8 96,5 97,2 31623

odpadowe z 10 +09 +00 +13 00 +11 11 401 +£00 +£0,1 =£59

Zm;/f)‘”a' - 67 32 34 69 -207 98 -25 00 01 34
o o 6L1 09 608 25 233 199 568 414 432 1333
+23 +00 +12 +00 +00 +08 +02 +01 =+£02 +216
Osad 7 o5 665 09 628 16 218 195 587 395 413 13780
Sciekowy ® £14 £00 17 01 04 05 03 £02 £03 220
Zmo'/f)‘”a' - 88 33 33 -350 -63 20 33 -46 -43 33
o o %1 12 587 49 283 470 247 733 753 22280
+20 +00 +26 +01 +01 +02 +03 +02 £03 +294
Poferment 7 o5 A6 13 627 44 260 508 232 748 768 23825
) +13 +00 +15 +00 +01 +03 +04 +04 =£04 +170
Zmo'/f)‘”a' - 30 73 69 -98 -82 81 -60 21 20 69
o o 692 11 703 57 363 436 202 759 798 21171
1,4 £00 19 01 04 203 07 £07 £07 +122
Borowina ;105 632 L1 715 39 308 474 218 743 782 2153
© +14 £00 20 +00 £06 +04 £03 03 £03 =190
Zmens. . 8g 18 17 317 151 89 79 21 20 17
o o 20 13 19 113 712 289 00 1000 1000 25002
+17 +£00 +21 +00 +£00 +00 +£00 £00 +00 +£592
15 17 25 16 537 425 38 960 962 32939
PLA Z 105 o2 100 £03 £00 £00 +00 =00 00 =00 =874
Zmiana,

% - -236 318 318 -863 -246 4772 - -4,0 -3,8 31,7

Pierwszy pomiar wykonano z zaworem otwartym, ktéry umozliwial wydostawanie si¢

powstajacego gazu z reaktora (O). Drugi pomiar wykonano przy szczelnie zamknigtym reaktorze,
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gdzie wzrost temperatury 1 powstajacy torgaz (wydzielajace si¢ czesci lotne) powodowaly wzrost
cisnienia (Z). Pierwszy pomiar byt pomiarem odniesienia dla pomiaru drugiego, wykonanego
w nadci$nieniu.

Dla kazdego z przebadanych materialow ciepto spalania bylo wicksze dla procesu
prowadzonego w nadci$nieniu, niz gdy nadcis$nienie nie bylo stosowane. Najwiekszy wzrost
wartos$ci ciepla spalania o ponad 31,7% odnotowano dla PLA, ktérego warto§¢ w procesie
w nadci$nieniu wzrosta az do 32939 J-gl. Warto$¢ ciepta spalania PLA bez nadcisnienia, takze byta
znacznie wyzsza niz w przypadku toryfikacji wykonanej w piecu muflowym wyznaczonym
w publikacji [20]. W przypadku pofermentu zastosowanie nadci$nienia spowodowato wzrost ciepta
spalania o0 6,9%, natomiast dla drewna i osadu $ciekowego wzrost o 3,4% i 3,3%. Najmniej podatna
na odzialywanie nadci$nienia okazata si¢ borowina, dla ktorej ciepto spalania wzrosto tylko 0 1,7%
(tabela 5). Podobnie jak w przypadku PLA widoczne sg znaczace roznice migdzy wartoscig ciepta
spalania dla toryfikatow wytworzonych bez nadci$nienia w piecu muflowym, a reaktorze
cisnieniowym. Toryfikaty o lepszych wlasciwosciach paliwowych powstawaty podczas
prowadzenia procesu w reaktorze cisnieniowym (tabela 3 i 5). Poza zwickszeniem wartosci ciepta
spalania, zastosowanie nadci$nienia w procesie toryfikacji doprowadzito do zmniejszenia
zawarto$ci czesci lotnych we wszystkich badanych materiatach w zakresie okoto 6-25%,
oraz zwigkszenia zawartosci wegla zwiazanego o okoto 8-9% z wylaczeniem osadu Sciekowego
oraz PLA (tabela 5). Dla osadu sciekowego jako jedynego z badanych materiatdow wartos¢ wegla
zwigzanego obnizyta si¢ 0 2,0% w stosunku do procesu bez nadcis$nienia, natomiast dla PLA nastgpit
wzrost wegla zwigzanego o 47,2% (tabela 5). Najprawdopodobniej obnizenie zawartosci wegla
w przypadku osadu S$ciekowego wynikalo z niskiej homogeniczno$ci probek uzytych
do przeprowadzenia badan z otwartym i zamknietym zaworem. W przypadku PLA nalezy
zaznaczy¢, ze udalo si¢ zmierzy¢ wegiel zwigzany, takze dla pomiaru bez nadcisnienia, podczas gdy
w przypadku toryfikatu wykonanego w piecu muflowym badania wskazywaly brak zawartosci
wegla zwigzanego w toryfikacie (tabela 3). Sytuacja ta moze wynikaé z faktu, ze w przypadku
procesu w reaktorze ci$nieniowym, czesci lotne przetwarzanego PLA pozostawaly dhuzej
w komorze ulegajac reakcjg wtornym, w wyniku ktoérych powstal wegiel [50]. Natomiast
w przypadku pieca muflowego czgsci lotne byty wyplukiwane za pomoca gazu inertnego. Warto
podkresli¢, ze wydajnos¢ masowa PLA przetwarzanego w reaktorze wyniosta mniej niz 2% (tabela
5), podczas gdy w przypadku pieca muflowego az 92% [20]. Roznica ta moze wynika¢ takze
z teoretycznie wyzszej temperatury procesu. W przypadku reaktora ci$nieniowego temperatura

wewnatrz reaktora wynosita 300°C, natomiast $ciany zewnetrzne posiadaty temperature okoto
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400°C (rysunck 6). Efektem tych dziatan bylo oddzialtywanie na PLA temperatur z zakresu
300-400°C, czyli wyzszych niz w przypadku pieca muflowego.

Analiza wynikow wykazuje, ze dla wszystkich przebadanych materiatow, zastosowanie
nadcis$nienia spowodowalo zwigkszenie wspotczynnika zagegszczenia energii oraz zwigkszyto
wydajno$¢ energetyczng toryfikatu. W przypadku wydajnos$ci masowej zastosowanie nadcisnienia
doprowadzito do jej zmniejszenia w przypadku pofermentu i borowiny, podczas gdy dla pozostatych
materiatdw warto$¢ wydajnosci masowej wzrosta (tabela 5).

Gléwnym mechanizmem powodujagcym zwigkszenie zageszczenia energii w toryfikacie jest
zmniejszenie udzialu tlenu wzgledem zawartosci wegla. Przy czym wraz z usuwaniem tlenu
usuni¢ciu ulega takze cze$S¢ wegla w postaci torgazu zawierajacego CO, COz oraz innych
kondensujacych gazow ktore przyczyniajg si¢ takze do zmniejszenia wydajnosci energetycznej
procesu [51]. Z kolei proces prowadzony w nadcisnieniu powoduje uwiezienie powstajacych czesci
lotnych i zawartych w nich cigzszych molekut i smot w reaktorze. Co skutkuje ich czesciowym
zwegleniem i konwersjg w wegiel w formie statej, podnoszac wydajno$¢ masowsg i energetyczna
procesu jak rowniez zwigkszajac wartos$¢ ciepta spalania toryfikatu. Ponadto istnieje tez mozliwos¢,
ze ciezsze smoly uwigzione w reaktorze po jego wystudzeniu moga skropli¢ si¢ na powierzchni
toryfikatu zwigkszajac dodatkowo jego zageszczenie energii [52]. Dacreis i in. [53] prowadzac
toryfikacje¢ biomasy w nadci$nieniu dochodzacym do 50 bar zaobserwowat wzrost zawarto$ci wegla
w statej pozostatosci oraz zmniejszenie stosunku O/C, ktory spowodowat znaczacy wzrost ciepta
spalania biomasy o 40%. Podczas, gdy tradycyjna toryfikacja zwigkszyta ciepto spalania o 10%.
Za jedng z przyczyn takiego stanu rzeczy, podano przyspieszenie reakcji dekompozycji i reakcje
odtleniania biomasy na skutek zwigkszonego ci$nienia [54]. Do podobnych wnioskoéw doszedt Agar
I in. [55], ktorzy przeprowadzili toryfikacje drewna dla wartosci nadci$nienia od 1 do 21 bar,
wykazujac, ze szybkos¢ reakcji dekompozycji ro$nie wraz ze wzrostem ci$nienia. Ponadto materiat
poddany wyzszemu ci$nieniu, ale w krotszym czasie pomimo takiej samej wartosci wydajnosci
masowej posiadatl wicksza zawarto$¢ wegla, a tym samym wieksza wydajnos¢ energetyczng [55].
Najprawdopodobniej za zwigkszong zawarto$cig wegla w procesie z zastosowaniem nadci$nienia
odpowiadajg tak zwane reakcje wtorne, dotyczace uwigzionych czeséci lotnych i zawartych w nich
reaktywnych smoét. Wedlug modelu zaproponowanego przez Jones i in. [50] smoty zawarte
w cze$ciach lotnych mozna podzieli¢ na niereaktywne, pozostajace smotami bez wzgledu
na temperature, ci$nienie i czas przebywania w reaktorze, oraz smoty reaktywne. Smoty reaktywne
mogg, natomiast oddziatywaé¢ ze sobg powodujac reakcje egzogenne i endogenne oraz reakcje

prowadzace do wytworzenia wtdrnego wegla w postaci statej [50].
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Wyniki uzyskane w pracy doktorskiej pokrywajg si¢ z danymi z literatury i potwierdzaja
pozytywne oddzialywanie nadci$nienia na polepszenie wilasciwosci paliwowych toryfikatow
i ilosci produkowanego paliwa. Warto tu podkresli¢, ze nie tylko nadci$nienie, ale sama zmiana
reaktora z pieca muflowego na reaktor ci$nieniowy znaczaco podniosta wlasciwosci paliwowe
toryfikatow co nasuwa pytanie odnosnie optymalizacji toryfikacji i bezposredniego poréwnywania
wynikow badan opracowanych przez réznych autorow. Podczas toryfikacji w piecu muflowym
torgaz byt wyptukiwany przez dozowany gaz inertny. Natomiast w reaktorze ci$nieniowym przy
otwartym zaworze, torgaz swobodnie opuszczal komore pod wptywem konwekcji. Ponadto oba
urzadzenia roznily si¢ takze szybkoscig ogrzewania wsadu oraz czasem jego chlodzenia, co jest
zwigzane z efektem skali (reaktor ci$nieniowy byl wigkszy). W zwiazku z czym przyszie badania
powinny uwzgledniac takze te parametry oraz czas przebywania cze¢sci lotnych w komorze reaktora,

poniewaz temperatura i czas toryfikacji moze nie by¢ wystarczajacy do poprawnego opisu procesu.
5.2 Energochlonno$¢ procesu toryfikacji

Szczegotowe wyniki dotyczace wptywu zadanej temperatury oraz czasu jej odzialywania
na energochlonno$¢ procesu oraz ich dyskusja zostaly zawarte w publikacjach [17-20].
W niniejszej rozprawie w sposob syntetyczny i poréwnawczy zestawiono uzyskane wyniki
charakteryzujace warianty o najwyzszej i najnizszej energochtonnosci w zastawieniu z wariantami,
w ktorych uzyskano toryfikaty o najlepszych wiasciwosciach paliwowych w odniesieniu do kazdego
testowanego materiatu. W podrozdziale 5.2.1 przedstawiono wyniki dotyczace wptywu temperatury
i czasu trwania procesu na ilo$¢ energii zuzytej na przetworzenie suchego materiatu. Na podstawie
wykonanych bilansow masy i energii, wykonano symulacj¢ zuzycia energii na proces toryfikacji
z uwzglednieniem pierwotnej wilgotnosci materiatu. W podrozdziale 5.2.2 przedstawiono wplyw
nadci$nienia na energochtonnos¢, natomiast w podrozdziale 5.2.3 przedstawiono wyniki dotyczace

wplywu trwalo$ci termicznej przetwarzanego materialu na energochtonnos¢ procesu.
5.2.1 Wplyw temperatury i czasu na energochlonno$é procesu — bilans masy i energii

Wszystkie wyniki dotyczace wplywu zadanej temperatury oraz czasu trwania procesu
na energochlonno$¢ oraz ich dyskusja zostaly zawarte w publikacjach [17-20]. W tabeli
6 zestawiono natomiast parametry technologiczne, dla ktorych uzyskano najnizsza i najwyzsza
energochtonnos$¢ procesu oraz te, w ktorych toryfikat charakteryzowat si¢ najwyzsza wartoscia
ciepla spalania. Warto$ci wyznaczone w bilansie odnosza si¢ do sytuacji teoretycznej, w ktorej
proces przebiega bez strat energii, a material poddany procesowi nie zawiera w sobie wilgoci.

Zatozono, ze proces toryfikacji moze by¢ samowystarczalny energetycznie, gdy ilo$¢ energii
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w wyprodukowanym torgazie jest wigksza niz ilo$¢ energii potrzebnej do wyprodukowania
toryfikatu. Wyniki z publikacji wykazaty, ze proces toryfikacji moze by¢ samowystarczalny dla
drewna, osadu scieckowego, pofermentu oraz papieru bez wzgledu na warunki [18-20]. Natomiast
dla borowiny i odchodéw stonia, proces moze by¢ samowystarczalny energetycznie w przypadku
temperatur wiekszych niz 220°C i 240°C [17,19]. Przy czym w przypadku odchodéw stonia
najlepszy toryfikat mozna wytworzy¢é w 200°C (tabela 3) co powoduje, ze ilos¢ torgazu bedzie

niewystarczajaca do produkcji toryfikatu o najlepszej jakosci.
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Tabela 6. Zestawienie bilansu masy i energii dla skrajnych wartosci

. Energia Energia
Masa Energia zawarta . i o
Warunki  material W materiale zewnetrzna  Energia Masa gazu zawarta w Ilo$¢ energii
. ‘7 areriat potrzebna  zawarta wytworzonego gazie zuzytej na
Material Energochlonnos¢ procesu, uzyta do wykorzystanym o .
o X .. - do wlg przy produkcji ~ wytworzonym  wyprodukowanie
C/min  produkcji  do produkcjilg Keii Keii
19 CSF. g CSE J produkcjil  CSF,J g CSF, g przy produkcji 1JCSF,J
' ' g CSF, J 1gCSF,J
Najmniejsza 200/20 1,042 19068 142 18551 0,042 654 0,008
Drewno odpadowe Najwicksza 300/60 1,831 33493 1058 22002 0,831 12069 0,048
Najwyzsze HHV 300/40 1,829 33454 1057 22034 0,829 11998 0,048
Najmniejsza 200/20 1,04 15167 467 14854 0,04 762 0,031
Osad $ciekowy Najwicksza 280/60 1,377 20090 844 11884 0,377 8819 0,071
Najwyzsze HHV 200/20 1,04 15167 467 14854 0,04 762 0,031
Najmniejsza 200/40 1,022 18482 389 18211 0,022 652 0,021
Poferment Najwicksza 280/40 2,323 42010 1138 18515 1,323 23985 0,061
Najwyzsze HHV 280/20 1,686 30495 826 20215 0,686 10770 0,041
Najmniejsza 200/40 1,027 19533 184 19941 0,027 -229 0,009
Borowina Najwieksza 300/60 1,446 27498 915 20873 0,446 7257 0,044
Najwyzsze HHV 280/40 1,252 23809 620 21324 0,252 2980 0,029
Najmniejsza 200/60 1,046 11936 364 13003 0,046 -718 0,028
Odchody stonia Najwigksza 300/60 1,879 21444 885 8661 0,879 13255 0,102
Najwyzsze HHV 200/60 1,046 11936 364 13003 0,046 -718 0,028
Najmniejsza 220/40 1,004 19505 134 19799 0,004 -161 0,007
PLA Najwicksza 300/60 1,227 23833 562 19571 0,227 4719 0,029
Najwyzsze HHV 220/40 1,004 19505 134 19799 0,004 -161 0,007
Najmniejsza 200/20 1,054 18475 346 17889 0,054 914 0,019
Papier Najwicksza 300/60 2,485 43551 2336 19346 1,485 25144 0,121
Najwyzsze HHV 300/40 2,357 41303 2216 19520 1,357 22722 0,114
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Na podstawie wykonanych badan i1 przeprowadzonych obliczen okreslono, ze kazdy
z przebadanych materiatow posiada odmienne warunki procesu zapewniajace najwyzszg mozliwa
wartos$¢ ciepta spalania oraz mozliwie najmniejsze zuzycie energii (tabela 6). W przypadku drewna,
osadu $ciekowego oraz papieru, najnizszg energochtonnos¢ uzyskano dla 200°C i1 20 min, podczas
gdy dla pozostatych materiatow byto to 220°C i 40-60 min oraz 220 °C i 40 min dla PLA (tabela 6).
Oczywiste jest, ze najnizsze warto$ci energochtonnosci zostang uzyskane dla najnizszych wartosci
temperatury i najkrotszych czasOw procesu, poniewaz mniej energii jest potrzebne na ogrzanie
materialu do zadanej temperatury. W przypadku borowiny, odchodow stonia oraz PLA, dla
parametrow technologicznych o najmniejszej energochtonnosci wyliczone wartosci energii zawartej
w torgazie okazaly si¢ by¢ ujemne, co fizycznie nie jest mozliwe. Warto$ci te wynikaja
najprawdopodobniej z przyjetego 1 uproszczonego sposoby wyznaczania energii zawartej
w torgazie.

Najwicksze zuzycie energii odnotowano natomiast dla najwyzszej temperatury
1 najdluzszych czaséw trwania procesu wynoszacych od 280°C do 300°C i 60 min (tabela 6).
Podobnie jak w przypadku najmniejszej energochtonnos$ci, najwigkszg energochtonno$¢ powinna
by¢ uzyskana dla procesoOw o najwyzszych temperaturach. W tych procesach najwigcej energii
jest zuzywane na podgrzanie materialu do zadanej temperatury (konieczno$¢ podgrzania materiatu
do wyzszej temperatury, oraz konieczno$¢ podgrzania wigkszej iloSci materialu ze wzgledu
na wigksze odgazowanie). Z drugiej strony powyzej 200°C moze dochodzi¢ do reakcje
endotermicznych i egzotermicznych [56]. W procesach endotermicznych, nalezy dostarczy¢ wigcej
energii, aby reakcja zaszta. Natomiast w przypadku reakcji egzotermicznych, po zaj$ciu reakcji
zostaje wyzwolona energia, ktora moze dodatkowo podnies¢ temperaturg zmniejszajac ilos¢ energii
potrzebnej do podgrzania materiatu [56]. W zwiazku z czym wystapienie reakcji egzotermicznych
moze spowodowac¢ zmniejszenie energochtonnosci w przypadku zastosowania wyzszej temperatury
procesu.

Poza najmniejsza 1 najwigksza energochlonno$cia procesu, w tabeli 6 zestawiono wartosci
energochtonnosci dla warunkéw, w ktorych toryfikaty posiadaly najwieksze wartosci ciepta
spalania. Ponadto dodano kolumn¢ z przeliczeniem ilosci dzuli zuzytych na wyprodukowanie
jednego dzula energii zawartego w toryfikacie. Na podstawie analizy danych wynika, ze wraz
ze wzrostem temperatury procesu ro$nie takze ilo$¢ energii jaka trzeba zuzy¢ aby wyprodukowaé
1 J energii w toryfikacie (tabela 6).

Jak wspomniano wczeséniej, na podstawie wykonanych badan i przeprowadzonych obliczen,

[15,17-20] kazdy z przebadanych materialow posiada odmienne warunki procesu zapewniajace
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najwyzszg mozliwg warto$¢ ciepta spalania oraz mozliwie najmniejsze zuzycie energii.
Dla materiatow takich jak drewno, osad $ciekowy, poferment oraz papier proces toryfikacji moze
by¢ samowystarczalny energetycznie, bez wzgledu na warunki. Dla borowiny i odchodow stonia,
proces moze by¢ samowystarczalny energetycznie w przypadku temperatur wigkszych niz 220°C
1240°C [15,17-20]. Przy czym w przypadku odchod6w stonia najlepszy toryfikat mozna wytworzy¢
w 200°C co powoduje, ze ilos¢ torgazu bedzie niewystarczajaca do produkcji toryfikatu o najlepsze;j
jako$ci. Oczywiscie brakujaca ilo$¢ energii mozna pozyska¢ poprzez spalenie czesc
nieprzetworzonego materiatu, albo juz wyprodukowanego toryfikatu. Jednak prowadzi¢ to bedzie
do mniejszej wydajnosci energetycznej procesu. W przypadku PLA nie ma znaczenia ilo$¢ zuzytej
energii na proces, poniewaz toryfikacja nie prowadzi do poprawy zmian wiasciwosci paliwowych.
Natomiast w przypadku zastosowania reaktora cisnieniowego zanotowano znaczacy wzrost ciepta
spalania, nie mniej wydajno$¢ masowa jak 1 wydajnos$¢ energetyczna zmalal do wartosci ponizej
2,5% (tabela 5) w zwiazku z czym przetwarzanie PLA za pomoca toryfikacji nadal wydaje si¢ by¢
nieodpowiednie.

Dane przedstawione w publikacjach [17-20] i tabeli 6 dotycza suchego materiatu. Wyniki
wskazuja, ze badane materiaty nieznacznie r6znig si¢ ilo$cig energii, ktora trzeba do nich dostarczy¢,
aby podgrzac je do zadanej temperatury. Wartosci te znajduja si¢ w zakresie od 86 J dla PLA podczas
toryfikacji w 200°C do 940 J podczas toryfikacji papieru w 300°C [20]. Wartos$ci te pokrywaja si¢
czesciowo z danymi entalpi dla procesu toryfikacji jakie mozna znalez¢ w literaturze. Wartos$ci
te w zaleznos$ci od rodzaju przetwarzanego materiatu, temperatury procesu i Sposobu pomiaru
przyjmuja wartoéci od -200 J-g* do +1350 J-g?, gdzie (-) oznacza reakcje egzotermiczne, a (+)
reakcje endotermiczne [57]. W zwigzku z powyzszym ilo$¢ energii potrzebna na podgrzanie suchego
materiatu jest relatywnie niska w poréwnaniu do ilosci energii potrzebnej do odparowania wody
zawartej w materiale. Teoretyczna minimalna ilo$¢ energii potrzebna do odparowania 1 g wody
wynosi 2257 J (ciepto parowania wody w 100°C). Przy czym rzeczywisty proces suszenia wymaga
zazwyczaj o 1,5 razy energii wiecej [58], co wynika mig¢dzy innymi z zapotrzebowania
na dodatkowa energie potrzebna do zerwania wigzan i uwolnienia wilgoci zwigzanej, wyrownania
strat ciepta i pokonania oporow przenikania ciepta. W zwigzku z czym dla suszenia konwekcyjnego,
mozna przyjaé zapotrzebowanie energetyczne na poziomie 3500 J na 1 g odparowanej wody. Przy
czym zawansowane sposoby suszenia, odzyskujace ukryte ciepto parowania za pomoca pompy
ciepta moga zmniejszy¢ to zapotrzebowanie nawet do 1000 J-g* [58].

Na rysunku 5 przedstawiono wyniki uproszczonej symulacji ilo§ci energii potrzebnej

na wykonanie toryfikacji materialu znajdujacego si¢ w stanie roboczym (zawierajacego wilgotnosé

43



W momencie pozyskania materiatu) wzgledem energii zawartej w torgazie. W symulacji zatozono,
ze do odparowania 1 g wilgoci nalezy doprowadzi¢ 2593 J energii (co wynika z potrzeby ogrzania
wody z temperatury otoczenia (20°C) do 100°C i nastgpnie jej odparowania). Wilgotnosc¢

poczatkowg materialow przedstawiono na rysunku 5 h.

a) drewno odpadowe b) osad $ciekowy
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g) Papier h) wilgotno$¢ materiatow
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Rysunek 7. Srednia warto$¢ energii potrzebnej do wyprodukowania 1 g toryfikatu z mokrego materialu w zalezno$ci
od temperatury procesu, a) drewno odpadowe, b) osady Sciekowe, ¢) poferment, d) borowina, e) odchody stonia, f) PLA,
g) papier, h) wilgotno$¢ materiatow

Wykresy przedstawiajg usredniong ilo$¢ energii zawartej w torgazie (na podstawie danych
z publikacji [17-20] i ilos¢ energii potrzebnej na proces toryfikacji (odparowanie wilgoci wraz
z ogrzaniem mokrego materiatu (wody i suchej masy) do zadanej temperatury) podczas produkcji
1 g toryfikatu. Symulacja nie uwzglednia sprawnosci suszenia oraz dodatkowych naktadéw energii
na prac¢ urzadzen suszarniczych. Wyniki symulacji wskazuja, ze materialy jak osad Sciekowy,
poferment i borowina ze wzgledu na wysoka poczatkowa wilgotno$¢ nie moga by¢ procesami
samowystarczalnymi energetycznie bez wzgledu na zastosowane parametry technologiczne.
Natomiast drewno odpadowe, odchody stonia oraz papier, ze wzgledu na wzglednie niska zawarto$¢
wilgoci oraz wystarczajacg ilo§¢ wydzielanych czgsci lotnych i zawartej w nich energii chemicznej
mogg by¢ samowystarczalne w pewnych temperaturach. W przypadku drewna jest to temperatura
>240°C, dla odchodow stonia >263°C, a w przypadku papieru >200°C. Oznacza to, ze z drewna jak
1 papieru mozna wyprodukowac toryfikat o najlepszych wiasciwosciach paliwowych (tabela 3) bez
naktadow dodatkowej energii, podczas gdy nie jest to mozliwe w przypadku odchodow stonia, dla
ktorego najwyzszg warto$¢ ciepta spalania osiggni¢to w 200°C (tabela 3). Tlo§¢ energii zawartej
w torgazie wystarczy na przeprowadzenie procesu zalezy przede wszystkim od poczatkowej
wilgotnosci przetwarzanego materiatu oraz ilosci i1 kalorycznosci wydzielonego torgazu [59].
Przedstawione obliczenia dotycza procesu toryfikacji przeprowadzonej z sprawnoscia 100% w piecu
muflowym, w zwigzku z czym nalezy mie¢ na uwadze, ze obliczone warto$ci energii zawartej
w torgazie mogg nie by¢ wystarczajgce na zapewnienie samowystarczalno$ci energetycznej procesu

w petnoskalowych warunkach rzeczywistych.

45



5.2.2 Wplyw ciSnienia na energochlonnos$¢ procesu toryfikacji

W tabeli 7 przedstawiono wyniki zuzycia energii z badan przeprowadzonych w reaktorze
cisnieniowym (WUELS, RBMT2020-1.1, Wroctaw, Polska). [1o$¢ energii zuzytej na proces zostata
przeliczona na ilo$¢ energii zuzytej do przetworzenia 1 g materialu umieszczonego w reaktorze,
a naste¢pnie przeliczona na ilo$¢ energii zuzytej na wyprodukowanie 1 g toryfikatu oraz ilos¢ energii
zuzytej na wyprodukowanie 1 J energii toryfikatu. Mimo, Ze reaktor byl ogrzewany energia
elektryczng, aby zachowa¢ zgodnos$¢ z poprzednia czeScig pracy, zuzycie energii zostato podane

w dzulach, a nie w Wh.

Tabela 7. Tlo$¢ energii zuzytej na proces toryfikacji przeprowadzonej w reaktorze cisnieniowym w temperaturze 300°C,
przy czasie przetrzymania materialu w zadanej temperaturze wynoszacym 60 min i nadci$nieniu dochodzacym
do 15 bar w przypadku procesu z zamknigtym zaworem (Z) i nadci$nieniu 0 bar dla procesu z zaworem otwartym (O)

Ilo$¢ energii

Masa N Ilo$é energii  Tlo$¢ energii
. £z . zuzytej na e . L.
materialu Ilos¢ energii . zuzytej na zuzytej na
. : D przetworzeni
Material Proces umieszczona zuzytej na el wyprodukow  wyprodukow
w reaktorze, proces, J g anie1g CSF, anielJCSF,
materiahu, It J
g J_g-l g
O 174 8 199 000 47 160 139 680 4,6
Drewno z 180 8 372 160 46 800 129 240 41
odpadowe
Zmiana, % 3,2 2,1 -0,8 -7,5 -10,5
O 230 8 547 480 37080 60 840 4,6
 Osad z 231 8 375 040 36 360 54 720 40
Sciekowy
Zmiana, % 0,6 -2,0 -1,9 -10,1 -13,0
o] 205 8 139 600 39 600 81 000 3,6
Poferment 4 213 8 310 960 39240 82 080 34
Zmiana, % 3,9 2,1 -0,9 1,3 -5,2
o] 278 8 337 240 29 880 43 200 2,0
Borowina 4 467 8 844 840 19 080 29 880 1,4
Zmiana, % 67,6 6,1 -36,1 -30,8 -32,0
0] 170 8 287 560 48 960 2 511 360 100,4
PLA 4 161 8 547 120 53280 3576 240 108,6
Zmiana, % -5,4 31 8,8 42,4 8,1

Do reaktora umieszczano probki o masie od 160,5 g do 466,7 g. Masa probki umieszczone;j
w reaktorze wynikala z jej gestoSci nasypowej oraz spodziewanego stopnia odgazowania.
Najwigksza dysproporcje w masie probki zastosowano dla borowiny, gdzie w przypadku procesu
w nadci$nieniu zastosowano prawie dwukrotno$¢ masy zastosowanej dla procesu z zaworem
otwartym. Dla pozostalych materiatlow réznice w masie byly znacznie mniejsze co wynikato
z faktu, ze stopien odgazowania tych materiatow byt wystarczajacy do poniesienia cisnienia

w komorze reaktora do wartosci okoto 10 bar. Poniewaz reaktor miat pojemno$é catkowitg 22 dm?,
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natomiast ilo$¢ badanego materialu stanowita okoto 0,5 dm?, znaczaca ilo$é dostarczanej energii
byla wykorzystywana na podgrzanie elementdéw reaktora, oraz na pokrywanie strat ciepta
wynikajacych z niedoskonatej izolacji. W zwigzku z czym, uzyskanych danych nie mozna
porownywac i odnosi¢ do wynikow z pieca muflowego, ktore dotyczyly wytacznie przetwarzanego
materialu w warunkach 100% sprawnosci procesu. Dla wykorzystanego reaktora ilos¢ energii
zuzytej do przetworzenia 1 g toryfikatu oraz ilo$¢ energii zuzytej do wyprodukowania 1 g toryfikatu
zalezata od poczatkowej ilosci wsadu co przedstawiono na rysunku 6. W zawigzku z czym
przeprowadzone badanie nie moze jednoznacznie wskaza¢, czy nadci$nienie spowodowato

zmniejszeniem zapotrzebowania energetycznego na proces.
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Rysunek 8. Wptyw masy poczatkowej umieszczonej w reaktorze cisnieniowym na a) energie zuzyta do przetworzenia
1 g materiatu, b) energi¢ zuzyta do wyprodukowania 1 g toryfikatu

Dla wszystkich materialow poza PLA, ilo$¢ energii zuzytej na przetworzenie 1 g materiatu
byla nizsza w przypadku procesu prowadzonego w nadci$nieniu, z drugiej jednak strony
W przeliczeniu na ilo$¢ energii zuzyte] na wyprodukowanie 1 g toryfikatu, juz tylko 3 z 6
przebadanych materialéw charakteryzowaly si¢ nizszym zuzyciem energii poprzez zastosowanie
nadcis$nienia. Byly to drewno odpadowe, osad S$cieckowy oraz borowina (tabela 7). Z kolei
w przeliczeniu na ilo$¢ energii wykorzystanej na wyprodukowanie 1 J energii w toryfikacie dla
drewna odpadowego, osadu $ciekowego, pofermentu i borowiny zaobserwowano zmniejszenie
zapotrzebowania na energi¢ odpowiednio o 10,5%, 13,0%, 5,2% oraz 32,0% w przypadku
zastosowania nadci$nienia. Jedynie dla PLA nadcisnienie spowodowato wzrost energii potrzebnej
do wyprodukowania 1 J energii toryfikatu o 8,1% (tabela 7). W zwiazku z czym zebrane dane nie
okreslaja jednoznacznie czy zastosowanie nadci$nienia zmniejsza ilo$¢ energii potrzebnej
do procesu toryfikacji. Z kolei badania wstepne przeprowadzone na reaktorze [14], przed jego

modernizacja wykorzystang w niniejszej pracy doktorskiej wykazaty, ze prowadzenie procesu
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w nadcisnieniu zmniejszyto ilo$¢ zuzycia energii elektrycznej $rednio 0 6% [14]. Jak wynika
z danych przedstawionych w tabeli 7 i rysunku 7 na koncowy wynik zuzycia energii wptywa rodzaj
1ilo$ci przetwarzanego materiatu. Z tego wzgledu warto by bylo przeprowadzi¢ dodatkowe badania
na reaktorze przy wigkszej ilosci wsadu w oraz w klimatyzowanym pomieszczeniu, ktoére

wyeliminuje mozliwos$¢ utraty ciepta z otoczeniem na skutek niedostatecznie doskonalej izolacji

reaktora.
5.2.3 Trwalo$ci termiczna materialu

Jedng z hipotez postawionych w pracy byto stwierdzenie, ze toryfikacja materiatu
o wigkszej trwatosci termicznej charakteryzuje si¢ wyzszym zapotrzebowaniem na energie.
W zwigzku z czym na rysunku 8 zestawiono ze soba wyniki z analizy DSC (zuzycie energii
potrzebnej do podgrzania materialu do zadanej temperatury) z wynikami z analizy TGA (stala
szybkosci reakcji/rozktadu). Jako trwalo$¢ termiczng w pracy uznano szybko$¢ rozktadu materiatu
pod wptywem oddziatywania temperatury opisanej warto$cig wspotczynnika k wyznaczonego dla
roOwnania reakcji pierwszego rzgdu. Wybrano reakcje réwnania pierwszego rzedu, poniewaz,
zatozenie to jest czesto wykorzystywane podczas okre§lania parametrow kinetycznych dla reakcji
termicznego rozktadu [60]. Dane przedstawione na wykresie pochodza z publikacji [16-19].
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Rysunek 9. Zaleznoé¢ migdzy stata szybkosci reakcji rozktadu a iloscig energii zuzytej do wyprodukowania 1 g

toryfikatu. Liniami trendu zaznaczono pomiary wykonane dla réznych materialdow wykonane w tych samych
temperaturach.

Z danych przedstawionych na wykresie wynika, ze kazdy z badanych materiatow

charakteryzuje si¢ odmiennymi wlasciwosciami trwato$ci termicznej (K) oraz, ze wraz z wzrostem
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temperatury rosnie warto$¢ wspotczynnika k. W zakresie temperatur 200-220°C, najmniejszg statg
szybkoéci reakcji wynoszaca ponizej 1 x 10° st wyznaczono dla osadu $ciekowego
oraz pofermentu. Natomiast najwickszg warto$¢ k wynoszaca ponad 7 x 10 s wyznaczono dla
drewna przetwarzanego w temperaturach 300°C. Im wigksza warto$¢ k tym wigksza szybkosc¢
dekompozycji materiatu pod wptywem danej temperatury. Liniami zaznaczono zmierzone wartosci
k dla poszczegolnych temperatur (200-300°C). Z wykresu wynika, ze wraz ze wzrostem temperatury
procesu linie zaczynaja stawac si¢ rownolegle wzgledem osi x, co moze sugerowaé, ze dla procesu
prowadzonego w 280°C 1 300°C state szybkos$ci nie majg wptywu na ilo$¢ energii zuzywanej na
proces. W temperaturach ponizej 280°C zmierzone wartosci k dla poszczegolnych materiatow
uktadajg si¢ sko$nie wskazujac, ze materiaty z wigksza wartoscia k potrzebuja mniejszg ilo$¢ energii
do procesu (w odniesieniu do tych samych temperatur). Kazdy z materialow charakteryzuje si¢
odmienng charakterystyka zuzycia energii wzglgdem trwatosci termicznej oraz trendem wzrostu
wartosci k pod wplywem temperatury. Pomimo tego, ze dla kazdego materiatu ilo$¢ potrzebne;j
energii rosnie wraz ze wzrostem temperatury, to state k dla materiatow jak odchody stonia oraz
drewna majg trend wzrostu wykltadniczego, podczas gdy pozostate charakteryzuje wzrostu
logarytmiczny. Na podstawie danych przedstawionych na wykresie mozna stwierdzié¢, ze trwato$¢
termiczna moze mie¢ wptyw na zuzycie energii w zakresie od 200°C do 260°C, gdyz linie
temperatury ukazuja zmniejszanie si¢ ilosci energii wraz ze wzrostem wartosci k. Oznacza to, ze
w tych temperaturach materiaty tatwiej ulegajace dekompozycji potrzebuja mniej energii. Przyczyna
takiego stanu moze by¢ fakt, ze im wigksza czg$¢ materiatu zostanie odgazowana w nizszej
temperaturze, to zmniejsza si¢ masa probki, ktéra bedzie trzeba nastepnie podgrza¢ do wyzszej

temperatury.
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6 Wnhnioski i konkluzje

Postawiony problem badawczy pracy dotyczyt zbadania zasadno$ci stosowania toryfikacji
jako metody waloryzacji wybranych materiatow o niskich warto$ciach energetycznych.
W tym celu zaprojektowano badania, ktore okreslity wpltyw parametréw toryfikacji (temperatury,
Czasu trwania procesu, cisnienia) na zmiang¢ wlasciwos$ci paliwowych waloryzowanych materiatlow
oraz ilo$¢ energii zuzytej na proces.

Analiza wynikow przedstawionych w podrozdziale 5.1.1 wykazala, ze wraz ze wzrostem
temperatury i czasu trwania procesu polepszajg si¢ wlasciwosci paliwowe materiatow. Natomiast
zbyt wysoka temperatura, badz zbyt dtugi czas przebywania materiatu w zadanej temperaturze moze
powodowaé pogorszenie si¢ wihasciwosci paliwowych 1 zmniejszenie ilosci produkowanego
toryfikatu. Na skutek zbyt duzej utraty atomow wegla wzgledem atomow tlenu i rosngcego udziatu
frakcji mineralnej. W zwigzku z czym hipotezy H1 — wzrost temperatury toryfikacji prowadzi
do polepszenia witasciwosci paliwowych przetwarzanego materiatu oraz H2 — Wydtuzenie procesu
toryfikacji prowadzi do polepszenia wiasciwosci paliwowych przetwarzanego materiatu
sg prawdziwe tylko dla pewnych zakresOw temperatur i czasow, ktore rdznig si¢ w zaleznosci
od przetwarzanego materiatu. Podsumowujac, dla przebadanych materiatow z wykluczeniem PLA,
wzrost temperatury i czasu trwania procesu powoduj¢ poprawe wlasciwosci energetycznych
toryfikatow

e dla drewna odpadowego do 300°C i 40 min o 20%;

e dla osadu $ciekowego do 200°C i 20 min o 2%;

e dla pofermentu z biogazowni do 280°C i 40 min 0 12%j;
e dla borowiny do 280°C i 40 min o 12%);

e dla papieru do 300°C i 40 min 0 11%.

W podrozdziale 5.1.2 przedstawiono wplyw zastosowania nadci$nienia na ilo$¢
i wlasciwosci paliwowe toryfikatow. Postawiona w pracy hipoteza H3 — Wzrost cisnienia procesu
toryfikacji prowadzi do polepszenia wilasciwosci paliwowych przetwarzanego materiatu okazala si¢
prawdziwa dla wszystkich badanych materiatow. W przypadku drewna odpadowego, osadu
sciekowego 1 borowiny, nadci$nienie pozytywnie wptyneto na zwigkszenie ciepta spalania od 1,7%
do 3,4%, dla pofermentu o 7% natomiast dla PLA az o 31,7%. Wzrost ciepta spalania podczas
zastosowania nadci$nienia wynikal bezposrednio ze zwigkszenia udzialu wegla zwigzanego
w stosunku do udziatu czgsci lotnych. Najprawdopodobniej poprzez uwigzienie czeSci lotnych
I substancji smolistych w reaktorze. Zawarte w nich smoty reaktywne pod wplywem cisnienia

I temperatury zostaly przekonwertowane do wegla zwigzanego. Natomiast smoty niereaktywne
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po ostudzeniu reaktora i skondensowaniu, pokryty dodatkowo wierzchnig warstwe toryfikatu
zwickszajac dodatkowo udziat wegla podnoszac jego wartos¢ kaloryczna.

W podrozdziale 5.2.1 przedstawiono wyniki dotyczace wplywy temperatury procesu
1 czasu przebywania materiatu w zadanej temperaturze na ilo$¢ energii zuzytej do przeprowadzenia
toryfikacji. Najpierw dla suchego materiatu, nastepnie dodatkowo dla materiatu w stanie roboczym
w celu odpowiedzenia na problem badawczy. Wyniki z obliczen wykazaty, ze kazdy z badanych
materialdw bedac w stanie suchym moze wytworzy¢ tyle torgazu, ktory bedzie posiadat
wystarczajgcg ilos¢ energii na podtrzymanie procesu. W przypadku odchodow stonia warunki,
w ktorych uzyskuje si¢ najlepszy toryfikat nie pozwalajg na samo podtrzymanie procesu poprzez
spalenie torgazu. Natomiast przetwarzanie PLA, w zadnym z rozwazanych przypadkow nie jest
uzasadnione ze wzgledu na brak zwigkszenia ciepta spalania toryfikatu. Ponadto po uwzglednieniu
wilgotno$ci materiatu, proces toryfikacji moze by¢ samowystarczalny tylko dla drewna odpadowego
w temperaturze wiekszej niz 240°C, dla odchodéw stonia powyzej 263°C 1 papieru powyzej 200°C.

W podrozdziale 5.2.2 przedstawiono wyniki dotyczace zuzycia energii na proces toryfikacji
w nadci$nieniu w celu stwierdzenia poprawnosci hipotezy H4 — Toryfikacja w nadcisnieniu skutkuje
zmniejszeniem zapotrzebowania energii na proces. Przeprowadzone badania nie pozwolily
jednoznacznie stwierdzi¢ prawidtowosci postawionej hipotezy. Hipoteza w domysle zaktadata,
ze skoro torgaz nie opuszcza komory reaktora to wraz z nim nie jest odprowadzane ciepto, wiec
mniej energii potrzeba, aby ogrza¢ materiat do wyzszej temperatury. W przeprowadzonych
badaniach relatywnie mata masa probki w stosunku do wielkosSci reaktora, a tym samym jego
pojemnosci cieplnej oraz strat ciepta na izolacji uniemozliwita uzyskanie jednoznacznych wynikow.
Z jednej strony dla wszystkich materiatow poza PLA, ilo$¢ energii zuzytej na przetworzenie
1 g materialu byla nizsza w przypadku procesu prowadzonego w nadci$nieniu, natomiast
po przeliczeniu na ilo$¢ energii zuzytej na wyprodukowanie 1 g toryfikatu, juz tylko
3 Z 6 przebadanych materiatow charakteryzowaty sie nizszym zuzyciem energii w przypadku
zastosowania nadcis$nienia.

W podrozdziale 5.2.3 przedstawiono wyniki dotyczace wplywu trwalosci termicznej
przetwarzanego materiatu na ilo§¢ energii zuzytej na proces W celu sprawdzenia poprawnosci
hipotezy H5 — Toryfikacja materiatu o wigkszej trwatosci termicznej charakteryzuje si¢ wyzszym
zapotrzebowaniem na energie. Hipoteza powstala z domystem, ze material trudniej ulegajacy
dekompozycji potrzebuje wiecej czasu 1 wyzszej temperatury procesu aby zostaé przetworzonym.
Przy czym zestawienie wynikow TGA 1 DSC badanych materiatow wykazato, ze trwalos¢ termiczna

materialu moze mie¢ wplyw na zuzycie energii w zakresie od 200°C do 260°C. Uzyskane wyniKki
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nie okreslity jednoznacznie zaleznos$ci miedzy trwatoscig termiczng, a zuzyciem energii, poniewaz
kazdy z materiatow charakteryzowal si¢ odmienng trwaloscig termiczng (k) w badanych
temperaturach.

Podsumowujac, wyniki z przeprowadzonych badan pozwolily na nieodrzucenie
3 z 5 postawionych hipotez, z czego 2 hipotezy (H1 i H2) zostaty przyjete tylko dla pewnych
zakresOw temperatury i czasu trwania procesu, natomiast 1 hipoteze (H3) przyjeto w catym zakresie
toryfikacji. Dla 2 hipotez (H4 i H5) nie udalo si¢ znalez¢ jednoznacznej odpowiedzi ze wzglgdu na
niewystarczajace dane. W zwigzku z czym konieczne jest zaprojektowanie dodatkowych badan
ktore to umozliwig . Uzyskane wyniki pozwolity natomiast na osiggni¢cie zaktadanego celu pracy,
czyli okreslenia wpltywu parametrow technologicznych toryfikacji odpadéw i biomasy (temperatury,
czasu i ci$nienia) na ilo$¢ produkowanego toryfikatu, jego wtasciwosci paliwowe oraz ilo$¢ energii
zuzytej na proces.

Po przeprowadzeniu badan i wykonaniu analizy uzyskanych rezultatéw wnioskowac nalezy,
ze zabrakto pewnych analiz, ktére umozliwityby lepsze zrozumienie zmian zachodzacych podczas
procesu toryfikacji badanych materialéw oraz ich wptywu na wiasciwosci paliwowe uzyskiwanych
toryfikatow. W celu lepszego wyjasnienia postawionych hipotez H1 i H2 proponuje si¢, aby
w przysztych badaniach uwzgledni¢ sktad elementarny przed i po procesie dla frakcji statej,
wyznaczy¢ zawarto$¢ sktadu chemicznego torgazu oraz wydzieli¢ 1 zbada¢ skiad frakcji ciekte;j.
Doktadna znajomo$¢ zmiany udziatu zwigzkow organicznych jak i pierwiastkow elementarnych
wyznaczona odrebnie dla wszystkich frakcji pozwolitaby na okre§lenie wptywu temperatury i czasu
na ich migracje W roznych produktach procesu toryfikacji. Ponadto znajomos¢ sktadu frakcji ptynne;j
bedacych zrodlem smot w procesie toryfikacji, umozliwitaby sprawdzenie czy to faktycznie smoty
miaty decydujacy wpltyw na zwigkszenie wydajnos$ci masowej 1 wartosci ciepta spalania podczas
procesu w nadci$nieniu (H3). Natomiast wykonanie sprzgzonych analiz TGA-DSC
chrakteryzujacych sktad chemiczny badanych materialdow oraz czystych substancji budujacych
poszczegdlne materiaty, pozwolityby na okreslenie ich trwatosci termicznej oraz ilo§¢ energii
potrzebnej na ich roztozenie. Dodatkowo pozwolitloby to takze na okreslenie zachodzacych
interakcji pomigedzy komponentami budujacymi poszczegdlne materiaty. Interakcje takie moga
powodowaé zwigkszenie badz zmniejszenie iloSci energii potrzebnej na przetworzenie danego

materialtu.
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Zalacznik z danymi nieopublikowanymi Z1

Temat: Wyniki z badan toryfikacji w nadcisnieniu

Opracowat: Kacper Swiechowski



1 Zawarto$¢ zalacznika

W zalaczniku przedstawiono wyniki z badan w formie tabelarycznej. Wyniki zawierajg
informacje o masie materialdbw poddanych analizie 1 iloSci wytworzonych toryfikatow,
wlasciwosciach paliwowych toryfikatow, zuzycie energii na proces toryfikacji oraz charakterystyki
zmiany parametrow technologicznych (temperatura ptaszcza grzewczego, temperatura wewnatrz

reaktora, ciSnienie wewnatrz reaktora) podczas procesu.

Spis tresci
1 Zawarto$C€ ZalgCznika.........coooiiiiiiiiiiiic e 2
2 WyniKi badan.......ccccooiiiiiiiiiiii 3



2 Wyniki badan

W tabeli Z1 i Z2 przedstawiono wyniki wygenerowane podczas procesu toryfikacji jak i na
podstawie przeprowadzonych analiz. Tabel Z1 zawiera wlasciwosci paliwowe toryfikatow,
natomiast tabela 2 zawiera informacje charakteryzujace proces toryfikacji. W tabelach Z3-Z12
przedstawiono natomiast wyniki z analizy wariancji sprawdzone testem post hoc Tukey (p<0,05).
Na czerwono zaznaczono warto$ci roznigce si¢ w sposob statystycznie istotny (p<0,05).
Charakterystyke (przebieg) zmiany temperatury wewnatrz reaktora, temperatury na plaszczu
grzewczym, oraz cisnienia W reaktorze dla poszczegdlnych procesow przedstawiono na rysunkach

Z1-75.

Tabela Z1. Wtasciwosci paliwowe wytworzonych toryfikatow, O — pomiar z zaworem otwartym, Z — pomiar z zaworami
zamknigtymi

Materiat Proces MC, % VM, % FC,% AC,% VS,% CP,% F;';\{
3,62 30,92 66,33 2,76 96,80 97,24 30328

0] 3,36 30,94 66,19 2,87 96,38 97,13 30952

Drewno 3,40 30,74 66,40 2,86 96,46 97,14 30578
odpadowe 3,23 24,95 72,16 2,89 96,53 97,11 31628
Z 3,17 2527 72,12 261 96,52 97,39 31593

3,26 2320 74,02 2,78 96,58 97,22 31542

2,43 2300 1998 57,02 4121 42,98 13055

0] 2,49 2250 20,69 56,82 41,38 43,18 13211

Osad 2,47 2433 19,01 56,66 41,49 43,34 13619
$ciekowy 1,64 22,21 19,22 5857 39,52 41,43 13786
Z 1,61 21,44 20,11 58,45 39,65 41,55 13788

1,54 21,80 19,18 59,02 39,24 40,98 13770

5,15 29,22 46,04 24,74 73,07 75,26 22049

] 5,12 29,10 4567 2524 72,62 74,76 22086

Poferment 5,04 29,12 4586 25,01 72,99 74,99 22767
4,39 25,86 50,42 23,73 74,38 76,27 23824

Z 4,48 26,04 5103 2293 74,86 77,07 23607

4,44 26,10 50,92 2298 75,10 77,02 23977

5,67 36,26 44,03 19,71 76,34 80,29 21171

@] 5,80 36,90 43,23 19,87 76,23 80,13 21293

Borowina 5,76 35,60 43,43 20,97 7513 79,03 21001
3,94 31,57 46,80 21,63 74,44 78,37 21334

Z 3,90 30,06 47,82 22,11 73,98 77,89 21846

3,93 30,67 47,71 2162 74,49 78,38 21448

11,32 71,21 2888 -0,10 100,00 100,00 25553

0] - - - - - - 24286

PLA - - - - - - 25674
1,55 5366 4250 3,84 95,99 96,16 31475

Y4 - - - - - - 33217

- - - - - - 33791




Tabela Z2. Efektywnos¢ procesu toryfikacji, O — pomiar z zaworem otwartym, Z — pomiar z zaworami zamknigtymi

Masa Zuzycie
Materiat Proces MY, % EDT, - EY, % urﬁzgezrcl;‘f)“na eleﬁ?r‘;rgz':]ej'
w reaktorze, g kKWh
33,50 1,52 51,05
34,91 1,56 54,29
0 35,30 1,54 54,24 174,0 2,2775
32,24 1,53 49,36
Drewno 32,89 1,54 50,60
odpadowe 36,39 1,59 57,83
36,43 1,59 57,84
z 37,02 1,58 58,67 179,6 2,3256
35,44 1,59 56,45
34,81 1,59 55,37
62,28 0,89 55,73
64,48 0,91 58,39
(0] 60,28 0,93 56,27 229,6 2,3743
59,04 0,91 54,00
Osad 59,41 0,92 54,75
scickowy 67,81 0,94 64,07
68,17 0,95 64,42
Z 65,57 0,94 61,88 230,9 2,3264
65,37 0,95 61,85
65,44 0,94 61,68
50,07 1,22 61,04
51,38 1,22 62,75
(0] 49,85 1,26 62,75 204,7 2,261
47,00 1,23 58,05
Poferment 46,75 1,23 57,28
49,10 1,32 64,68
48,92 1,31 63,84
Z 46,77 1,33 62,01 212,6 2,3086
46,94 1,33 62,30
46,47 1,31 60,92
70,63 1,11 78,64
71,06 1,12 79,58
(0] 67,72 1,10 74,80 278,4 2,3159
68,58 1,12 76,75
Borowina 68,59 1,11 76,15
64,56 1,12 72,44
64,99 1,15 74,67
Z 61,65 1,13 69,55 466,7 2,4569
62,51 1,13 70,73
62,52 1,13 70,81
1,99 1,32 2,61
4,98 1,25 6,23
(0] 0,93 1,32 1,23 169,6 2,3021
1,20 1,28 1,53
1,10 1,27 1,40
PLA 1,75 1,62 2,84
1,70 1,71 2,91
Z 1,25 1,74 2,17 160,5 2,3742
1,39 1,71 2,38

1,34 1,70 2,27




Tabela Z3. Wyniki testu post hoc Tukey dla zawartosci wilgotno$ci

Drewno odpadowe Osad $ciekowy Poferment Borowina
Test Tukey dla MC
] z 0] z @] z O z
Drewno O 0,008000 0,000175 0,000175 0,000175 0,000175 0,000175 0,000176
odpadowe z 0,008000 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
Osad 0] 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
sciekowy z 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
Poferment 0] 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
z 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
Borowina O 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
z 0,000176 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
Tabela Z4. Wyniki testu post hoc Tukey dla zawarto$ci czeséci lotnych
Test Tukey dla VM Drewno odpadowe Osad $ciekowy Poferment Borowina
0] Z 0 z O z @) z
Drewno 0] 0,000175 0,000175 0,000175 0,071215 0,000175 0,000175 0,999999
odpadowe z 0,000175 0,361719 0,002424 0,000175 0,136624 0,000175 0,000175
Osad 0] 0,000175 0,361719 0,169166 0,000175 0,001918 0,000175 0,000175
scickowy z 0,000175 0,002424 0,169166 0,000175 0,000180 0,000175 0,000175
Poferment ] 0,071215 0,000175 0,000175 0,000175 0,000533 0,000175 0,100293
z 0,000175 0,136624 0,001918 0,000180 0,000533 0,000175 0,000175
Borowina 0] 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
z 0,999999 0,000175 0,000175 0,000175 0,100293 0,000175 0,000175
Tabela Z5. Wyniki testu post hoc Tukey dla zawartosci wegla zwigzanego
Drewno odpadowe Osad $ciekowy Poferment Borowina
Test Tukey dla FC o Z o Z o Z o Z
Drewno O 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
odpadowe z 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
Osad O 0,000175 0,000175 0,990218 0,000175 0,000175 0,000175 0,000175
$ciekowy Z 0,000175 0,000175 0,990218 0,000175 0,000175 0,000175 0,000175
Poferment O 0,000175 0,000175 0,000175 0,000175 0,000175 0,004301 0,069894
z 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175 0,000228
Borowina @] 0,000175 0,000175 0,000175 0,000175 0,004301 0,000175 0,000180
z 0,000175 0,000175 0,000175 0,000175 0,069894 0,000228 0,000180
Tabela Z6. Wyniki testu post hoc Tukey dla zawartosci popiotu
Drewno odpadowe Osad $ciekowy Poferment Borowina
Test Tukey dla AC o 7 o 7 o 7 o 7
Drewno O 0,999996 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
odpadowe Z 0,999996 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
Osad O 0,000175 0,000175 0,000302 0,000175 0,000175 0,000175 0,000175
$ciekowy Z 0,000175 0,000175 0,000302 0,000175 0,000175 0,000175 0,000175
Poferment 0 0,000175 0,000175 0,000175 0,000175 0,000367 0,000175 0,000175
z 0,000175 0,000175 0,000175 0,000175 0,000367 0,000175 0,002453
Borowina O 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175 0,000840
z 0,000175 0,000175 0,000175 0,000175 0,000175 0,002453 0,000840




Tabela Z7. Wyniki testu post hoc Tukey dla zawarto$ci materii organicznej

Drewno odpadowe Osad $ciekowy Poferment Borowina
Test Tukey dla VS ) 7 o 7 o 7 o 7
Drewno O 1,000000 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
odpadowe z 1,000000 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
Osad 0 0,000175 0,000175 0,000206 0,000175 0,000175 0,000175 0,000175
$ciekowy Y 0,000175 0,000175 0,000206 0,000175 0,000175 0,000175 0,000175
Poferment o) 0,000175 0,000175 0,000175 0,000175 0,000207 0,000175 0,001420
z 0,000175 0,000175 0,000175 0,000175 0,000207 0,011083 0,623588
Borowina 0 0,000175 0,000175 0,000175 0,000175 0,000175 0,011083 0,000486
z 0,000175 0,000175 0,000175 0,000175 0,001420 0,623588 0,000486
Tabela Z8. Wyniki testu post hoc Tukey dla zawarto$ci cz¢$ci palnych
Drewno odpadowe Osad $ciekowy Poferment Borowina
Test Tukey dla CP o 7 0 7 o 7 o 7
Drewno 0 0,999996 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
odpadowe Z 0,999996 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
Osad 0] 0,000175 0,000175 0,000302 0,000175 0,000175 0,000175 0,000175
$ciekowy z 0,000175 0,000175 0,000302 0,000175 0,000175 0,000175 0,000175
Poferment 0 0,000175 0,000175 0,000175 0,000175 0,000367 0,000175 0,000175
z 0,000175 0,000175 0,000175 0,000175 0,000367 0,000175 0,002453
Borowina 0 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175 0,000840
z 0,000175 0,000175 0,000175 0,000175 0,000175 0,002453 0,000840
Tabela Z9. Wyniki testu post hoc Tukey dla ciepta spalania
Test Tukey dla Drewno odpadowe Osad $ciekowy Poferment Borowina
HHV 0 Z 0 Z 0 z @) z
Drewno O 0,003488 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
odpadowe z 0,003488 0,000175 0,000175 0,000175 0,000175 0,000175 0,000175
Osad 0 0,000175 0,000175 0,287412 0,000175 0,000175 0,000175 0,000175
$ciekowy Z 0,000175 0,000175 0,287412 0,000175 0,000175 0,000175 0,000175
Poferment 0 0,000175 0,000175 0,000175 0,000175 0,000189 0,000747 0,026338
z 0,000175 0,000175 0,000175 0,000175 0,000189 0,000175 0,000175
Borowina 0 0,000175 0,000175 0,000175 0,000175 0,000747 0,000175 0,543452
z 0,000175 0,000175 0,000175 0,000175 0,026338 0,000175 0,543452




Tabela Z10. Wyniki testu post hoc Tukey dla wydajnos$ci masowe;j toryfikacji

Drewno

T?jsit T|\>|“\<(ey odpadowe Osad sciekowy Poferment Borowina PLA
2 0 z 0 z 0 z 0 z 0 z
Drewno 0,3666 0,0001 0,0001 0,000 0,0001 0,0001 0,0001 0,0001 0,0001
odpado 56 58 58 58 58 58 58 58 58
we 0,3666 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001
56 58 58 58 58 58 58 58 58
Osad 0,0001  0,0001 0,0002 0,0001 0,0001 0,0001 04308 0,0001 0,0001
Scickow 58 58 01 58 58 58 51 58 58
0,0001 0,0001 0,0002 0,0001 0,0001 0,1117 0,0433 0,0001 0,0001
y 58 58 01 58 58 22 81 58 58
0,0001 0,0001 0,0001 0,0001 0,9044 0,0001 0,0001 0,0001 0,0001
Poferme 58 58 58 58 96 58 58 58 58
nt 0,0001 0,0001 0,0001 0,0001 0,9044 0,0001 0,0001 0,0001 0,0001
58 58 58 58 96 58 58 58 58
0,0001 0,0001 0,0001 0,1127 0,0001 0,0001 0,0001 0,0001 0,0001
Borowi 58 58 58 22 58 58 61 58 58
na 0,0001 0,0001 0,4308 0,0433 0,0001 0,0001 0,0001 0,0001 0,0001
58 58 51 81 58 58 61 58 58
0,0001 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001 0,9998
PLA 58 58 58 58 58 58 58 58 59
0,0001 0,0001 0,0001 o0,0001 0,0001 0,000 0,0001 0,0001 0,9998
58 58 58 58 58 58 58 58 59
Tabela Z11. Wyniki testu post hoc Tukey dla wspotczynnika zaggszczenia energii
Test Tukey dDrewno Osad Sciekowy Poferment Borowina PLA
dla EDr odpadowe
(0] Z (0] Z (0] A (0] A (0] Z
Drewno 0,0109 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001
odpado 70 58 58 58 58 58 58 58 58
we 0,0109 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001
70 58 58 58 58 58 58 58 58
Osad 0,0001  0,0001 0,2921 0,0001 0,0001 0,000 0,0001 0,0001 0,0001
.. 58 58 21 58 58 58 58 58 58
Scickow 0,0001 00001 0,2921 00001 00001 00001 00001 0,0001 0,0001
y 58 58 21 58 58 58 58 58 58
0,0001 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001 0,0029 0,0001
Poferme 58 58 58 58 58 58 58 18 58
nt 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001 0,2921 0,0001
58 58 58 58 58 58 58 21 58
0,0001 0,0001 0,0001 0,000 0,000 0,0001 0,8537 0,0001 0,0001
Borowi 58 58 58 58 58 58 36 58 58
na 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001 0,8537 0,0001 0,0001
58 58 58 58 58 58 36 58 58
0,0001 0,0001 0,0001 0,0001 0,0029 0,2921 0,0001 0,0001 0,0001
PLA 58 58 58 58 18 21 58 58 58
0,0001 0,0001 0,0001 0,0001 0,0001 0,000 0,0001 0,0001 0,0001
58 58 58 58 58 58 58 58 58




Tabela Z12. Wyniki testu post hoc Tukey dla wydajno$ci energetyczne;j

Drewno

Te;t Téj$ey odpadowe Osad sciekowy Poferment Borowina PLA
i 0 z 0 z 0 z o z o z
Drewno O 0,0013 0,0397 10,0001 0,0001 0,0001 0,0001 0,001 0,0001 0,0001
odpado 50 34 58 58 58 58 58 58 58
we > 00013 0,9623 0,0008 0,1860 0,0008 0,0001 0,0001 0,0001 0,0001
50 42 03 24 59 58 58 58 58
Oosad o 00397 009623 0,0001 0,0092 0,0001 0,0001 0,0001 0,0001 0,0001
scickow 34 42 67 26 68 58 58 58 58
y > 00001 0,0008 0,0001 0,5302 1,0000 0,0001 0,0001 0,0001 0,0001
58 03 67 44 00 58 58 58 58
o 00001 01860 00092 0,5302 0,5475 0,0001 0,0001 0,0001 0,0001
Poferme 58 24 26 44 16 58 58 58 58
nt > 00001 00008 00001 1,0000 0,5475 0,0001 0,0001 0,0001 0,0001
58 59 68 00 16 58 58 58 58
o 00001 10,0001 00001 0,0001 0,0001 0,0001 0,0008 0,0001 0,0001
Borowi 58 58 58 58 58 58 10 58 58
na > 10,0001 0,000 0,0001 0,0001 0,0001 0,0001 0,0008 0,0001  0,0001
58 58 58 58 58 58 10 58 58
o 00001 0,001 00001 0,0001 0,001 0,0001 0,0001 0,000 1,0000
PLA 58 58 58 58 58 58 58 58 00
> 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001 0,0001 1,0000
58 58 58 58 58 58 58 58 00
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Abstract: Biowaste generated in the process of Oxytree cultivation and logging represents a potential
source of energy. Torrefaction (a.k.a. low-temperature pyrolysis) is one of the methods proposed
for the valorization of woody biomass. Still, energy is required for the torrefaction process during
which the raw biomass becomes torrefied biomass with fuel properties similar to those of lignite coal.
In this work, models describing the influence of torrefaction temperature and residence time on the
resulting fuel properties (mass and energy yields, energy densification ratio, organic matter and ash
content, combustible parts, lower and higher heating values, CHONS content, H:C and O:C ratios)
were proposed according to the Akaike criterion. The degree of the models’ parameters matching
the raw data expressed as the determination coefficient (R?) ranged from 0.52 to 0.92. Each model
parameter was statistically significant (p < 0.05). Estimations of the value and quantity of the produced
torrefied biomass from 1 Mg of biomass residues were made based on two models and a set of simple
assumptions. The value of torrefied biomass (€123.4-Mg™!) was estimated based on the price of
commercially available coal fuel and its lower heating value (LHV) for biomass moisture content
of 50%, torrefaction for 20 min at 200 °C. This research could be useful to inform techno-economic
analyses and decision-making process pertaining to the valorization of pruned biomass residues.

Keywords: biorenewable energy; pruning biomass; torrefaction; torrefied biomass; fuel properties;
Oxytree; model

1. Introduction

The energy demand continues to increase, and researchers continue to develop alternative sources
of energy. European Union directives aim to increase the share of renewable energy sources (RES)
while lowering overall environmental impact. Renewable energy sources can have a positive impact
on the environment and diversify energy supply. To date, ~10% of the total primary energy supply
(TPES) is derived from biomass on a global scale [1]. The EU aims to increase the biomass share in the
RES up to 50% [1]. By 2050, the share of RES in total energy consumption is expected to increase to
55% to 75% [2]. Thus, the demand for RES, including wood-based biomass is expected to grow. At
present, it is not feasible to completely replace fossil fuels with RES in a sustainable manner. There are
concerns about the negative impact of increased energy demand from biomass on biodiversity and
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food security [3]. However, introducing different biomass as feedstock could improve the biodiversity
of energy crops. It is expected that the increase in the share of RES in the EU will lead to an increase in
the demand for biomass from trees, which will lead to an increase in forested areas and short-rotation
plantations [4].

Oxytree (Paulownia Clon in Vitro 112) has been considered as a relatively new plant suitable for
short rotation because of its quick-growing characteristics and the ability to produce a significant
amount of biomass. Oxytree biomass yield increases significantly in a relatively short time. For
example, the dry mass of the tree can increase tenfold from 0.21 to 2.05 kg d.m. from the first to
the second year since planting [5]. Besides rapid growth, Oxytree is also more versatile than other
energy crops. Oxytree’s wood can be used as a non-construction building material for paper, furniture,
instruments, and others [6]. This versatility of end users is of great importance in case of an unexpected
drop in the demand for bioenergy; it also allows greater flexibility in meeting the needs of the energy
and industrial sectors.

The Oxytree biomass yield depends on many factors, such as stocking density and climate. With
estimated stocking of 3300 trees per hectare, the yield in the 5-y period can amount to 80 Mg-ha™!
d.m., on average ~16 Mg-ha™! d.m. per year [7]. Warm climates favored by paulownia can produce
~7.2-14.0 Mg-ha™! d.m., with a planting density on a 3 m X 2 m grid, in conversion 1666 ha™! per
hectare and 6000 m3-ha~! of irrigation in Andalusia [8].

Oxytree residues can be additionally utilized for energy purposes, similarly to the concept
proposed by Dyjakon [9] for clippings from the apple orchard. The volume of plantation residues
can be ~107 m? per hectare assuming that clippings consist of ~70% of the total tree volume and that
~250 m® of industrial wood can be obtained from 1 ha [10]. The application of torrefaction for the
valorization of residual biomass fuel properties may increase the profitability and sustainability of
energy production from the Oxytree biomass (Figure 1). To date, pruned biomass is typically left on
the field, burned or composted on-site.

15mt -
OﬂoOOO(}O«zﬁm s $ Q{jQO

2 3 4

l 7 8 9 101 11 12 13 14j 15 16 17 181 Year

3 Torrefaction: P
Left on the field: - ; Composting:
: Biofuel +/ On-site burning: p gx
Diseases 3¢ = Y Labor cost 3¢ Labor cost
Soil organic matter +/ Torrefied biomass +/ Air pollution 3¢ Air pollution¢
Profit? v/ Fertilizer v/

Figure 1. Graphic presentation of the current and proposed utilization of biomass residues on
a plantation.

Torrefaction, a.k.a. ‘roasting’ or ‘mild pyrolysis,” is a thermochemical process with a limited
amount of oxygen at ~near atmospheric pressure. The biomass is torrefied at a temperature of
200-300 °C at most up to 1 h. The purpose of the process is to obtain a material (called torrefied
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biomass) that has improved fuel properties compared with the substrate used for its production. During
the biomass torrefaction, gases such as Hj, CO,, CO, CHy, CxHy, toluene, and benzene are produced
in addition to steam, volatile organic compounds, and lipids. During the torrefaction, up to 30% of the
mass losses occur while maintaining 90% of the energy content of the substrate. These mass losses result
from volatilization of condensable and non-condensable gases products [11,12]. Biomass is pre-treated
to produce a high-quality solid biofuel that can be used for combustion or gasification. Torrefaction
is based on oxygen removal and decomposing of the reactive hemicellulose using temperature. The
quality of obtained solid fuel depends on reaction conditions, such as temperature, inert gas type,
reaction time, used feedstock, and others [13]. Although the torrefaction process has been known for a
long time, it has only recently become popular again because of the commencement of co-combustion
of coal with biomass in some power plants. The torrefied biomass has a higher energy value; it contains
less moisture, and it is easier to grind compared with raw biomass. By subjecting the biomass to
torrefaction, it is possible to obtain torrefied biomass with fuel properties similar to lignite coal [14]. The
energy requirements related to grinding decreased up to ten times (from around 250 to 25 kWh-Mg™!)
for forest logging residues [15].

Pyrolyzed biomass is considered as an eco-friendly fuel that could reduce greenhouse gas
emissions by sequestrating of atmospheric carbon into the soil. Torrefied biomass or biochar used
in this way can help improve soil fertility and soil health. Biochar can also be used as a sorbent
for organic and inorganic contamination of water [16] or for upgrade to biological processes, e.g.,
methane fermentation [17]. Nevertheless, particular ways of utilization depend on different properties
of torrefied biomass/biochars, which profoundly changes with the temperature of a process in the
range 200-400 °C [18].

Cultivation of the Oxytree is critical to increasing the biomass yield (Figure 1). Pruning the tree at
~0.05 m above the ground in the middle of May (of the second growing season) is practiced to accelerate
the growth and bring out a single straight trunk. During pruning, waste biomass is produced in the
amount of 0.11-0.16 Mg-ha_1 d.m. (assuming 625 trees per ha) [19]. Still, the amount of this biomass
(30% by volume) may be too small for the energy-producing industry. However, after torrefaction,
pruned biomass may be a source of additional income for growers in retail.

In our previous data article [19] titled “Fuel Properties of Torrefied Biomass from Pruning of
Oxytree,” raw data describing the process of torrefaction and properties of torrefied biomass were
presented. The pruned biomass of the Oxytree obtained from the eight different cultivating conditions
was torrefied and examined [19]. For this article, biomass data from all eight cultivating conditions were
treated as one set because of small differences in their pre-torrefaction properties. This research aimed
at the determination of models for the influence of torrefaction temperature and process residence
time on the torrefied biomass properties according to the Akaike criterion. Developed models may
be used for the determination of the energetic potential of residues from pruning Oxytree and the
techno-economic justification of using torrefaction for biomass valorization. In addition, the proposed
models could be used to evaluate fuel properties from residues common in logging and horticulture
industry because the pruned biomass is similar to common tree branches.

2. Materials and Methods

Models

The schematic diagram of the experiment and data treatment resulting in polynomial model
parameter evaluation is shown in Figure 2. The experiment consisted of four elements: (1) Oxytree
cultivation and pruning, (2) pruned biomass torrefaction, (3) determination of fuel properties of
resulting torrefied biomasses, and (4) estimation of parameters of a polynomial model describing the
influence of torrefaction technological parameters (i.e., temperature, residence time) on fuel properties
of torrefied biomasses. The details of the experimental methodology of torrefaction process and
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obtained raw data were presented in the previous data article [19]. The data article contains the results
of the pruned biomass process, the fuel properties of raw and torrefied biomass.

Oxytree planted in
different cultivation

Torrefaction of pruned Oxytree
under different T (°C) & t (min)

Analyses of torrefied
biomass properties

Mathematical model of the
influence of process on

conditions ° W torrefied biomass properties
C(G+)(1+) C(G+)(I-) & - -
Y, Y — END

Sle Wyl =
y(T,t)=a,+a, T+a; T2 +a, t+agt>+agT-t

where y = the torrefied biomass
property, e.g.,

HHV, LHV

Ash and combustible part

C, N, H, S, O content

Data.for’process: Data from torrefied

T(:C) & t'(min)

biomass’ properties:

l

Figure 2. Diagram of experimental design and data evaluation.

S(G-)(1+)  S(G-)(1-)

47
e £

DATABASE

The pruned Oxytree biomass was originated from plantations cultivated under 8 different
conditions of soil type, irrigation status, and geotextile. Oxytrees were grown on (S) sandy soil
(classified as V soil belonging to brunic arenosols) and (C) clay soil (classified as Phaeozems), on which
they were irrigated (I+) or not (I-) and had geotextile (G+) or not (G-) (Figure 2). The torrefaction
was carried out at temperatures of 200-300 °C with an interval of 20 °C, at residence times 20, 40,
and 60 min.

Polynomial models of influence of torrefaction temperature and biomass residence time in the
torrefaction reactor on mass and energy efficiency of the torrefaction process, energy densification
ratio, organic matter, combustible elements, ash, high heating value, low heating value, and elemental
composition of torrefied biomass were built using the raw data (a more detailed description of raw data
organized in [19] is presented in Supplementary Materials). The model parameters were estimated due
to the non-linear regression analysis. Regression analysis used a 2-degree polynomial with a general
form, with intercept (1) and 5 regression coefficients (a,_¢) (Equation (1)). The confidence interval
of parameter evaluations (a1-¢) was 95%. All results for p-value below 0.05 level were assumed to be
statistically significant.

(T, t) = ay 4 ay T + az-T? 4 agt + as-t> + ag-T+t (1)

where:

f(T, t)—the torrefied biomass property obtained under T—temperature, and t—residence
time conditions,

a;—intercept;

ay_g—regression coefficient;

T—temperature, T = 200-300 °C;

t—residence time, t = 0-60 min.

The standardized regression coefficients (8) for each regression coefficients (a,_¢) were determined
based on Equation (2). The standardized beta 3 coefficient determines how much (its own) standard
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deviations will increase or decrease the dependent variable Y if the independent variable will be
changed by one (its own) standard deviation.

an'SDXi
— oAl 2
P SDy; @

where:

p—standardized regression coefficient;

a,—estimated regression coefficient;

SDx;—standard deviation of the independent variable x;

x;—values of subsequent independent variables;

SDy;—standard deviation of the dependent variable y;

yi—values of subsequent dependent variables.

The regression analysis was performed using the Statistica 12 software (StatSoft, Inc., TIBCO
Software Inc. Palo Alto, CA, USA). For the determination of model parameters, the degree of matching
to raw data, the determination coefficient (R?) was calculated. The backward stepwise regression
analysis was used for the reduction of insignificant parameters from the model in case of a lack of
statistical significance (p < 0.05). Then both models were compared with the Akaike Information
Criterion (AIC) to propose the simplest model with a similar matching to raw data. AIC was determined
according to the least-squares method (Equation (3)) [20]:

n

AIC = n-ln(z e?] +2K 3)

i=1

where:

AIC—value of Akaike analysis;

n—the number of measurements;

e—the value of the rest of the model for particular measurements point;

K—number of regression coefficients including intercept (a,) in model.

Generally, models with a larger number of predictors are more accurate but tend to over-fitting.
The over-fitted models are good in predictions of data on which they were built but can result in
poorer predictions when other data is used. The AIC approach can be used in order to preserve good
accuracy and a low number of predictors in compared models. When models for a particular variable
are compared, a model with a lower AIC is better.

3. Results

Models

Data descriptions. All models are firstly presented by a 3D model figure used to a visualization
of data. Next, information about a particular model was summarized in a related table. Each table
contains the following information:

e  The first row contains a model to evaluate the particular properties of torrefied biomass and R?
value. AIC values are also presented in cases where an alternative model (e.g., model 2 or 3) was
developed, and the data is presented in Appendix A;

e  The first column shows the intercept a; and coefficients ay—a¢;

e  The second column presents values for particular intercept/coefficients that are used in the model;

o  The third column summarizes standard error calculated for particular intercept/coefficient.

e  The fourth column presents p-values (probability value or significance). Statistical significance is
assumed when p < 0.05).

e The fifth and sixth columns summarize the lower and upper limit of confidence of
intercept/coefficient value.
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e  The seventh column summarizes the value of standardized regression coefficients () for each
regression coefficients (a;_¢).

Additional information about data descriptions:

e  The name (model 1) in table description presents the original model f(T,t) = a; +ap T + a3-T? +
agt + as-t?> + ag-T-t. The alternative (model 2) and (model 3) stand for improved versions of a
model without insignificant coefficients;

e  Blue lines with circles present in figures stand for raw data used to nonlinear regression;

o  Coefficients with (—) reduce the calculated value of y and coefficients with (+) increase the
calculated value of y. The same system is used for standardized regression coefficients (f).

The mass yield (MY) of the Oxytree torrefaction is shown in Figure 3 and Table 1. The MY
decreased as the temperature and process time increased (R? = 0.92). The analysis of data reveals that
the increase in temperature is more important to reduce MY than the residence time. The mass yield
was ~50% for the torrefaction conditions (T, ) of 300 °C, 60 min. All regression coefficients of the
model were statistically significant (p < 0.05). In this model, a reduction of MY is caused by predictors
T2 (8= —1.49), t (B = —0.19), and T+t (8 = —0.74), respectively.

1000/0
g0%
60%

40%

oy DR SsRN

B >0.9
B <0.9

<0.8
<07
B <06
B <05

Figure 3. Visualization of 3D model of mass yield (MY) of pruned biomass torrefaction.

Table 1. Statistical evaluation of mass yield (MY) model of pruned biomass torrefaction.

Value of

Intercept/ Intercept/ Standard Lower Limitof ~ Upper Limit of  Standardized 8
Coefficient cep Error P Confidence Confidence Coefficient
Coefficient

a 0.891816 0.223378 0.000000 0.450129 1.333503 -

ap 0.003525 0.001746 0.000000 0.000074 0.006977 0.83

as —-0.000013 0.000000 0.000000 —0.000013 —-0.000013 —1.49

ay —0.001684 0.002135 0.000000 —0.005905 0.002538 -0.19

as 0.000062 0.000018 0.000000 0.000025 0.000098 0.56

ag —-0.000025 0.000000 0.000000 —0.000025 —0.000025 -0.74

MY =ay +ay-T + a3-T? + agt + as-t> + ag-T-t, RZ = 0.92, (model 1).
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The torrefaction process led to a reduction in the energy yield (EY) of the valorized material
(R? = 0.88) (Figure 4). As with MY, the predictor T2 had the biggest impact on lowering the energy yield
value (Table 2). The lowest value of EY (<70%) was achieved at 300 °C and 60 min. Each regression
coefficient was statistically significant (p < 0.05). The EY value is reduced by predictor T ( = —2.35)
and Tt (8 = —1.16). Because the predictor T2 has the highest negative value, it is reasonable to assume
that torrefaction temperature has the biggest impact on decreasing the EY (and greater than time).

100% &
80%

60%

40%

o, ‘piowk ABseu3

20%

o0
55
50
AS
A0
35
30
25

20
200

U ‘Ul

Hl >0.9

220 240 ; B <0.9
o

Tomperatre: % W <08

Bl <07

Figure 4. Visualization of 3D model of energy yield (EY) of pruned biomass torrefaction.

260 280 200

Table 2. Statistical evaluation of energy yield (EY) model of pruned biomass torrefaction.

Intercept/ I:atalue Oi / Standard Lower Limitof ~ Upper Limit of  Standardized 8
Coefficient reep Error P Confidence Confidence Coefficient
Coefficient

ay 0.429884 0.219439 0.000000 —0.004012 0.863781 -

ap 0.006285 0.001715 0.000000 0.002894 0.009675 1.85

as —0.000016 0.000000 0.000000 —0.000016 —0.000016 -2.35

ay 0.002472 0.002097 0.000000 —-0.001675 0.006619 0.35

as 0.000037 0.000018 0.000000 0.000002 0.000073 0.42

ag —0.000031 0.000000 0.000000 —0.000031 —0.000031 -1.16

EY =a; +ay T + a3 T? + agt + as-t> + ag-Tt, R? = 0.88, (model 1).

The increase in energy densification ratio (EDr) in the torrefied biomass is one of the main
advantages of the biomass torrefaction process. The EDr improves with the increase in the process
temperature and its duration (Figure 5). The highest energy densification ratio value was ~1.21 for
300 °C and 60 min (Figure 5). The EDr model was characterized by a slightly lower R? (0.78) compared
with MY and EY. Regression coefficients of the EDr model were statistically significant (p < 0.05). The
T2, t, and T+t predictors cause the increase of EDr (8 = 0.93, 0.78, and 0.23 respectively) (Table 3). The T
and #? predictors were negative (8 = —0.18 and —0.7, respectively) (Table 3).
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Figure 5. Visualization of 3D model of energy densification ratio (EDr) of pruned biomass torrefaction

Table 3. Statistical evaluation of energy densification ratio (EDr) model of pruned biomass torrefaction

Intercept/ IZ:tlel::e;i / Standard Lower Limitof =~ Upper Limit of  Standardized 8
Coefficient . . Error Confidence Confidence Coefficient
Coefficient

ay 0.860189 0.182285 0.000000 0.499756 1.220621 -

ap —0.000366 0.001424 0.000000 —0.003183 0.002450 -0.18

as 0.000004 0.000000 0.000000 0.000004 0.000004 0.93

ay 0.003294 0.001742 0.000000 —0.000151 0.006739 0.78

as —0.000037 0.000015 0.000000 —0.000066 —0.000007 -0.70

ag 0.000004 0.000000 0.000000 0.000004 0.000004 0.23

EDr=ay + ay-T + a3-T? + ag-t + as-t? + ag-T-t, R? = 0.78, (model 1).

The highest organic matter content (OM) occurred in the torrefied biomass with the shortest
process time and the lowest temperature of 200 °C (Figure 6). The OM content in the tested torrefied
biomass ranged from 90% to 82%. Because of the large discrepancy in the results (blue vertical lines),
the model has R? = 0.61. The regression coefficients of the model describing the organic matter are
summarized in Table 4. All regression coefficients of the equation were statistically significant (p < 0.05).

According to the standardized regression coefficient, predictors T, t, and #2 cause an increase of OM,
whereas predictors T2 and T+t cause a decrease of OM (Table 4).
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Figure 6. Visualization of 3D model of organic matter (OM) content of torrefied pruned biomass

Table 4. Statistical evaluation of organic matter (OM) content model torrefied of pruned biomass

Intercept/ I‘ri:i;l:eoi / Standard Lower Limitof = Upper Limit of = Standardized
Coefficient cep Error Confidence Confidence Coefficient
Coefficient

ay 0.764595 0.059289 0.000000 0.648061 0.881130 -

ap 0.001510 0.000463 0.000000 0.000600 0.002421 1.76

as —0.000004 0.000000 0.000000 —0.000004 —0.000004 -2.21

ay 0.000138 0.000567 0.000000 —0.000976 0.001252 0.08

as 0.000008 0.000000 0.000000 0.000008 0.000008 0.35

ag —0.000005 0.000000 0.000000 —0.000005 —0.000005 -0.76

OM =ay +ayT + ﬂ3'T2 +agt+ 115't2 +ag-T-t, R2 = 0.61, (model 1).

9 of 26

Combustible part (CP) had a similar trend to that of OM. The CP content in the torrefied biomass
decrease with time and process temperature (Figure 7). CP in the torrefied biomass decreased from 92%

to 86% (Figure 7). The content of CP was inversely related to ash content (AC), i.e., as CP decreased, the
AC (Figure 8) increased. The torrefied biomass was characterized by a high AC of up to 15%. The CP
and AC models had poor fits (R? = 0.53) because there were significant deviations from mean values
of up to 8% (straight blue lines on Figures 7 and 8). The regression coefficients of the CP and the AC
models are presented in Tables 5 and 6, respectively. All regression coefficients of the equation were
statistically significant (p < 0.05) for both models. The standardized regression coefficients § in the CP
model had a similar trend as in OM,; i.e., predictors T? and Tt cause decrease of CP value (Table 5). In

the case of AC model, predictors T, t, and #? cause the decrease of AC value (Table 6).
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Figure 7. Visualization of 3D model of the combustible part (CP) of torrefied pruned biomass.
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Figure 8. Visualization of 3D model of ash content (AC) of torrefied pruned biomass.
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Table 5. Statistical evaluation of the combustible part (CP) model of torrefied pruned biomass.

Intercept/ IZ:::;‘; / Standard Lower Limitof ~ Upper Limit of  Standardized 8
Coefficient . . Error P Confidence Confidence Coefficient
Coefficient

ay 0.838668 0.054980 0.000000 0.730603 0.946733 -

ap 0.000997 0.000430 0.000000 0.000152 0.001841 1.33

as —0.000003 0.000000 0.000000 —0.000003 —0.000003 -1.81

ay 0.000029 0.000526 0.000000 —0.001004 0.001062 0.02

as 0.000005 0.000000 0.000000 0.000005 0.000005 0.28

ag —0.000004 0.000000 0.000000 —0.000004 —0.000004 —-0.60

CP =ay + ay T + az-T? + ag-t + as-t> + ag-Tt, R? = 0.53, (model 1).

Table 6. Statistical evaluation of ash content (AC) model of torrefied pruned biomass.

Intercept/ IVilue Oi Standard Lower Limitof ~ Upper Limit of  Standardized 8
Coefficient ntercep / Error P Confidence Confidence Coefficient
Coefficient

ay 0.161333 0.054979 0.000000 0.053268 0.269398 -

ap —0.000997 0.000430 0.000000 —0.001841 —0.000152 -1.33

as 0.000003 0.000000 0.000000 0.000003 0.000003 1.81

ay —0.000029 0.000525 0.000000 —-0.001062 0.001004 -0.02

as —0.000005 0.000000 0.000000 —0.000005 —0.000005 -0.28

ag 0.000004 0.000000 0.000000 0.000004 0.000004 0.60

Ash (AC) = ay + ay T + az-T? + ag-t + as-t2 + ag-T-t, R? = 0.53, (model 1).

The high heating value (HHV) increased with the process temperature and its duration increase
(Figure 9). The highest HHV = 23 M]-kg_l value was recorded at 300 °C and 60 min, whereas the
raw biomass had the HHV = 18.4 M]-kg_1 [19]. The regression coefficients of the HHV model are
summarized in Table 7. The a; and a4 regression coefficients were not statistically significant (p < 0.05)
for HHV =a; + a,-T + a3 T? + ayt + ast> + ag-T-t (model 1, Table A1). Consequently, they were
removed from the analysis and the estimations were made again for the HHV =a; + ay-T? + ay-t + as-t?
(model 2, Figure 9). There were practically no differences between model (1) and (2) according to R?
values. However, the Akaike analysis of both models revealed that the model (2) had the AIC lower
by 2 compared with the model (1). Therefore, the model (2) with a lower value of AIC was chosen.
According to standardized regression coefficient §, the T? and t predictors cause an increase of HHV,
whereas predictor T+t a decrease of HHV (Table 7).

The lower calorific value (LHV) increased with the increase of the process temperature and
residence time (Figure 10). The LHV was found in torrefied biomass made at 200 °C and 220 °C and
ranged from 16 to 20 MJ-kg™!, respectively [19]. The highest LHV resulted from torrefied biomass
generated at 300 °C and 60 min. The regression coefficients of the LVH model are presented in Figure 10.
Because in the model LHV =a; + ay-T + a3-T? + ag-t + as-t*> + ag-T+t the a, regression coefficient (p < 0.05)
was not statistically significant (model 1, Table A2), the alternative model LHV =a; + ay-T? + az-t + ay-t?
+ a5-T-t was tested (model 2). Again, in this revised model, a5 was not statistically significant (Table A3),
so the model LHV = ay + ay-T? + a3-t + a4-t*> was tested (model 3). In model 3, all regression coefficients
were statistically significant (p < 0.05). The R? values were almost the same in each model (~0.82). It
can be assumed that the third model, compared to the first and second models, had a better fit because
of AIC value. The first, second, and third models had an AIC of 8137, 8135, and 4904, respectively. For
model 3, the predictors of LHV (Table 8) have similar trends as predictors of HHV.
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Figure 9. Visualization of 3D model of HHV of torrefied pruned biomass (model 2).

Table 7. Statistical evaluation of HHV model of torrefied pruned biomass (model 2).

Intercept/ IV;:lue oi / Standard Lower Limitof ~ Upper Limit of  Standardized 8
Coefficient ntercep Error P Confidence Confidence Coefficient
Coefficient
ay 14,572.93 235.6392 0.000000 14109.78 15,036.09 -
ap 0.06 0.0016 0.000000 0.06 0.06 0.83
as 76.79 12.0003 0.000000 53.20 100.38 1.00
ay -0.67 0.1485 0.000009 -0.96 -0.38 -0.70

HHV =a; + ay-T? + a3t + a2, R = 0.79, (model 2), AIC = 8126.

Bl > 21000
Bl < 20750
Bl < 19750

< 18750
B < 17750
Bl < 16750

Figure 10. Visualization of 3D model of LHV of torrefied pruned biomass (model 3).
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Table 8. Statistical evaluation of LHV model of torrefied pruned biomass (model 3).

Intercept/ IZ::::e;i / Standard Lower Limitof =~ Upper Limit of  Standardized 8
Coefficient . . Error P Confidence Confidence Coefficient
Coefficient
aq 12,394.39 238.9256 0.000000 11,924.77 12,864.00 -
ap 0.07 0.0017 0.000000 0.07 0.07 0.84
as 90.68 12.1676 0.000000 66.76 114.59 1.06
ay -0.79 0.1505 0.000000 -1.09 —-0.50 -0.75

LHV =ay + ar T? + as-t + as12, R? = 0.82, (model 3), AIC = 4904.

Figures 11-15 present models of the C, H, N, S, O content in the torrefied biomass. The C
(Figure 11) and N (Figure 13) contents increased with the increase in process temperature and time. The
H (Figure 12) and O (Figure 15) contents had the opposite tends. The 3D model of S content (Figure 14)
appears insensitive to temperature or time. Visible changes occurred only above 250 °C and 40 min.
In Tables 9-13 a statistical evaluation of these models was presented. For these models, R? ranged
from 0.06 to 0.66. The highest R? was for the H model and the lowest for the S model. Relatively high
R? = 0.55 was also noted for the O model. Other models had a coefficient of determination <0.5. All
regression coefficients were statistically significant (p < 0.05) for each model (Tables 9-13). A common
finding for C, H, N, S, and O models was the value of standardized regression coefficients (3. Predictors
related to temperature (T, T?) had a higher absolute value than those related to time (t, t?). However,
there was no link where predictors T and T? had a positive or negative value.

s
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Figure 11. Visualization of 3D model of C content of torrefied pruned biomass.
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Figure 12. Visualization of 3D model of H content of torrefied pruned biomass.
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Figure 13. Visualization of 3D model of N content of torrefied pruned biomass.
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Figure 14. Visualization of 3D model of S content of torrefied pruned biomass.
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Figure 15. Visualization of 3D model of O content of torrefied pruned biomass.
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Table 9. Statistical evaluation of C content model of torrefied pruned biomass.

Intercept/ IZ:::;‘; / Standard Lower Limitof ~ Upper Limit of  Standardized 8
Coefficient . . Error P Confidence Confidence Coefficient
Coefficient

ay —0.212855 0.188451 0.000000 —0.585480 0.159770 -

ap 0.004700 0.001473 0.000000 0.001788 0.007612 3.80

as —0.000008 0.000000 0.000000 —0.000008 —0.000008 -3.35

ay 0.001477 0.001801 0.000000 —0.002084 0.005039 0.57

as —0.000017 0.000015 0.000000 —0.000047 0.000014 -0.52

ag 0.000002 0.000000 0.000000 0.000002 0.000002 0.16

C=ay +ayT +a3T? + agt + a5t + ag-T-t, R? = 0.35, (model 1).

Table 10. Statistical evaluation of H content model of torrefied pruned biomass.

Value of

Intercept/ Intercept/ Standard Lower Limitof ~ Upper Limit of  Standardized 8
Coefficient cep Error P Confidence Confidence Coefficient
Coefficient

ay 0.042265 0.032430 0.000000 —0.021858 0.106388 -

ap 0.000377 0.000253 0.000000 —0.000124 0.000878 1.27

as —0.000001 0.000000 0.000000 —0.000001 —0.000001 -1.74

ay —0.000164 0.000310 0.000000 —-0.000777 0.000449 -0.27

as 0.000006 0.000000 0.000000 0.000006 0.000006 0.75

ag —0.000002 0.000000 0.000000 —0.000002 —0.000002 —0.85

H=ay +ay T +asT? +agt +ast? + ag-T-t, R? = 0.66, (model 1).

Table 11. Statistical evaluation of N content model of torrefied pruned biomass.

Intercept/ I::]ue oi Standard Lower Limitof ~ Upper Limit of  Standardized 8
Coefficient er.c ?P / Error P Confidence Confidence Coefficient
Coefficient

a 0.068473 0.023985 0.000000 0.021047 0.115899 -

ap —0.000429 0.000187 0.000000 —0.000800 —0.000059 -2.59

as 0.000001 0.000000 0.000000 0.000001 0.000001 3.01

ay 0.000134 0.000229 0.000000 —0.000319 0.000588 0.39

as —0.000003 0.000000 0.000000 —0.000003 —0.000003 -0.71

ag 0.000001 0.000000 0.000000 0.000001 0.000001 0.51

N =gy +ay T + az-T? + agt + as-t2 + ag-T-t, R? = 0.41, (model 1).

Table 12. Statistical evaluation of S content model of torrefied pruned biomass.

Intercept/ IVilue oi Standard Lower Limitof = Upper Limit of = Standardized
Coefficient ntercep / Error P Confidence Confidence Coefficient
Coefficient

1 0.001055 0.001325 0.000000 —0.001566 0.003676 -

ap 0.000010 0.000010 0.000000 —0.000010 0.000031 1.41

as 2.61x1078 0.000000 0.000000 0.000000 0.000000 -1.81

ay —0.000008 0.000013 0.000000 —0.000033 0.000017 —0.52

as 6.77 x 1078 0.000000 0.000000 0.000000 0.000000 -0.36

ag 463 %1078 0.000000 0.000000 0.000000 0.000000 0.81

S=a;+ay T+ ll3-T2 +ayt+ ﬂ5-f2 +ag-T-t, RZ= 0.06, (model 1).

Table 13. Statistical evaluation of O content model of torrefied pruned biomass.

Intercept/ IV?Iue Oi / Standard Lower Limitof ~ Upper Limit of  Standardized 8
Coefficient neercep Error P Confidence Confidence Coefficient
Coefficient

a 0.873544 0.207078 0.000000 0.464088 1.283001 -

ap -0.003199 0.001618 0.000000 -0.006398 0.000001 -1.96

as 0.000005 0.000000 0.000000 0.000005 0.000005 1.42

ay -0.001367 0.001979 0.000000 —0.005280 0.002547 —-0.40

as 0.000022 0.000017 0.000000 -0.000011 0.000055 0.52

ag —0.000005 0.000000 0.000000 —0.000005 —0.000005 -041

O=ay +ayT +a3T? + agt + a5t + ag-Tt, R? = 0.55, (model 1).
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Figures 16 and 17 depict changes in the value of H:C and O:C ratios depending on the T and
t time. The model of H:C ratio (Figure 16) was characterized by high R? (0.82), while the O:C ratio
model had R? of 0.48. The first model of H:C ratio (model 1) had 3 statistically insignificant regression
coefficients (p < 0.05), R? = 0.82, and AIC = 164 (Table A4). Non-significant regression coefficients have
been removed, and the second model has been proposed (model 2, Figure 16, Table 14). The second
model has the same R? = 0.82 yet with a higher AIC = 200 (Figure 16). Elevating the temperature and
process time led to a reduction of H:C ratio from about 1.5 to 0.9 (%/%) for 300 °C at 20 min and 300 °C
at 60 min, respectively (Figure 16). The same change in conditions caused a change in O:C ratio from
~0.47 to 0.37 (%/%) (Figure 17). For H:C ratio (model 2), the predictor #* caused an increase of H:C
ratio (8 = 1.68) whereas predictor T-t a decrease of H:C ratio (§ = —2.15). With the O:C ratio model,
the decrease of O:C ratio is caused by predictors T, t and T-t for which g = =3.03, —0.59, and —0.21
respectively (Table 15).

—_—

>1.6
B <15
| <1.3
< 1.1
B <09

Figure 16. Visualization of 3D model of H:C ratio of torrefied pruned biomass (model 2).

Table 14. Statistical evaluation of H:C ratio model of torrefied pruned biomass (model 2).

Value of

Intercept/ Intercept/ Standard Lower Limitof ~ Upper Limit of  Standardized 8
Coefficient cep Error P Confidence Confidence Coefficient
Coefficient
a 2.207455 0.044156 0.000000 2.120162 2.294748 -
ap 0.000394 0.000029 0.000000 0.000338 0.000451 1.68
as —0.000153 0.000000 0.000000 —0.000153 —0.000153 -2.15

H:C =ay +ayt* + a3 T-t, R? = 0.82, (model 2), AIC = 200.
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Table 15. Statistical evaluation of O:C ratio model of torrefied pruned biomass.
Intercept/ IZ:h:e oi / Standard Lower Limitof =~ Upper Limit of  Standardized 8
Coefficient € C (?p Error Confidence Confidence Coefficient
Coefficient
ay 0.022935 0.005095 0.000000 0.012860 0.033010 -
ap —0.000114 0.000040 0.000000 —0.000192 —0.000035 -3.03
as 1.85x 1075 0.000000 0.000000 0.000000 0.000000 2.47
ay —0.000047 0.000049 0.000000 —-0.000143 0.000050 —-0.59
as 5.38 x 107° 0.000000 0.000000 0.000001 0.000001 0.55
ag —6.26 x 107 0.000000 0.000000 0.000000 0.000000 -0.21

4. Discussion

4.1. Models

O:C=ay +ay-T +az-T? + ag-t + as-t> + ag-T-t, R? = 0.48.

B >06
B <0.575

I <0475
B <0375

Figure 17. Visualization of 3D model of O:C ratio of torrefied pruned biomass.

The mass and energy yield (MY and EY) of the torrefaction process decreased with increasing
T and t. The MY and EY values for Oxytree were in the range of other torrefied biomass derived
from wood. At temperatures of 275 °C and 300 °C (60 min), the MY value for spruce was ~70% and
~50% [21], i.e., corresponding to those reported in Figure 1. At temperatures of 275 °C and 300 °C
(60 min), the MY value for spruce was ~70% and ~50% [16], i.e., corresponding to those reported in
Figure 1. For willow torrefied in 15 min at 250 °C, the MY was 70% [22]. It is much less than for
torrefied pruned biomass of Oxytree for which MY at 250 °C, 20 min was 90% (Figure 1). The MY and
EY in the case of torrefied willow at a process temperature of 230-290 °C was 95%—72%, and EY was
97%-79% [23]. In the case of Oxytree, these values ranged from 90%-50% and 90%-70%, respectively
(Figures 3 and 4). Energy efficiency for spruce torrefaction at 225-300 °C was between 93%-68%, and
the EDr at 300 °C was 1.2 [24], i.e., the same as for the pruned torrefied Oxytree biomass (Figure 5).
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The models for MY, EY, and EDr were characterized by a high determination coefficient R?
of 0.78-0.92, which means that the proposed models can be considered suitable for describing the
torrefaction of pruned biomass from a cultivation treatment.

The content of OM in the torrefied Oxytree ranged from 90% to 80%. The model describing the
value of OM had a relatively low R? (0.63). The decrease in the OM resulted from the decomposition of
organic compounds under the influence of T and their degassing (torgas). The lower fit of the model to
the data was likely due to the high variability of empirical data around the average (illustrated with
the blue vertical lines). Nevertheless, it showed accurately the trends of the OM loss along with the
increase of temperature and time.

Similar low coefficients of determination were obtained for the CP and AC (R% = 0.53). This was
similar, as in the case of OM, because of the large variation in measurement data. CP is associated
with the ash content. As the CP decreases, the AC increases. Torrefaction causes a decrease in CP
and an increase in AC. It is associated with the degassing of combustibles that are released during the
torrefaction process. The AC in the torrefied pruned Oxytree biomass ranged from 7% to 1% [19]. This is
a much higher value than that found in torrefied wood from torrefied pine 0.15%-0.21% [25] and birch
0.23%-0.38% [26]. The AC values obtained for Oxytree were closer to the corn stover 10%—-12% [27].
The model of HHV = a1 + ay-T? + ay-t + as-t> form was better than HHV = a1 + ay-T + a3-T? + ag-t + a5-t2
+ a¢ T+t because it had a lower number of parameters, so it was easier to use. In addition, the model
had a lower AIC value. The differences were insignificant, but the shorter model had an AIC of 8126
compared to 8128, whereas the R? was almost the same for both.

The LHV of the torrefied pruned Oxytree biomass at 270 °C and 30 min was over 21.5 MJ-kg™!
(Figure 9) and was comparable with the calorific value of willow torrefied in the same conditions [28].
The calorific value of the torrefaction from the pruned Oxytree biomass generated at 265 °C and 60 min
was above 20 MJ-kg™! (Figure 10). This value was ~1-3 MJ-kg~! lower than in the case of torrefied
eucalyptus, poplar, and pine at 265 °C and 105 min [29].

Models describing the change in the content of elements suggest that increasing the torrefaction
temperature leads to an increase in the C content and a decrease in the content of O and H. An
interesting tendency can be observed in the N model, i.e., the amount of N increased with increasing
T and t. This finding is opposite to the typical N content [30,31]. The S model had a low R? = 0.06.
According to the S model (Figure 14), the S content decreases from 260 °C, 20 min, and 200 °C, 40 min,
nevertheless, the decrease was small. The smallest S content was obtained at 300 °C where S was
~0.19%. In this study, a trend of S changes was not clear because of variability in measurements.
Ren et al. [32] reported 30%-80% S loss during torrefaction of herbaceous, crop, and woody biomass,
depending on feedstock. Lack of greater decrease of S content in this research was probably caused by
the decrease of other more reactive elements. During the torrefaction process, the decrease in O and H
content was mainly due to the weakness of bonded structures such as -OH [33]. Similarly, a drop in N
content should be observed due to losses of weakly bonded structures, e.g., -NH; [33]. The increase in
the C content resulted likely from slower decomposition in comparison with other elements [34].

The decrease of O:C with the T rise might be also attributed to the loss of hydrophilic surfaces [35].
In addition, the C losses were smaller than in the case of O. The decrease in H:C resulted, similarly to
the decrease in the content of O:C, from the faster decomposition of substances containing H in relation
to C. The lower values of O:C or H:C ratios cause the higher energy content of fuel feedstock [36].
Torrefied pruned Oxytree biomass produced at 300 °C and 60 min was characterized by the lowest
values of O:C and H:C of 0.9 and 0.375 (%/%), respectively. O:C and H:C ratios for wood biomass were
>1.4 and >0.65, respectively [36]. For bituminous coal O:C was 1.2 (%/%)and H:C was 0.125 (%/%) [37].
The values for the torrefied pruned Oxytree biomass were similar to the value of Gmelina arborea,
torrefied in the same conditions (300 °C, 60 min) [36].

The standardized regression coefficients {3 are challenging to interpret because predictors are
correlated in each other. For example, when one predictor related to T has a positive impact on the
dependent value, the second predictors (e.g., T2, or T-t) not necessarily do. In almost all cases, the
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correlated predictors had an opposing impact. One common characteristic which could be observed
based on f in most of the presented models is that predictors which depended on temperature had
an absolute impact greater than these ones related to the time. Based on this, it can be assumed that
temperature has a greater impact on the properties of torrefied pruned biomass of Oxytree.

4.2. Evaluations of the Value of Torrefied Residue Biomass

The common assumption is that the amount of biomass produced during the pruning treatment
of the Oxytree plantation is too small to be economically used for energy purposes. Nevertheless,
assuming that the material tested in [19] has properties similar to branches (and others residues)
that make up waste at Oxytree harvesting (up to 30% of the weight of the tree), a simple model is
proposed here for calculating the value of torrefied biomass produced in relation to commercial coal
fuel available on the market, depending on the T and the duration of the torrefaction process (Figure 18).
The model also theoretically calculates the maximum profit from the waste mass on the plantation.
The calculations assume that part of the terrified biomass is used to maintain the torrefaction process.
Calculations do not include labor costs, harvesting, transport, processing, and other costs related to the
torrefaction process as well as the distribution of produced fuel.

Y
S

Pruned Oxytree
biomass

Figure 18. Graphic presentation of the benefits of the pruned Oxytree torrefaction concept.

Data for calculations:

e mass of Oxytree residues, Mg; assumed 1 Mg;
e the moisture content of Oxytree residues, %; assumed 50%;
e torrefaction parameters temperature and time; assumed to be 200 °C and 20 min.

4.2.1. Initial Calculations

The dry mass of Oxytree residues:
mry = Mmry — mry,-MC 4

where:
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mr;—dry mass of Oxytree residues, Mg,
mry—wet mass of Oxytree residues, Mg,
MC—moisture content of Oxytree residues, %.
Amount of water in Oxytree residues:

My = My, — Mry

where:
myp—mass of water in Oxytree residues, Mg.

4.2.2. Main Properties of Torrefied Biomass Calculations

Mass yield of torrefaction based on Figure 3

MY = 0.891816 + 0.003525-T — 0.000013-T2 — 0.001684-t + 0.000062-t> — 0.000025-T"

where:
MY—mass yield of torrefaction process, %;
T—temperature of torrefaction, °C;
t—time of torrefaction, min.
Mass of torrefied biomass after torrefaction

mtb = mry-MY

where:

mtb—mass of torrefied biomass after torrefaction process at T, and t conditions.

LHYV of torrefied biomass based on Figure 10
LHVy = (12394.39 +0.07-T? +90.68-t — 0.79-t2)/1000

where:

21 of 26

©)

(6)

@)

®)

LHVy,—the low heating value of torrefied biomass depending of torrefaction conditions, MJ-kg~!;

1000—conversion of k] to MJ.
The total energy in torrefied biomass

Ey, = MY-LHV-1000

where:
Eqp—energy in torrefied biomass, kJ;
1000—conversion of Mg to kg.

4.2.3. Energy Need to Torrefaction Process

Data for calculations [38]:
e T,—ambient temperature, °C, assumed 15 °C;
e  T,—boiling point of water, 100 °C;
e latent heat of water vaporization, 2500 k]-kg_1 [39];

e  specific heat of water, 4.18 l<]~l<g_l [39];
e  specific heat of wood, k]-kg’l, assumed 1.6 k]-kg’1 [40].

The energy needed to heat water contained in Oxytree residues

Ey= mw‘cpwater'(Tb - Tﬂ)

©)

(10)
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where:
Ew—energy needed to heat water contained in Oxytree residues, MJ;
Cpuwater—specific heat of water, 4.18 k]-kg™!.
The energy needed to water vaporization

Eep = myLy (11)

where:
E.;—energy needed to vaporization of water contained in Oxytree residues, MJ;
Lj,—latent heat of water vaporization, k]-kg ™.
The energy needed to heat Oxytree residues during torrefaction

Ehw = mrd'cpwood'(T - Tu) (12)

where:
Ejn—energy needed to heat Oxytree residues from ambient to torrefaction temperature, MJ;
CPuwooi—specific heat of wood, kJ-kg™!.
Total energy needed to torrefied Oxytree residues

E=Ey+Eep+ Ehw (13)

where:
E—energy needed to torrefied Oxytree residues

4.2 .4. Estimation of the Value of Torrefied Biomass

Estimation was done based on the price of commercial coal fuel available in Poland’s market in
2019 and its LHV. The value in PLN has been converted to € at the current exchange rate.
Data for calculations:

e  Price of commercial coal fuel, €'Mg_1, assumed 170 €-Mg_1 [41];
e LHV of commercial coal fuel, M]-kg‘l, assumed 23 M]-kg‘1 [41].

The estimated value of torrefied biomass

VCC f LH Vth

Vip = W (14)

where:
Vi,—the estimated value of torrefied biomass, €-Mg™;
Veef—value (price) of commercial coal fuel, €-Mg™!;
LHV —low heating value of commercial coal fuel, M]-kg‘l.

4.2.5. Profit from Torrefied Oxytree Residues

Mass of torrefied Oxytree residues net (when assumed that part of it is used as fuel to the process
of torrefaction)

(15)

where:

mtb,—a mass of torrefied Oxytree residues net, Mg.

The evaluations of the value of torrefied biomass were completed for 1 Mg of Oxytree wet
residues. The moisture content in Oxytree residues was assumed as 50%. Based on Solver a Microsoft
Excel add-in program, the best conditions for the torrefaction process (in terms of economics) were
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T =200 °C, and t = 20 min. For these conditions, MY of torrefied biomass was 97% and LHV of torrefied
biomass was 16.7 M]-kg‘l. In these conditions, the calculated value of produced torrefied biomass was
123.38 €-Mg~! d.m., while the net mass obtained after torrefaction was 0.39 Mg d.m. The evaluated
value of torrefied biomass from 1 Mg of Oxytree wet residues (containing 50% of moisture) was €44.92.

The presented simple model of evaluation of the value of torrefied Oxytree residues as a fuel is the
first step to the evaluation of the profitability of utilization of torrefaction technology to Oxytree residues.
The model has been based on simple assumptions, and thus, it cannot be used as a fully-fledged tool
to evaluate the economic value of torrefied biomass yet. For prices of fuel such as coal, the impact
has many factors, such as ash content, grindability, fraction, etc. Nevertheless, after knowing these
factors and their impact on the price of coal, the presented model could be extended and improved.
The situation is the same with the estimations of the cost of production of torrefied biomass. A more
complete and improved analysis of all types of costs is warranted.

5. Conclusions

In this article, we used raw data of torrefied pruned biomass of Oxytree and developed
mathematical models describing torrefied pruned Oxytree properties. Presented models of mass
yield, energy yield, energy densification ratio, HHV, and LHV are characterized by R? > 0.78. Thus,
the newly developed models could be used for describing the process of torrefaction of biomass
originating from Oxytree pruning. The other models still describe the process trends well albeit with
large standard deviations in the measurement data. The energetic properties of torrefied Oxytree
biomass are comparable to other woody biomass. The highest HHV of torrefied biomass was 21
MJ-kg™! at 300 °C and 20 min. The study found that the most beneficial economic aspect parameters
of torrefaction are 200 °C and 20 min. These parameters provide the greatest profit and the smallest
energetic losses.

Supplementary Materials: The following are available online at https://doi.org/10.3390/data4020055, file:
data-04-00055-s001.xlsx. This file contains data of fuel properties of torrefied pruned biomass of Paulownia
Clon in Vitro 112 (Oxytree) the hybrid of Paulownia elongata x Paulownia fortunei. The “Read me” sheet is a guide on
how to read the data with short information about each type of treatment. The second spreadsheet (“Oxytree
biomass yield”) contains data about the Oxytree biomass yield, energy densification ratio, mass, and energy yield
of torrefied biomass. The third spreadsheet (“Oxytree torrefaction TGA”) contains raw data from TGA tests. The
fourth spreadsheet (“Proximate analyses”) contains information about moisture content, organic matter content,
combustible content, and ash content in raw and torrefied Oxytree biomass. The fifth spreadsheet (“Ultimate
analyses”) presents the elemental composition and H:C, and O:C ratio of raw Oxytree biomass and torrefied
biomass, high heating value, low heating value, and high heating value (without ash).
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Appendix A

Appendix A presents models for which some parameters are statistically insignificant at p < 0.05.
Insignificant parameters are presented in black font, whereas statistically significant by red font
(Tables A1-A4). In each table, the first row contains a model to evaluate the particular properties
of torrefied biomass, R?, and AIC value. The name (e.g., model 1) presents the original model
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f(T,t) = a; +ay T + a3-T? + ay-t + ast> + ag-T-t. The (model 2) and (model 3) names stand for next
(alternative) versions of a model without insignificant coefficients.

Table A1. Statistic evaluation of 3D model parameters of HHV (model 1).

Intercept/ I:?l;l:eoi / Standard Lower Limitof ~ Upper Limit of  Standardized 8
Coefficient cep Error P Confidence Confidence Coefficient
Coefficient
1 15,766.51 1816.820 8.67808 0.000000 12,195.46 -
a —-6.93 14.197 —0.48833 0.625567 -34.84 -0.19
as 0.07 0.028 2.46019 0.014282 0.01 0.94
ay 60.04 17.365 3.45749 0.000600 2591 0.78
as —0.67 0.148 —4.50308 0.000009 —0.96 -0.70
ag 0.07 0.050 1.33485 0.182637 -0.03 0.23
HHV =ay + ay-T + a3-T? + agt + ast> + ag-T-t, R? = 0.79, AIC = 8128; bold font signifies statistical significance
(p < 0.05).
Table A2. Statistic evaluation of 3D model parameters of LHV (model 1).
Intercept/ IZ:llrl:eoi / Standard Lower Limitof ~ Upper Limit of  Standardized 8
Coefficient cep Error P Confidence Confidence Coefficient
Coefficient
a 14,913.84 1835.747 0.000000 11,305.59 18,522.09 -
ap -16.21 14.345 0.259123 —44.41 11.99 —0.40
as 0.09 0.028 0.001152 0.04 0.15 1.14
ay 64.87 17.546 0.000247 30.38 99.35 0.76
as -0.79 0.150 0.000000 -1.09 —0.50 -0.75
ag 0.10 0.051 0.042425 0.00 0.20 0.32
LHV =aq + ay-T + a3-T? + ag-t + a5t + ag-T-t, RZ = 0.82, AIC = 8137; bold font signifies statistical significance
(p < 0.05).
Table A3. Statistic evaluation of 3D model parameters of LHV (model 2).
Value of o . .
Intercept/ Intercept/ Standard Lower Limitof =~ Upper Limit of  Standardized 8
Coefficient cep Error P Confidence Confidence Coefficient
Coefficient
1 12,877.28 348.9176 0.000000 12,191.48 13,563.09 -
ap 0.06 0.0043 0.000000 0.05 0.07 0.75
as 66.89 17.4595 0.000147 32.58 101.21 0.78
ay -0.79 0.1501 0.000000 -1.09 —0.50 -0.75
as 0.10 0.0502 0.058891 0.00 0.19 0.30

LHV =ay + ay-T? + az-t + ag-t* + a5-T-t, R? = 0.82, AIC = 8135; bold font signifies statistical significance (p < 0.05).

Table A4. Statistic evaluation of 3D model parameters of H:C (model 1).

Intercept/ IV;talue Oi / Standard Lower Limitof ~ Upper Limit of  Standardized 8
Coefficient neercep Error P Confidence Confidence Coefficient
Coefficient

ay 3.576069 0.780513 0.000010 2.032757 5.119380 -

ap -0.007620 0.006099 0.213674 -0.019680 0.004440 -0.84

as 0.000004 0.000012 0.731624 —0.000020 0.000028 0.23

ay -0.011341 0.007460 0.130728 —0.026092 0.003409 —0.60

as 0.000200 0.000064 0.002132 0.000074 0.000326 0.85

ag —0.000044 0.000022 0.041243 —0.000087 —0.000002 —0.62

H:.C=ay +ay T +azT? +agt+ast> +ag-T-t,R2 = 0.82, AIC = 164; bold font signifies statistical significance (p < 0.05).
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Abstract: Oxytree is a fast-growing energy crop with C4 photosynthesis. In this research, for the
first time, the torrefaction kinetic parameters of pruned Oxytree biomass (Paulownia clon in Vitro
112) were determined. The influence of the Oxytree cultivation method and soil class on the kinetic
parameters of the torrefaction was also investigated. Oxytree pruned biomass from a first-year
plantation was subjected to torrefaction within temperature range from 200 to 300 °C and under
anaerobic conditions in the laboratory-scale batch reactor. The mass loss was measured continuously
during the process. The relative mass loss increased from 1.22% to 19.56% with the increase of the
process temperature. The first-order constant rate reaction (k) values increased from 1.26 x 107> s
to 7.69 x 107 s~ with the increase in temperature. The average activation energy for the pruned
biomass of Oxytree torrefaction was 36.5 kJ-mol~!. Statistical analysis showed no significant (p < 0.05)
effect of the Oxytree cultivation method and soil class on the k value. The results of this research could
be useful for the valorization of energy crops such as Oxytree and optimization of waste-to-carbon
and waste-to-energy processes.

Keywords: Oxytree; Paulownia; torrefied biomass; pruned biomass; valorization; renewable energy;
fast-growing biomass; energy crops; brownfields; kinetics parameters; activation energy

1. Introduction

It is estimated that the amount of bio-renewable energy in the European Union (EU) will continue
to grow by ~22 E]-year‘l from the year 2010 to 2030. This increase is due to the 2009/28/EC directive
adopted by the EU [1]. It has been shown that, in 2020, biomass will account for almost 60% of the total
renewable energy produced in the EU [2]. The last update of the EU targets and the share of renewable
energy sources in the total energy consumption was 27%, contributing to the increasing demand for
wooden biomass [3]. The forecasted growth of the biomass share in the energy production balance
indicates the importance of the research on new, fast-growing energy crops, especially those which can
be cultivated in weak or degraded soils.

To date, short rotation plantations of wood, such as willow, poplar, black locust, alder [4], and
aspen [5], were investigated. All mentioned plant species are C3 photosynthesis plants [6,7]. It is
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known that a more efficient pathway is photosynthesis C4. It is assumed that, for some plants,
successful conversion of the C3 photosynthesis pathway to C4 could result in an increase in crop yield
by 50-60% [8,9]. Paulownia sp. genus developed the C4 photosynthesis [10]. An additional advantage
of Paulownia trees is the ability to adapt to different climatic conditions, high mass yield [11,12], and
the possibility of establishing plantations on wasteland, brownfields, as well as degraded lands [13].

One of the clones of Paulownia is Paulownia clon in Vitro 112, which can be characterized by
increased biomass, reaching a height of 16 m at the age of 6 y. The Oxytree wood is utilized in
construction or furniture-making [14]. Paulownia clon in Vitro 112 ranks as class I on Janka’s hardness
scale—very soft wood [15]. It has been shown that the biochar from Paulownia produced at 600 °C is a
pure carbon without organic composition, characterized by a pore size from 35.8 to 290.5 um. Such
material, after proper treatment, can be applied as a filtration agent or catalyst [15]. Oxytree can also be
utilized for energy purposes. The high heating value in dry mass is 19 470 ]-g~!, with low ash (1.29%)
and chlorine (0.01%) content [16].

Bulky biochar can be pelletized for energy content densification. However, the main limitation
of the classic pelletizing is the necessity of biomass drying as well as the high energy demand
on its grinding [17]. The problem of moisture and grinding of biomass can be solved by using
low-temperature pyrolysis, also known as torrefaction. The resulting solid material is characterized by
higher energy content and improved fuel properties, which have been widely described in the case of
other types of wooden biomass [18,19]. The additional benefit of torrefaction is the decrease of the
energy demand for grinding from approximately 240 kW-Mg~! to 20-80 kW-Mg~! [20]. Torrefaction is
a thermochemical pretreatment process that improves biomass utilization values. During torrefaction,
the biomass is treated with temperatures of 200-300 °C in an inert condition for up to 1 h [21].

Kinetics are important for biochar valorization. Since biomass is a complex mixture of biopolymers,
during the pyrolysis/torrefaction, the thermal decomposition of biomass takes place in multiple
steps, which can overlap with each other. Kinetics studies are essential for the understanding of
occurring reactions. The term ‘kinetics’ pertains to kinetics parameters such as the activation energy,
pre-exponential factor, reaction rate, and others. The kinetics are used for the design and optimization
of reactors, and to establish optimal process conditions. The kinetics of solid torrefied biomass can be
obtained in many ways, based on analyses, such as thermogravimetric analysis (TGA), differential
thermal analysis (DTA), or differential scanning calorimetry (DSC). The determination of kinetics has
two stages. First is an experiment involving one of the analyses mentioned above, and the second
stage is based on mathematical analyses of experimental data [22].

Recently, we [23] presented results of the influence of the pruned Oxytree biomass torrefaction
temperature and duration on the proximate and ultimate properties of the produced biochar. However,
to date, no scientific papers have presented systematic research on the kinetics of torrefaction of
Paulownia, including the pruned biomass of Oxytree. The kinetics and activation energy of pruned
biomass of Oxytree torrefaction is unknown but is essential for modeling the process efficiency and
energy demand.

The aim of the study was the determination (for the first time) of the kinetics parameters
and the activation energy of torrefaction of pruned biomass of Oxytree corresponding to the
agronomic cultivation conditions and soil type. The scheme of the experiment is shown in Figure 1.
The TGA analysis in isothermal conditions and first-order reaction models were used to determine the
activation energy.

We hypothesized that the soil type and Oxytree cultivation method could impact the torrefaction
kinetics as it is generally known that the composition of biomass can be affected by soil or cultivation
methods. Thus, this research focuses on pruned Oxytree biomass produced in different soil types
and under different cultivation methods (irrigation/no irrigation, and geotextile/no geotextile).
Rodrigues et al. [24] showed that soil composition correlated with biomass fuel quality. This means
the soil influences biomass chemical composition. Similarly, Achinelli et al. [25] showed that irrigation
has a statistically significant impact on the higher heating value (HHV) of biomass (willows). On the
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other hand, irrigation did not have an impact on ash content, vessel diameter, fiber wall area, and fiber
wall thickness [25].

Biomass drying

Collection and data

analysis

!

Sandy soil Grinding ?
TGA

W
i

Clay soil

Kinetics of

Biomass cultivation Biomass pruning Biomass preparation .
torrefaction

Figure 1. Scheme of experiments to determine the process kinetics of torrefaction for Oxytree prunings.

2. Materials and Methods

2.1. Oxytree Biomass Samples

In a previous data descriptor article [26] titled “Fuel Properties of Torrefied Biomass from Pruning
of Oxytree” raw data with descriptions about biomass acquisition, biomass properties, production
technology (soil type, mineral fertilization, irrigation), the process of torrefaction, and properties
of torrefied biomass were presented in detail. In brief, Oxytree pruned biomass came from two
experimental plantations in Poland. The biomasses differed by agro-technical cultivation practices
(geotextile and irrigation) and soil type. The cultivation scheme is presented with the following
symbols, as is presented below [26]:

*  SGH)I-),
o SGH(I-),
o SGH)I+),
o S(GH(I+),
o C(GH(I),
o (G,
o C(GH(I+),
o C(GH)I),

For these symbols, S and C letters stand for the soil type, i.e., S—sandy soil, classified as V
soil belonging to brunic arenosols, C—clay soil classified as Phaeozems, respectively, based on the
FAO World reference database for soil resources (2014) [27]. The sign (+) stands for cases where
geotextile/irrigation, G/I, was used, and (-) for when geotextile/irrigation was not used during
cultivation [26].
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Oxytree shoots propagated to ~20-40 cm were planted with 4 m X 4 m (16 m? per tree) spacing on
19 May 2016. The trees subjected to analysis were pruned on 27 September 2016. The analyzed trees
represent pruned biomass after one year of vegetation. A typical agro-technical care treatment takes
place 12 months after planting in May;, i.e., in the next calendar year. This agro-technical care treatment
involves trimming 0.05 m above the pitch to derive one main shoot, which then becomes the main
trunk of the tree. The examined biomass samples were about 71% of leaves and 29% of shoots of the
total fresh mass, respectively (or 66% and 34%, respectively, on a dry mass basis) [26].

2.2. Ultimate and Proximate Analysis of Samples

The proximate analyses were conducted using standard methods that included:

e  Moisture content determined in accordance with [28], using a laboratory dryer (WAMED, model
KBC-65W, Warsaw, Poland),

e Organic matter determined in accordance with [29], using a muffle furnace (SNOL, 8.1/1100,
Utena, Lithuania).

e  Combustibles and ash content determined in accordance with [30], using a muffle furnace (SNOL,
8.1/1100, Utena, Lithuania),

e Higher heating value (HHV) and low heating value (LHV) determined in accordance with [31]
using calorimeters (IKA POL, model C 200, Warsaw, Poland).

The ultimate analyses were the determination of elemental composition (C, H, N, S, O). Carbon,
H, and N contents were determined with an elemental CHNS analyzer (CE Instruments Ltd.,
Manchester, UK). Sulfur was determined by the atomic emission spectrometry method with excitation
in inductively-coupled plasma (ICP-AES) after microwave mineralization, using an atomic emission
spectrometer (iICAP 7400 ICP-OES, Thermo Fisher Scientific, Waltham, MA, USA).

2.3. Thermogravimetric Analysis—Experimental Design and Procedure

The thermogravimetric analysis (TGA) was carried out using a stand-mounted tubular furnace
(Czylok, RST 40x200/100, Jastrzebie-Zdrdj, Poland) previously described by Stepien et al. [32].

The mass losses during the torrefaction process were tested under isothermal conditions at 200 °C,
220 °C, 240 °C, 260 °C, 280 °C, and 300 °C with a residence time of 60 min and a CO, flow rate of
10 dm3-h~! to ensure anaerobic conditions. Three repetitions for each temperature and cultivation
type were completed. The materials before the tests were dried in a laboratory dryer (WAMED, model
KBC-65W, Warsaw, Poland) for 24 h at 105 °C. Before the experiment was started, the empty tubular
furnace was heated to the desired temperature. The samples, with a weight of 3 g, were placed in
the steel crucible, which was placed in the heated tubular furnace for 1 h. The measurement of mass
loss for each temperature was made using a balance coupled to a cuvette with a biomass sample.
The measurement of mass loss took place with a 10 s interval and 0.01 g accuracy.

2.4. Data Analysis

The obtained TGA data were used to determine the constant reaction rate (k, or k value) for
particular torrefaction temperatures and Oxytree cultivation types. The k values were estimated
according to [33] to the first-order reaction, Equation (1):

ms = mye ! 1)



Materials 2019, 12, 3334 50f 29

where:

ms—mass after torrefaction time t, g;
my—initial mass, g;
k—a constant rate of the reaction, s™1;

t—time, s.

The estimation of k values was completed by nonlinear regression and the Statistica 13.3 software
(StatSoft, Inc., TIBCO Software Inc., Palo Alto, CA, USA). Then, Arrhenius plots [34] were created,
i.e., In(k)[T] vs. 1/T, where k is a constant rate of the reaction, s}, T is the torrefaction temperature, K.
A linear trend line was then obtained for Arrhenius plots:

y=ax+b )
Then, the activation energy (E,) values [33] were determined using coefficient ‘a’ from Equation (2):
E, =aR 3)
where:

E,—activation energy, J-mol~!;
a—the slope coefficient of the linear Equation (2), k;
R—gas constant, ]-mol_1 KL

2.5. Statistical Analysis

The study of the normality of the relative mass loss (Am) and k values distribution was performed
graphically using a quantile chart (Q-Q) and Shapiro-Wilk (S.W.) and Kolmogorov-Smirnov (K.S.) tests
along with the Lilliefors correction for a confidence level of & = 0.05. Since the Am and k values were not
normally distributed, the analysis of variance was carried out with the non-parametric Kruskal-Wallis
(K.W.) test at the o« = 0.05 level of confidence for the following groups:

e  Am and k—the variable grouping by the cultivation type;
e  Am and k—the variable grouping by torrefaction temperatures;
e  Am—the variable grouping by the torrefaction time.

The post-hoc tests were performed for each K.W. test. A lack of statistically significant differences
was marked with the same letters on a box plot. All results of statistical evaluation and interpretation
are presented in Appendix A (Figures A1-A9).

3. Results

3.1. Oxytree Biomass Characterization

The organic matter content for Oxytree was 89.22-91.46% d.m. The flammable fraction accounted
for 91.22-93.05% d.m. The HHV was >17,900 J-g~!, with the highest value for S(G+)(I-) being
18,577 J-g~! (Table 1).
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Table 1. Proximate analysis of pruned Oxytree biomass; mean values + standard deviation.

Cultivation Type Moisture Organic Matter Combustible Ash in d.m., HHV, ]J-g LHV,]J-g
Symbol, - Content, % Content in d.m., % Content in d.m., % % d.m. 1 d.m."1
S(G-)(I-) 4.64 £ 0.09 89.22 + 0.39 91.22 +0.38 8.78 +0.38 18,251 + 90 16,666 + 90
S(G+)(I-) 5.84 + 0.04 90.36 + 0.07 92.26 + 0.09 774£0.09 18577 £195 17,135+ 195
S(G-)(I+) 5.96 + 0.02 90.10 + 0.33 91.91 +0.29 8.09 +0.29 18,407 £199 16,762 + 199
S(G+)(I+) 5.77 + 0.05 90.06 + 0.44 91.56 + 0.44 8.44 +0.44 18,499 + 69 16,858 + 69
C(GH)(I-) 5.22 +0.01 91.00 + 0.33 92.61 +0.29 7.39 +0.29 18453 +£135 16,920 + 135
C(G-)(I-) 5.04 £ 0.01 89.75 +0.22 91.55 +0.21 8.45+0.21 18,099 + 441 16,463 + 441
C(G+)(I+) 5.62 +0.04 89.86 + 0.30 91.32 +0.31 8.68 +0.31 17,910 £ 407 16,430 + 407
C(G-)(I+) 5.57 +0.01 91.46 +0.28 93.05 +0.18 6.95 +0.18 18,167 + 377 16,450 + 377

Mean 5.46 + 0.43 90.23 +0.73 91.93 + 0.67 8.07 £ 0.67 18,295+ 317 16,711 + 336

The Oxytree biomass was characterized by an average C (43.76%), H (6.65%), N (2.3%), S (0.2%),
and O (37.32%) content, respectively (Table 2). The highest C content was measured in C(G-)(I+)
45.7%, and the lowest S content in S(G—)(I-) 0.17%.

Table 2. Ultimate analysis of pruned Oxytree biomass, mean values + standard deviation.

Cultivation Type Symbol, - C, % H, % N, % S, % 0, %
S(G-)(I-) 44.20 6.74 2.05 0.17 36.06
S(G+)(I-) 44.10 5.95 1.95 0.20 38.16
S(G-)(1+) 44.90 6.87 2.22 0.21 35.90
S(G+)(1+) 45.10 6.87 2.83 0.20 35.06
C(G+)(I-) 44.10 6.44 2.72 0.21 37.53
C(G-)(1-) 40.20 6.93 2.46 0.22 39.95
C(G+)(I+) 41.80 6.15 2.06 0.19 39.66
C(G-)(I+) 45.70 7.24 2.09 0.19 36.23

Mean 43.76 + 1.84 6.65 +0.43 2.30 +£0.33 0.20 + 0.02 37.32+1.81

3.2. Relative Mass Loss During Torrefaction of Oxytree

Aloss of mass occurred during torrefaction for all examined Oxytree samples (Table 3). Anincrease
in mass loss corresponded to the increase of the torrefaction temperature. The smallest Am values of
0.1% were recorded at 200 °C (lowest temperature) and 10 min (shortest time) for S(G-)(I-), C(G+)(I-),
C(G-)(I-) and C(G-)(I+) samples. The data show the increasing Am value with temperature and
process time to 19.6% (S(G+)(I+), 300 °C and 60 min). Post—hoc tests showed that there was no impact
of cultivation type on mass loss (p < 0.05) (Figure A7). However, the torrefaction temperature had a
significant effect on each T tested (p < 0.05) (Figure A8). The increasing torrefaction time led (initially)
to a significant increase (p < 0.05) of relative mass loss (Figure A9). In addition, the detailed raw
results of TGA tests may be found in [26]. It has been shown that increasing the torrefaction time and
temperature increases weight loss. The use of irrigation allowed for a 1.5% lower weight loss in sandy
soil, compared to Paulownia grown in clay soil. The highest weight loss was always obtained in the
variant S(G+)(I+) regardless of the torrefaction temperature.
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Table 3. Relative mass loss (Am) of pruned Oxytree biomass during torrefaction.

Relative Mass Loss, %

Temperature, °C Time, min
S(G-)I-)  SGHI-)  SGHI+H)  SGHI+H) CGHI-) CGHI-) CGHA+) CG-)T+)
10 01+02 02+02 02+02 04+02 01+0.2 01+02 02+02 01+02
20 02+04 03+0.0 0.4+02 09+0.2 04+0.2 0.4+02 0.6 +0.2 0.4+0.2
200 30 04+05 0.7+0.0 07+£0.3 1.3+03 0.6 £0.2 0.8+0.2 09+0.2 0.8+0.2
40 0.8+05 09+02 1.0+03 1.8+0.2 0.8+0.2 1.0+0.0 1.0+0.0 1.0+ 0.0
50 1.0+£0.7 1.0+0.0 12+05 21+05 1.0+0.0 12+02 1.3+£0.2 1.2+02
60 12+05 1.3+£0.0 14+07 24+05 1.2+02 1.3+0.0 1.6 £0.0 14+02
10 0.0+0.0 03+03 02+02 03+02 04+02 02+02 04+02 03+0.0
20 01+02 0.8+0.7 0.7+0.3 12+£02 1.2+02 0.8 +0.7 1.1+£02 1.2+02
20 30 0.6 +0.7 1.6+0.8 1.3+03 21+0.2 19+02 1.8+0.7 20+03 20+03
40 1.3+09 22+0.8 19+05 28+0.2 23+0.0 26+0.8 28+0.2 3.0+£0.3
50 2.0+09 29+0.8 23+03 34+02 29+02 32+08 32+02 3.6+04
60 27+12 33+0.7 27+03 40+0.0 32+02 3.7+0.6 37+03 41+05
10 0.3+0.0 0.8+0.2 04+0.0 08+0.2 0.6+04 09+02 0.7+0.0 04+04
20 14+02 22+02 1.8+02 27+02 1.9+1.0 2.6 +05 22+02 2.0+09
240 30 29+02 40+03 33+02 47+03 37+15 43+0.7 42+02 39+0.8
40 42+02 53+0.3 48+02 6.0+0.3 49+13 57+0.7 53+0.3 53+03
50 52+02 6.2+0.2 59+0.2 7.0+0.2 58+1.1 6.3 +0.7 6.0+0.3 6.4+0.2
60 59+02 6.8+0.2 6.6£0.2 74+02 6.3+0.8 6.8 +0.8 6.4+04 70+03
10 03+03 12+0.2 12+02 1.0+0.7 1.1+04 1.8+02 1.1+04 12+02
20 1.7+09 42+02 43+03 39+14 41+04 6.0+£0.3 44+04 51+02
260 30 41+15 72+02 74+04 69+13 6.7+0.3 8.8+0.2 6.8 +0.4 78+0.2
40 57+15 8.7+0.0 9.0+£0.3 83+12 8.0+£0.0 103 +£0.3 8.0+03 91+02
50 67+15 9.6 +£0.2 99+05 94+1.0 8.7+0.0 113 +0.3 87+03 99+04
60 74+16 10.0 £ 0.0 10.3 £0.3 10.1+£0.7 92+0.2 122+ 04 9.1+0.2 104 £ 0.2
10 0.8+0.2 1.3+09 21+04 22+02 21+02 24+02 19+038 21+04
20 47+0.0 6.7+2.0 82+05 82+05 77+03 8.7+ 0.0 76+13 83+0.3
280 30 8.4+04 100+ 1.2 11.3+£0.3 11.3+£0.3 104+02 11.3+0.0 10.1+£1.3 112+ 04
40 10.0£0.3 11.7 £ 0.9 129 +0.2 128 £ 0.5 12.0+0.3 12.6 £0.2 11.7+1.2 12.8 £0.2
50 11.1+0.4 127+07 140+03 13.8 +0.5 13.0+03  13.6+0.2 126 +1.1 13.7+0.3
60 11.6 £ 0.5 13.3+07 147+03 143 +£0.3 13.7+03  142+02 13.3+0.9 143 £0.3
10 1.3+09 29+0.2 34+02 3.6+0.7 31+£13 34+07 33+0.0 29+1.6
20 83+12 11.3+0.3 12.0+0.3 12.1+0.5 10.7 £ 1.5 114+07 11.1+02 11.2+1.9
300 30 122+1.1 147 £0.3 157+ 0.3 157+ 0.3 140+12 149+05 144 +£0.2 147 +1.7
40 143 +£1.2 16.4 + 0.4 17.7+0.3 174 +0.4 158 +1.8 16.6 £ 0.5 16.1+£0.2 16.6 £ 1.6
50 157 +1.2 17.7 £ 0.3 19.0+£0.3 18.8 + 0.4 169+08 17.7+03 17.3+0.3 179+1.3

60 16.6 £1.2 183 +£0.3 19.8 £ 0.5 19.6 £ 0.2 177 £0.7 184 +£0.4 18.0+0.3 188 +£1.3
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3.3. Oxytree Torrefaction Kinetics

The k values significantly (p < 0.05) increased with the torrefaction temperature. The lowest k
value (k = 1.25 x 107 s71) was observed for 200 °C and in the C(G+)(I-) material, and the highest
(k=1.82 x 107° s71) for S(G+)(I+) (Table 4). In general, the lowest k was observed for the C(G+)(I+)
material, i.e., 1.77 x 107> 57!, 2.72 x 107 s7!, and 3.46 x 107> s7!, at 220 °C, 240 °C, and 260 °C,
respectively. The lowest k value at 260 °C was associated with the S(G—)(I-) material, regardless of
torrefaction time. Also, the S(G—)(I-) material in the temperature range of 260-300 °C had the lowest k
values 0f 3.24 x 10™° s71,4.69 x 102 s, and 6.42 x 107° 571, respectively.

The highest values of the constant rate k for the 220-260 °C range were recorded for the C(G-)(I-)
material and were 2.3 X 107> s71,3.44 x 1075 571, and 4.63 x 107> s7! respectively. The highest k value
at 280 °C was observed for S(G—)(I+), and at 300 °C for S(G+)(I+). Post-hoc tests showed that there
were no statistically significant differences (p < 0.05) between the impact of a particular cultivation
type and resulting k value. The statistical significance (p < 0.05) is marked with letters in Figure A4.

The S(G+)(I+) material had the highest observed activation energy value of E, = 39,282 J-mol~!,
while the smallest (Ea = 33,369 J-mol~!) was associated with the S(G+)(I-) material. The average
value of E, for all type of pruned Oxytree was 36,510 J-mol~!. The coefficient of determination R? for
each E, value was >0.98, which indicates a high matching degree of the estimated parameters to the
experimental data. Since the cultivation type did not have an impact on the k value, it can be assumed
that cultivation type did not have an impact on the energy activation, and there are no statistically
significant differences in the determined energy activation (p < 0.05).

The Arrhenius plots for each cultivation type are presented in Appendix B. Figures A15-A22
illustrate linear models for the activation energy estimation. The plots of mass loss at setpoint
temperatures are presented in Figures A23—-A28 as the comparison between experimental and model
kinetics. No apparent differences (>5%) were observed between the experimental and calculated
mass loss.

Table 4. Kinetic parameters of torrefaction of pruned biomass of Oxytree.

Cultivation Constant Rate of the Arrhenius Plot Activation = Determination
Process Temperature

Type Symbol Reaction Parameters Energy Coefficient
. T,°C T,K ks YLK I, sT xf:f-l R?, -
200 473 1.30 x 107> 211 x 1073 -11.3
220 493 1.95 x 107> 2.03 x 1073 -10.9
S(G-)(-) 240 513 2,99 x 1075 1.95% 1073 -10.4 35,008 098
260 533 3.24 x 1075 1.88 x 1073 -10.3
280 553 4.69 x 1075 1.81x 1073 -9.97
300 573 6.64 x 1075 1.75x 1073 -9.62
200 473 1.59 x 107> 211 x 1073 -11.1
220 493 221 %1070 2.03 x 1073 -10.7
S(G+)I-) 240 513 3.42x 1075 1.95% 1073 -10.3 33,369 0.99
260 533 429 x 1075 1.88 x 1073 -10.1
280 553 5.16 x 107> 1.81x 1073 -9.87
300 573 721 x107° 1.75x 1073 -9.54
200 473 1.44 x 107° 211 x 1073 -11.2
220 493 1.97 x 107> 2.03 x 1073 -10.8
S(G-)+) 240 513 3.09 x 1075 1.95% 1073 -10.4 39,407 0.99
260 533 456 x 1075 1.88 x 1073 -10.0
280 553 6.19 x 1070 1.81x 1073 -9.69

300 573 7.70 x 1075 1.75 x 1073 -9.47
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Table 4. Cont.

Cultivation Constant Rate of the Arrhenius Plot Activation = Determination
Process Temperature

Type Symbol Reaction Parameters Energy Coefficient
- T,°C T K k51 VLK st o R’ -
200 473 1.82 x 107> 211 %1073 -10.9
220 493 213 %1075 2.03 x 1073 -10.8
G+ 240 513 3.26 x 1070 1.95x 1073 -10.3 34282 0.99
260 533 428 x107° 1.88 x 1073 -10.1
280 553 5.85 x 1075 1.81 x 1073 -9.75
300 573 7.96 x 1075 1.75 x 1073 -9.44
200 473 1.26 x 107> 211 x 1073 -11.3
220 493 1.81 x 107> 2.03 x 1073 -10.9
CGH)I-) 240 513 3.22x107° 1.95x 1073 -103 38436 098
260 533 415%x 1075 1.88 x 1073 -10.1
280 553 5.15 x 1075 1.81 x 1073 -9.87
300 573 6.86 X 107 1.75 x 1073 -9.59
200 473 1.39 x 107> 211 %1073 -11.2
220 493 2.31x1075 2.03 x 1073 -10.7
C(G-)I-) 240 513 344 x107° 1.95x 107 -103 36,210 098
260 533 4.63x107° 1.88 x 1073 -9.98
280 553 5.37 x 1075 1.81 x 1073 -9.83
300 573 7.36 x 1070 1.75 x 1073 -9.52
200 473 1.34 x 107° 211 %1073 -11.2
220 493 1.78 x 107> 2.03 x 1073 -10.9
CGH)I4) 240 513 2.72x 1070 1.95x 1073 -10.5 36,442 0.99
260 533 3.46 x 1075 1.88 x 1073 -10.3
280 553 495 %1075 1.81 x 1073 -9.91
300 573 6.66 x 107> 1.75 x 1073 -9.62
200 473 1.29 x 107> 211 x 1073 -11.3
220 493 217 x 1075 2.03 x 1073 -10.7
CG-)1+) 240 513 3.39x107° 1.95 x 107 -103 38,907 0.99
260 533 457 x 1075 1.88 x 1073 -9.99
280 553 5.61 x 1075 1.81 x 1073 -9.79
300 573 7.57 x 1070 1.75 x 1073 -9.49

4. Discussion

4.1. Oxytree Biomass Sample Characterization

Woody biomass is composed of three basic elements (C, 52%; H, 6%; O, 42%) [35]. This means that
the tested Oxytree biomass has a lower content of C and O by ~8% and ~5%, respectively. The C and H
content in the fuel positively influences the energy value of biomass. Oxygen contained in biomass
favors burning processes. On the other hand, it reduces its energy value [36].

Pruned biomass of Oxytree was characterized by the organic matter content of ~90%, combustibles
content of ~92%, ash ~8%, and the HHV 18.3 M]-kg‘1 (Table 1). As for woody biomass, the material
tested had a high ash content and it is desired for energy crops to be low. For example, in the case of
willow and poplar, ash accounts for 0.5-1.2% [37]. Previous research showed that Paulownia tomentosa
has a 0.19-6% ash content depending on the plant part, with 6% in the leaves and 0.23% in the wood [38].
High ash content in the tested Oxytree material can be caused by a high leaf content of 66% compared
to 34% being shoots.

The examined pruned biomass of Oxytree had about 4% more combustibles, compared to the
Paulownia tomentosa wood from a research forest of Kangwon National University, Republic of Korea [38].
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The mean HHV was 18,295 + 31; slightly below values in the literature. The HHV depends on the
Paulownia species (grown in Croatia) with an average of ~19 MJ-kg™! [39]. For comparison, the HHV
of willow and poplar (at a plantation located in Northeastern Poland) is about 19.5 M]-kg‘1 [40]
and 18.5-19.1 MJ-kg ™!, respectively [41]; confirming that Oxytree energy concent is comparable to
conventional woody biomass considered for energy crops.

The determined mean concentrations of elements of the studied Oxytree were similar to those
reported for other Paulownia species. Paulownia elongata (at a plantation located in the West Black Sea
region of Turkey) had 45.8% C, 6.3% H, and 0.4% N content [42]. The tested biomass was characterized
by a higher N content of 2.3% (Table 2), which can be an effect of N mineral fertilization applied
40 kg'ha™! (pre-planting) and doses of 20 kg-ha™!, supplied monthly [26]. Vusi¢ et al. [39] tested three
Paulownia species which showed similar contents of C, H, N, S, and O at 49% C, 5.8% H, 0.2% N, 0.05%
S, and 44% O, respectively. In comparison to these data, the Oxytree tested here had ~5% less C and
~12% O. Noticeable discrepancies in the results observed by other authors may be results of differing
conditions of plant growth in different climates.

The application of the soil cultivation method that is appropriate to the soil type significantly
influences (p < 0.05) the content of organic matter in both sandy and clay soils (Figure A10). The content
of organic substances was the lowest in variants without the support of soil cultivation and was lower
by ~1% compared to other variants, and very similar in both soil types at ~89.5% d.m. The highest
content of organic matter content was noted in clay soil without geotextile (C(G-)(I+)); however, the use
of irrigation had a significant difference (p < 0.05) compared with other variants (Figure A10).

The lowest ash content was obtained by cultivating Paulownia in clay soil (7.87% d.m.) than in
sandy soil (8.26% d.m.). However, the highest ash content was obtained for the variant of clay soil
without geotextile and with irrigation (C(G-)(I+))—statistically different (p < 0.05) from the other
variants (Figure A11). Similar results were obtained in the case of combustible content. The best variant
was cultivation in clay soil with a geotextile and no irrigation (C(G+)(I-)), i.e., 93.25% combustible
content (Figure A12). This result could be explained by the high compactness of such (clayey) soils,
where the irrigation procedure improves the oxygenation of the roots, allowing better plant growth [26].

Although the best conditions for the production of biomass are cultivated in clay soil, it was noted
that the highest values of HHV and LHV were obtained in the sandy soil variant with geotextile and
no irrigation (S(G+)(I-)). However, no statistically significant (p < 0.05) difference was found between
the variants (Figures A13 and A14). The obtained biomass properties are much higher than in the case
of Paulownia biomass cultivated in Turkey, where the content of moisture and organic substances was
lower (by ~3.5%), with much lower ash content of 1.05% d.m. [42], at 5-6% muoisture and 8-9% d.m.
ash obtained in this study [26].

4.2. Mass Loss During Torrefaction of Oxytree

Due to the novelty of the examined materials, there are no existing data to directly compare
with (i.e., torrefaction of Paulownia). Nevertheless, the Paulownia clon in Vitro 112 prunings are an
example of woody biomass, and they can be compared to other published data. The increase of relative
mass loss due to the increase of torrefaction temperature and time is obvious and expected based on
the literature [43,44]. For the examined Oxytree material, the visually noticeable mass loss started
after ~10 min. Examined materials after torrefaction at 200-220 °C for 60 min had mass losses in the
range 1.2-4.1% (Table 3). The mass losses were between 5.9% and 7.4% for temperatures 240-260 °C.
Tested materials at 280-300 °C had mass losses of 11.6-19.8%. The average relative mass loss for tested
biomass at temperatures of 260, 280, and 300 °C, and a time of 30 min was 7.0%, 10.5%, and 14.5%,
respectively. For the same temperatures and time of 60 min, these values were 9.8%, 13.7%, and 18.4%,
respectively (Table 3).

For comparison, torrefaction of Douglas fir sawdust for 30 min and temperatures of 250, 275, and
300 °C caused a relative mass loss of approximately 9%, 19%, and 35%, respectively. For the same
temperatures and time in the 60 min process, Douglas fir has losses of 11%, 25%, 48% [45]. Becker
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and Scherer [46] presented mass losses for pine and beech at temperatures of 240, 270, and 300 °C for
25 min. For pine, these values are 3%, 7%, and 14%, and for beech, 3%, 13%, and 20%, respectively.
The presented data show that the tested biomass of Paulownia clon in Vitro 112 is characterized by a
relatively low value of Am for a time of 60 min. In the 30 min case, the values of Am are close to the
values from the work of Becker and Scherer [46].

In another study, the relative mass losses during the torrefaction of spruce sawdust at temperatures
of 230, 250, 270, and 300 °C, were 14%, 23%, 32%, and 53%, respectively [47]. Similarly, high mass losses
of 10%, 21%, 32%, and 44% were also noted for beechwood in 30 min torrefaction under temperatures of
240, 260, 280, and 300 °C, respectively [48]. Observed higher Am by Wang et al. [47] and Gucho et al. [48]
probably resulted from the methodology of the conducted research. In [47] and [48], the ‘time’ refers to
the time of active heating (i.e., it does not include cooling time). In this study, measurements of mass
losses were stopped after 60 min of active heating, and mass loss during cooling was not measured. Itis
important to mention that the torrefaction process is still ongoing during cooling until the temperature
falls below ~200 °C. This is because the temperature inside of torrefied materials is still higher than
ambient temperature [49] and, therefore, the process does not end immediately. Bridgeman et al. [50]
included the cooling period in the total time of the torrefaction process.

The noticeable loss of mass in the material started after about 10 min. This means that the tested
materials needed ~10 min to warm up in their entire volume. This is a long period if the weight of
the sample (3 g) is taken into account. For determination of the influence of the sample mass on the
heat transport within the biomass, additional tests of the Paulownia heat conductance are warranted.
It would be necessary for scaling up the Oxytree torrefaction process.

The statistical tests (K.W.) showed that cultivation type had no effect on the Am (p < 0.05)
(Figure A7). The temperature had a significant effect on the Am value (p < 0.05); the post-hoc test
showed that the differences occur for each temperature interval (Figure A8). Time also had a significant
impact (p < 0.05) on the Am value; the post-hoc test showed that significant differences did not occur
between 30 and 50 min and between 40 and 60 min (Figure A9).

4.3. Oxytree Torrefaction Kinetics

The statistical tests (K.W.) showed that the cultivation method and soil type had no effect on
the k value (p < 0.05) (Figure A3). The temperature had a significant effect on the k value (p < 0.05);
the post-hoc test showed that the differences did not occur for any of the temperature intervals. There
were no significant differences between 200 and 220 °C, 220 and 240 °C, 240 and 260 °C, 260 and 280 °C,
and 280 and 300 °C. This also means that a statistically significant increase in k values occurred every
40 °C (Figure A4).

The K.W. tests indicated that there was no statistically significant (p < 0.05) effect of the cultivation
method and soil class on the value of relative mass loss (Figure A7) and the constant rate of the reaction
k for Paulownia clon in Vitro 112 (Figure A3). It can, therefore, be assumed that the cultivation method
and soil class does not significantly affect the torrefaction activation energy of pruned biomass. This is
a very important observation, from a practical point of view, which shows that similar technological
parameters of torrefaction could be applied for different Oxytree pruned biomasses. This aspect
requires further research in the pilot- and full-scale experiments.

The average k values for the examined temperature range of 200-300 °C, with intervals at 20 °C
were 143 x107°s71,2.04x107°s71,3.19%x107°s71,415x107°s7},537x10° 7}, and 7.25 x 107> 71,
respectively. A general trend of the increase in the k value was observed along with the increase of the
process temperature (Table 4). The same dependence is also reported by Dhanavath et al. [51] for the
torrefaction of biomass in general. However, the increase in k for Oxytree as a function of temperature
was not constant. The largest (p < 0.05) differences in k values were observed between 280 °C and
300 °C, of 1.88 x 1070 571, and the smallest between 200 °C and 220 °C, of 6.16 x 107¢ s~1, but both
differences were not statistically significant (p < 0.05) (Figure A4).
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The value of k for Oxytree is challenging to compare with the literature because it depends to a
large extent on the kinetic model used to determine it. For example, depending on the test method,
the k value for 300 °C for oak wood was in the range from 31 X 1075571 t0 121 x 107 s~ 1 [52]. Similarly,
the activation energy is estimated for the whole torrefaction process [53,54]. The average activation
energy (E,) for the tested pruned biomass of Paulownia clon in Vitro was 36.5 kJ-mol~!. Diaz et al. [55]
determined the values of activation energy for the individual constituents of Paulownia biomass. The E,
values of cellulose, lignin, and hemicellulose were 10.4 kJ-mol~!, 17.2 kJ'mol~!, and 23.5 kJ-mol~!,
respectively. Nevertheless, these values were determined for a wider (and higher) temperature range
of 200-700 °C [55,56]. The obtained E; value for Oxytree is low in comparison with other types of
woody biomass. For example, E, values for beech and spruce were 150 kJ-mol~! and 155 kJ-mol ! [48],
46-152 kJ-mol~! for willow [57], 131 kJ-mol~! for pine, and 128 kJ-mol~! for fir [58]. Bach et al. [59]
tested biomass fuels (Norwegian spruce and birch) in isothermal conditions at 230-280 °C (interval
10 °C) for 4 h, and used a two-step kinetic model. At first step, E; was 48.1 kJ-mol~! and 55.1 kJ-mol~!,
for spruce and birch, respectively, whereas, at the second step, E; was much higher, i.e., 99.2 kJ-mol~!
and 94.4 kJ-mol~}, respectively [59]. The Paulownia wood was co-pyrolysed with plastic waste by
Chen et al. [60]. The use of the Kissinger-Akahira—Sunose (KAS) and Flynn-Wall-Ozawa (FWO)
methods resulted in E, ranging from 167 to 189 k]-mol~!. However, these E, values were determined
by different methods and models. Thus, there is a need for a more unified approach to methods
and reporting.

The same methodology of kinetics parameters determination as reported in this manuscript was
used previously by Pulka et al. [61] and Sygula et al. [62] for sewage sludge and spent mushroom
compost (MSC), respectively. For these materials, E, was 12 kJ-mol~! and 22.2 k]-mol~!, and k
values ranged from 4.02 x 107 to 6.71 X 10 s} and 1.7 x 107> to 6.3 x 107 s7! for sludge and
MSC, respectively.

The kinetic model used in this research is a generic model. This model only allows estimating
the yield at a specific temperature and time of the process. Additional studies on the kinetics of the
process with a more complex model (e.g., incorporating improved mass and energy balance, gases and
tars formed in the process) is warranted. Such information will allow scaling up and designing the
technological line for the Paulownia clon in Vitro 112 torrefaction.

5. Conclusions

Research on the torrefaction kinetics of pruned biomass of Oxytree allowed us to conclude that:

e the cultivation method and soil type did not have an effect on the relative mass loss, k value, and
energy activation (p < 0.05);

e the relative mass loss increased with the torrefaction temperature increase (as it is commonly
reported for other types of biowaste torrefaction). The smallest relative mass loss was recorded at
200 °C, 10 min and the highest at 300 °C, 60 min, respectively 0.1% and 19.6% (p < 0.05);

e the constant reaction rate (k value) significantly increased with the torrefaction temperature
increase. The smallest k value was 1.26 X 107 s™!, while the largest was 7.96 x 10° s™! at 200 °C
and 300 °C, respectively;

e the average energy activation of the torrefaction in 200-300 °C was 36.5 kJ-mol ™.

The cultivation method (soil type, irrigation, geotextile use) makes no difference for the torrefaction
process (lack of statistical differences for E, and k value at p < 0.05). Thus, Oxytree growers can focus
on cultivation practices resulting in the most significant biomass yield. The results of this research,
especially the kinetics parameters, make it possible to calculate the mass yield of a reliable biochar
product for any process temperature and time, which is very useful from a practical point of view—the
best biomass properties on sandy soil were with geotextile and without irrigation, on clay soil without
geotextile and with irrigation.
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Results of this work are complementary with previous articles [23,26] and, taken together, provide
essential data about the torrefaction process of pruned Oxytree biomass. The next research questions
are with respect to the gas products emitted from the torrefaction process and improved economics
and environmental impact analyses.
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Appendix A
Appendix A.1. Statistical Evaluation of the k Value

Appendix A.1.1. Results of Distribution Normality Evaluation

The study of the normality of the distribution of k values was performed graphically using a
normality plot (Figure A1) and Shapiro-Wilk (S.W.) and Kolmogorov-Smirnov (K.S.) statistical tests,
along with the Lilliefors correction for o = 0.05 (Figure A2). The following hypotheses were assumed
for both tests:

Hypothesis 0 (HO0). The distribution of k values is a normal distribution.

Hypothesis 1 (H1). The k value does not have a normal distribution.

Appendix A.1.2. Analysis of Variance

Since the distribution of k values was not a normal distribution, the analysis of variance was
carried out with the non-parametric Kruskal-Wallis test (K.W.). Two non-parametric tests (K.W.) were
carried out at the level of « = 0.05:

e krelative to the variable grouping the cultivation type;
e  krelative to the variable that groups the process temperature.

The tests assumed hypotheses 0 showing no influence of the grouping variable on the value of k
and hypothesis 1 showing the influence of the grouping variable on the k value. Multiple comparisons
(post-hoc test) were performed to determine which groups had statistically significant differences.
The lack of significant differences was marked with the same letters on the box plots.

Appendix A.1.3. Results and Interpretation

The k values did not have a normal distribution because the points did not lie in one line, as shown
on the normality plot (Figure A1). Results of the S.W. test show that that p = 0.00002 and < & = 0.05
so hypothesis 0 on the normality of the distribution should be rejected. The K.S. test (Figure A2)
shows that the distribution was normal, because p = 0.15 > o = 0.05. On the other hand, the Lilliefors
amendment (Figure A2), which takes into account the lack of knowledge of the mean value and
standard deviation of the population, shows that hypothesis 0 should be rejected because p = 0.01 and
<o =0.05.
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Figure A1. Normality plot of constant reaction rate k.
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Figure A2. Histogram and the values of K.S., K.S. with the Lilliefors amendment, and S.W. tests for k.

The test value (K.W.) for k relative to the variable grouping for the cultivation type was H = 2.689
and p = 0.912. Since p = 0.912 > « = 0.05 should be considered a valid hypothesis 0, this means that
the cultivation type Paulownia clon in Vitro 112 did not have a statistically significant impact on the k
value. The lack of statistical differences obtained from the K.W. test is illustrated by the same letters in
Figure A3. Figure A3 presents the average k values for individual cultivation types with the standard
deviation and the standard error. The highest average value of k was determined for the S(G+)(I-) and
S(G-)(I+) materials, and the lowest k for S(G-)(I-) (not significantly different).
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Figure A3. Box plot of k in relation to Oxytree cultivation type. Letters present a lack of statistically
significant differences (p < 0.05) between the studied groups.

The K.W. test value for k in relation to the variable grouping for the temperature was H = 133.386
and p = 0.000. Since p = 0.000 < « = 0.05, hypothesis 1 stands. This means that the process temperature
had a statistically significant impact on the k value. The statistical differences obtained from the K.W.
test are illustrated by different letters in Figure A4. The graph presents the mean values of k with respect
to temperature (Figure A4). The lowest average k value was recorded at 200 °C, i.e., <2 x 107 57},
and the highest at 300 °C, i.e., >7 X 107 s™1. The post-hoc test showed that statistically significant
differences occurred approximately every 40 °C. The lack of significant differences (p < 0.05) is marked
with the same letters.
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Figure A4. Box plot of k in relation to torrefaction temperature. Letters present statistical significance
(p < 0.05) of differences between the studied groups.
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Appendix A.2. Relative Mass Loss Am, %

Appendix A.2.1. Results of the Distribution Normality Evaluation

The study of Am distribution was performed graphically using a normality plot (Figure A5)
and statistical tests of SW. and K.S. along with the Lilliefors correction for o« = 0.05 (Figure A6).
The following hypotheses were assumed for both tests:
Hypothesis 0 (HO0). The distribution of Am values was a normal distribution.

Hypothesis 1 (H1). The Am value did not have a normal distribution.

Since the distribution of Am did not have a normal distribution, the analysis of variance was
carried out with the non-parametric K.W. test.

4

Expected normal, -

0% 2% 4% 6% 8% 10% 12% 14%  16% 18% 20%  22%
Observed value (relative mass loss Am), %

Figure A5. Quantile-quantile plot for Am during torrefaction of Oxytree.

K-S d=0.15138, p<0.01 ; Lilliefors p<0.01

Shapiro-Wilk W=0.88624, p=0.0000
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Figure A6. Histogram and the values of K.S., K.S. with the Lilliefors amendment, and S.W. tests for Am
during torrefaction of Oxytree.
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Appendix A.2.2. Analysis of Variance

Three non-parametric tests (K.W.) were carried out at the level of « = 0.05:

e Amrelative to the variable grouping the cultivation type;
e Amrelative to the variable grouping process temperatures;
e Amrelative to the variable that groups the process time.

Appendix A.2.3. Results and Interpretation

The Am values did not have a normal distribution because the points did not lie in one line
(Figure A5). The S.W. test showed that p = 0.0000 < o« = 0.05, so hypothesis 0 on the normality of the
distribution was rejected. The K.S. test showed that the distribution was not normal because p = 0.01 >
o = 0.05. Lilliefors’ test also confirmed that hypothesis 0 should be rejected because p = 0.01 < « = 0.05
(Figure A6).

The K.W. test value for Am relative to the grouping variable of the cultivation type was H = 12.299
and p = 0.0912. Since p = 0.0912 > & = 0.05, the null hypothesis should be considered as the correct one.
This means that the cultivation type had no statistically significant effect on Am during torrefaction.
Figure A7 presents the average Am values for particular cultivation types along with the standard
deviation. The highest mean Am was measured for S(G-)(I+), S(G+)(I+) and C(G-)(I-), and the smallest
for S(G-)(I-). As the K.W. test showed, these differences were not statistically significant (p < 0.05).

The K.W. test value for Am relative to the variable grouping the process temperature was
H =543.953 and p = 0.000. Because p = 0.000 < « = 0.05, hypothesis 1 should be considered the correct
one. It means that the process temperature affected the Am. The post-hoc test showed that statistically
significant differences existed between all torrefaction temperature setpoints used in the study (p < 0.05).
The average Am values for individual temperatures are shown in Figure A8. The lowest Am occurred
at 200 °C (0%—2%), and the highest at 300 °C (8%—-19%), depending on the torrefaction time.
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4% y o |[Average
[JlAverage+SD
2% T|Average+1.95SD
0% ) —= —|— =T T g [
S(G)(I-)(+) S(GH)(I-) S(6-)(I4) S(GH)(I+) C(GH(I-) C(6-)(I+) C(GH(I+) C(G-)(I+)

Cultivation, -

Figure A7. Box plot of Am during torrefaction in relation to Oxytree cultivation types. Identical letters
(A) represent a lack of statistically significant differences (p < 0.05) between the studied groups.



Materials 2019, 12, 3334

26%
24%
22%
20%
18%
16%
14%
12%
10%
8%
6%
4%
2%
0%

Relative mass loss, %

™

o Average
[JAverage+SD
1 Average+1.96SD

A ,, l

=]

200 220 240 260 280 300
Temperature, °C

18 of 29

Figure A8. Box plot of Am during torrefaction in relation to process temperature. Letters present a

statistically significance (p < 0.05) of differences between the studied groups.

The K.W. test value for Am relative to the variable grouping the process time was H = 258.684 and
p = 0.000. Since p = 0.000 < « = 0.05, hypothesis 1 should be considered as the correct one. This means
that the torrefaction time affected Am. The post-hoc test showed that statistically significant differences
did not exist between any of the time groups. Groups with no statistically significant differences
(p < 0.05) were marked with the same letter in Figure A9. Time had a significant effect on Am for up to
30 min of torrefaction. The average Am values did not differ significantly from 30 to 50 min. The value
of Am at 30 min was significantly different from the value of Am at 60 min, while the values in 40 and
50 min did not differ significantly from the values obtained at 60 min.
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Figure A9. Box plot of Am during torrefaction in relation to the process time. Letters present statistical

significance (p < 0.05) of differences between the studied groups.
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Appendix A.3. Oxytree Biomass Characterization

Appendix A.3.1. Results of the Distribution Normality Evaluation

Due to the fact that only three replicates were completed to determine each parameter, there
was no reason to check the distribution of normality (too small of a sample group). Thus, the lack of
normality distributions was assumed, similarly as in previous parameters (presented above).

Appendix A.3.2. Analysis of Variance

Three non-parametric K.W. tests were carried out at the level of & = 0.05;

e  Organic matter content relative to the variable grouping of the cultivation type;
e  Ashrelative to the variable grouping of the cultivation type;

e  Combustible content relative to the variable grouping of the cultivation type;

e  High heating value relative to the variable grouping of the cultivation type; and
e  Low heating value relative to the variable grouping of the cultivation type.

In the tests, it was assumed that:

e  Hypotheses 0 showed that the grouping variable does not affect the Am; and
e  Hypothesis 1 tests the influence of the grouping variable on the Am value.

In order to determine which variable groupings had statistically significant differences, multiple
comparisons (post-hoc tests) were performed. The lack of significant differences was marked with the
same letters on the box plot.

Appendix A.3.3. Results and Interpretation

The post-hoc K.W. tests were carried out in relation to basic biomass parameters obtained on
different cultivation methods. The tests showed differences between the effects of the cultivation method
on organic matter content (Figure A10), combustible content (Figure A11), and ash content (Figure A12).
No statistical differences were observed with respect to LHV and HHV (Figures A13 and A14).
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Figure A10. Box plot of organic matter content in raw Oxytree as a function of the cultivation method.
Letters present statistical significance (p < 0.05) of differences between the studied groups.
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Figure A11. Box plot of ash content in raw Oxytree. Letters present statistical significance (p < 0.05) of
differences between the studied groups.
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Figure A12. Box plot of combustible content in raw material depending on the cultivation method.

Letters present the statistical significance of differences (p < 0.05) between the studied groups.
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Figure A13. Box plot of HHV in raw material depending on the cultivation method. Letters present a
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Figure A14. Box plot of LHV in raw Oxytree depending on the cultivation method. Letters present a
lack of statistically significant differences (p < 0.05) between the studied groups.

Appendix B

The Arrhenius plots (Figures A15-A22) for each tested material are presented. The figures
illustrate the linear model with a determination coefficient (R?). The activation energy was determined
based on the slope coefficient.
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Figure A15. Arrhenius plot for S(G-)(I-).
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Figure A21. Arrhenius plot for C(G + )(I-).
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Figures A23-A28 present differences between experimental (exp) and calculated (mod) mass loss
during torrefaction at setpoint temperatures.
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Figure A23. Mass losses during torrefaction at 200 °C; material S(G—)(I-).
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Figure A24. Mass losses during torrefaction at 220 °C; material S(G—)(I-).

10 20 30 40
Time ,min

exp 200 °C mod 200 °C

50

60

10 20 30 40
Time ,min

exp 220 °C mod 220 °C

50

60



Materials 2019, 12, 3334 25 of 29

Mass, %

Mass, %

Mass, %

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%
0 10 20 30 40 50 60

Time ,min

exp 240 °C

mod 240 °C

Figure A25. Mass losses during torrefaction at 240 °C; material S(G—)(I-).
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Figure A26. Mass losses during torrefaction at 260 °C; material S(G—)(I-).
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Figure A27. Mass losses during torrefaction at 280 °C; material S(G—)(I-).
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Figure A28. Mass losses during torrefaction at 300 °C; material S(G—)(I-).

References

1.

10.

11.

12.

13.

Bentsen, N.S.; Felby, C. Biomass for energy in the European Union - a review of bioenergy resource
assessments. Biotechnol. Biofuels 2012, 5, 25. [CrossRef] [PubMed]

Scarlat, N.; Dallemand, J.-F.; Monforti-Ferrario, F.; Banja, M.; Motola, V. Renewable energy policy framework
and bioenergy contribution in the European Union—An overview from National Renewable Energy Action
Plans and Progress Reports. Renew. Sustain. Energy Rev. 2015, 51, 969-985. [CrossRef]

Di Fulvio, E; Forsell, N.; Korosuo, A.; Obersteiner, M.; Hellweg, S. Spatially explicit LCA analysis of
biodiversity losses due to different bioenergy policies in the European Union. Sci. Total Environ. 2019, 651,
1505-1516. [CrossRef] [PubMed]

Tuskan, G. Short-rotation woody crop supply systems in the United States: What do we know and what do
we need to know? Biomass Bioenergy 1998, 14, 307-315. [CrossRef]

Tullus, A.; Rytter, L.; Tullus, T.; Weih, M.; Tullus, H. Short-rotation forestry with hybrid aspen (Populus
tremulaL.xP. tremuloidesMichx.) in Northern Europe. Scand. ]. For. Res. 2012, 27, 10-29. [CrossRef]

Sage, R.E; Sultmanis, S. Why are there no C 4 forests? J. Plant Physiol. 2016, 203, 55-68. [CrossRef]

Wang, D.; Jaiswal, D.; Lebauer, D.S.; Wertin, T.M.; Bollero, G.A.; Leakey, A.D.B.; Long, S.P. A physiological
and biophysical model of coppice willow (Salix spp.) production yields for the contiguous USA in current
and future climate scenarios. Plant Cell Environ. 2015, 38, 1850-1865. [CrossRef]

Covshoff, S.; Hibberd, ] M. Integrating C4 photosynthesis into C3 crops to increase yield potential. Curr.
Opin. Biotechnol. 2012, 23, 209-214. [CrossRef]

Wang, P; Vlad, D.; Langdale, J.A. Finding the genes to build C4 rice. Curr. Opin. Plant Boil. 2016, 31, 44-50.
[CrossRef]

Icka, P; Damo, R.; Icka, E. Paulownia Tomentosa, a Fast Growing Timber. Ann. Valahia Univ. Targoviste Agric.
2016, 10, 14-19. [CrossRef]

Moreno, J.L.; Bastida, F.; Ondofio, S.; Garcia, C.; Andrés-Abellan, M.; Lépez-Serrano, ER. Agro-forestry
management of Paulownia plantations and their impact on soil biological quality: The effects of fertilization
and irrigation treatments. Appl. Soil Ecol. 2017, 117, 46-56. [CrossRef]

Woods, V.B. Paulownia as a Novel Biomass Crop for Northern Ireland? In A Review of Current
Knowledge, 7th ed.; Agri-Food and Biosciences Institute: Belfast, Northern Ireland, 2008. Available
online: https://www.doc-developpement-durable.org/file/Arbres-Bois-de-Rapport-Reforestation/FICHES
ARBRES/Paulownia/Paulownia%?20as%?20a%20novel%20biomass%?20crop_Ireland.pdf (accessed on 22
July 2019).

Huseinovic, S. Paulownia elongata sy hu in function of improving the quality of the environment. Period.
Eng. Nat. Sci. (PEN) 2017, 5, 117-123. [CrossRef]


http://dx.doi.org/10.1186/1754-6834-5-25
http://www.ncbi.nlm.nih.gov/pubmed/22546368
http://dx.doi.org/10.1016/j.rser.2015.06.062
http://dx.doi.org/10.1016/j.scitotenv.2018.08.419
http://www.ncbi.nlm.nih.gov/pubmed/30360280
http://dx.doi.org/10.1016/S0961-9534(97)10065-4
http://dx.doi.org/10.1080/02827581.2011.628949
http://dx.doi.org/10.1016/j.jplph.2016.06.009
http://dx.doi.org/10.1111/pce.12556
http://dx.doi.org/10.1016/j.copbio.2011.12.011
http://dx.doi.org/10.1016/j.pbi.2016.03.012
http://dx.doi.org/10.1515/agr-2016-0003
http://dx.doi.org/10.1016/j.apsoil.2017.05.001
https://www.doc-developpement-durable.org/file/Arbres-Bois-de-Rapport-Reforestation/FICHES_ARBRES/Paulownia/Paulownia%20as%20a%20novel%20biomass%20crop_Ireland.pdf
https://www.doc-developpement-durable.org/file/Arbres-Bois-de-Rapport-Reforestation/FICHES_ARBRES/Paulownia/Paulownia%20as%20a%20novel%20biomass%20crop_Ireland.pdf
http://dx.doi.org/10.21533/pen.v5i2.83

Materials 2019, 12, 3334 27 of 29

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Bortniak, M.; Sekutowski, T.R.; Zajaczkowska, O.; Kucharski, M. Influence of the soil from Oxytree [Paulownia
elongata S. Y. Hu x Paulownia fortunei (Seem.) Hemsl.] plantation on germination and initial growth of
winter wheat and winter rape. Prog. Plant Prot. 2018, 58, 247-250. [CrossRef]

Lisiecka, B.; Boktivka, O.; Taniéki, T.; Krzeminski, L.; Jambor, M. Obtaining of biomorphic composites based
on carbon materials. Prod. Eng. Arch. 2018, 19, 22-25. [CrossRef]

Paulowniall2.com. Available online: https://www.paulowniall2.com/wp-content/uploads/2015/10/informe-
de-resultados-ms344-analisis-biomasa-clon-in-vitro-112r.pdf (accessed on 15 December 2018).

Pradhan, P.; Mahajani, S.M.; Arora, A. Production and utilization of fuel pellets from biomass: A review.
Fuel Process. Technol. 2018, 181, 215-232. [CrossRef]

Kihedu, J. Torrefaction and Combustion of Ligno-Cellulosic Biomass. Energy Procedia 2015, 75, 162-167.
[CrossRef]

Poudel, J.; Oh, S.C. Effect of Torrefaction on the Properties of Corn Stalk to Enhance Solid Fuel Qualities.
Energies 2014, 7, 5586-5600. [CrossRef]

Phanphanich, M.; Mani, S. Impact of torrefaction on the grindability and fuel characteristics of forest biomass.
Bioresour. Technol. 2011, 102, 1246-1253. [CrossRef]

Bates, R.B.; Ghoniem, A.F. Bioresource Technology Biomass torrefaction: Modeling of volatile and solid
product evolution kinetics. Bioresour. Technol. 2012, 124, 460-469. [CrossRef]

Dhyani, V.; Bhaskar, T. Kinetic Analysis of Biomass Pyrolysis; Elsevier BV: Amsterdam, The Netherlands, 2018;
pp- 39-83.

Swiechowski, K.; Liszewski, M.; Babelewski, P; Koziel, J.A.; Bialowiec, A. Oxytree Pruned Biomass
Torrefaction: Mathematical Models of the Influence of Temperature and Residence Time on Fuel Properties
Improvement. Materials 2019, 12, 2228. [CrossRef]

Rodrigues, A.; Vanbeveren, S.P.; Costa, M.; Ceulemans, R. Relationship between soil chemical composition
and potential fuel quality of biomass from poplar short rotation coppices in Portugal and Belgium. Biomass
Bioenergy 2017, 105, 66-72. [CrossRef]

Achinelli, EG.; Doffo, G.; Barotto, A.J.; Luquez, V.; Monteoliva, S. Effects of irrigation, plantation density and
clonal composition on woody biomass quality for bioenergy in a short rotation culture system with willows
(Salix spp.). Revista Arvore 2018, 42, 42. [CrossRef]

Swiechowski, K.; Liszewski, M.; Babelewski, P; Koziel, J.A.; Biatowiec, A. Fuel Properties of Torrefied
Biomass from Pruning of Oxytree. Data 2019, 4, 55. [CrossRef]

FAO World Reference Base for Soil Resources 2014 International Soil Classification System for Naming Soils
and Creating Legends for Soil Maps. 2015. Available online: http://www.fao.org/3/i3794en/I13794en.pdf
(accessed on 22 July 2019).

Polish Committee for Standardization. PN-EN 14346:2011 Standard. Waste characteristics. Calculation of
Dry Mass on the Basis of Dry Residue or Water Content. Available online: https://infostore.saiglobal.com/
enau/Standards/pn-en-14346-2011-932471_saig_pkn_pkn_2197939/ (accessed on 22 July 2019).

Polish Committee for Standardization. PN-EN 15169:2011 Standard. Waste characteristics. Determination of
Organic Matter Content for Waste, Slurry and Sludge. Available online: http://sklep.pkn.pl/pn-en-15169-
2011p.html (accessed on 22 July 2019).

Polish Committee for Standardization. PN-Z-15008-04:1993 Standard. Municipal Solid Waste. Analysis of
Combustible and Non-Combustible Content. Available online: http://sklep.pkn.pl/pn-z-15008-04-1993p.html
(accessed on 22 July 2019).

Polish Committee for Standardization. PN-G-04513:1981 Standard. Solid Fuels. Determination of the Higher
Heating Value and the Lower Heating Value. Available online: http://sklep.pkn.pl/pn-g-04513-1981p.html
(accessed on 22 July 2019).

Stepieni, P; Pulka, J.; Serowik, M.; Bialowiec, A. Thermogravimetric and Calorimetric Characteristics of
Alternative Fuel in Terms of Its Use in Low-Temperature Pyrolysis. Waste Biomass Valorization 2018, 10,
1669-1677. [CrossRef]

Stepien, P.; Bialowiec, A. Kinetic parameters of torrefaction process of alternative fuel produced from
municipal solid waste and characteristic of carbonized refuse derived fuel. Detritus 2018, 3, 75-83. [CrossRef]
Peleg, M.; Normand, M.D.; Corradini, M.G. The Arrhenius Equation Revisited. Crit. Rev. Food Sci. Nutr.
2012, 52, 830-851. [CrossRef]


http://dx.doi.org/10.14199/ppp-2018-033
http://dx.doi.org/10.30657/pea.2018.19.05
https://www.paulownia112.com/wp-content/uploads/2015/10/informe-de-resultados-ms344-analisis-biomasa-clon-in-vitro-112r.pdf
https://www.paulownia112.com/wp-content/uploads/2015/10/informe-de-resultados-ms344-analisis-biomasa-clon-in-vitro-112r.pdf
http://dx.doi.org/10.1016/j.fuproc.2018.09.021
http://dx.doi.org/10.1016/j.egypro.2015.07.273
http://dx.doi.org/10.3390/en7095586
http://dx.doi.org/10.1016/j.biortech.2010.08.028
http://dx.doi.org/10.1016/j.biortech.2012.07.018
http://dx.doi.org/10.3390/ma12142228
http://dx.doi.org/10.1016/j.biombioe.2017.06.021
http://dx.doi.org/10.1590/1806-90882018000200010
http://dx.doi.org/10.3390/data4020055
http://www.fao.org/3/i3794en/I3794en.pdf
https://infostore.saiglobal.com/enau/Standards/pn-en-14346-2011-932471_saig_pkn_pkn_2197939/
https://infostore.saiglobal.com/enau/Standards/pn-en-14346-2011-932471_saig_pkn_pkn_2197939/
http://sklep.pkn.pl/pn-en-15169-2011p.html
http://sklep.pkn.pl/pn-en-15169-2011p.html
http://sklep.pkn.pl/pn-z-15008-04-1993p.html
http://sklep.pkn.pl/pn-g-04513-1981p.html
http://dx.doi.org/10.1007/s12649-017-0169-6
http://dx.doi.org/10.31025/2611-4135/2018.13702
http://dx.doi.org/10.1080/10408398.2012.667460

Materials 2019, 12, 3334 28 of 29

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Liaqat, F. Effects of Storage and Geographical Location on Fuel Quality of Norway Spruce Forest Residues,
Swedish University of Agricultural Sciences Examensarbete. 2011. Available online: https://stud.epsilon.slu.
se/3174/4/liaqat_f_110826.pdf (accessed on 22 July 2019).

Chen, W.-H.; Peng, J.; Bi, X.T. A state-of-the-art review of biomass torrefaction, densification and applications.
Renew. Sustain. Energy Rev. 2015, 44, 847-866. [CrossRef]

Klasnja, B.; Kopitovic, S.; Orlovic, S. Wood and bark of some poplar and willow clones as fuelwood. Biomass
Bioenergy 2002, 23, 427-432. [CrossRef]

Qi, Y.; Yang, C.; Hidayat, W.; Jang, J.-H.; Kim, N.-H. Solid Bioenergy Properties of Paulownia tomentosa
Grown in Korea. . Korean Wood Sci. Technol. 2016, 44, 890-896. [CrossRef]

Vusi¢, D.; Migali¢, M.; Zeljko, Z.; Trkmi¢, M.; Besli¢, A.; Drvodeli¢, D. Fuel properties of paulownia biomass.
Nat. Resour. Green Technol. Sustain. Dev. 2018, 126-130. Available online: https://pdfs.semanticscholar.org/
3275/d126918947d36a46da5cd3337fla3cd1b121.pdf (accessed on 22 July 2019).

Krzyzaniak, M.; Stolarski, M.J.; Waliszewska, B.; Szczukowski, S.; Tworkowski, J.; Zatuski, D.; Snieg, M.
Willow biomass as feedstock for an integrated multi-product biorefinery. Ind. Crop. Prod. 2014, 58, 230-237.
[CrossRef]

Fang, S.; Zhai, X.; Wan, J.; Tang, L. Clonal variation in growth, chemistry and calorific value of new poplar
hybrids at nursery stage. Biomass Bioenergy 2013, 54, 303-311. [CrossRef]

Yorgun, S.; Yildiz, D. Preparation and characterization of activated carbons from Paulownia wood by
chemical activation with H3PO4. J. Taiwan Inst. Chem. Eng. 2015, 53, 122-131. [CrossRef]

Campbell, W.A; Evitts, R.W. Determining the Severity of Torrefaction for Multiple Biomass Types Using
Carbon Content. Energy Fuels 2018, 32, 9448-9458. [CrossRef]

Ribeiro, ].M.C.; Godina, R.; Matias, J].C.D.O.; Nunes, L.J.R. Future Perspectives of Biomass Torrefaction:
Review of the Current State-Of-The-Art and Research Development. Sustainability 2018, 10, 2323. [CrossRef]
Ren, S.; Lei, H.; Wang, L.; Bu, Q.; Chen, S.; Wu, J. Thermal behaviour and kinetic study for woody biomass
torrefaction and torrefied biomass pyrolysis by TGA. Biosyst. Eng. 2013, 116, 420-426. [CrossRef]

Becker, A.; Scherer, V. A comparison of the torrefaction behavior of wood, miscanthus and palm kernel shells:
Measurements on single particles with geometries of technical relevance. Fuel 2018, 224, 507-520. [CrossRef]
Wang, L.; Barta-Rajnai, E.; Skreiberg, &.; Khalil, R.; Czégény, Z.; Jakab, E.; Barta, Z.; Grenli, M. Effect of
torrefaction on physiochemical characteristics and grindability of stem wood, stump and bark. Appl. Energy
2018, 227, 137-148. [CrossRef]

Gucho, E.M,; Shahzad, K; Bramer, E.A.; Akhtar, N.A ; Brem, G. Experimental Study on Dry Torrefaction of
Beech Wood and Miscanthus. Energies 2015, 8, 3903-3923. [CrossRef]

Basu, P,; Rao, S.; Dhungana, A. An investigation into the effect of biomass particle size on its torrefaction.
Can. J. Chem. Eng. 2013, 91, 466-474. [CrossRef]

Bridgeman, T.; Jones, J.; Shield, I.; Williams, P.; Jones, J. Torrefaction of reed canary grass, wheat straw and
willow to enhance solid fuel qualities and combustion properties. Fuel 2008, 87, 844-856. [CrossRef]
Dhanavath, K.N.; Bankupalli, S.; Bhargava, S.K.; Parthasarathy, R. An experimental study to investigate the
effect of torrefaction temperature on the kinetics of gas generation. J. Environ. Chem. Eng. 2018, 6, 3332-3341.
[CrossRef]

Carrasco, ].C.; Oporto, G.S.; Zondlo, J.; Jingxin, W. Torrefaction Kinetics of Red Oak (Quercus rubra) in a
Fluidized Reactor. BioResources 2013, 8, 5067-5082. [CrossRef]

Walkowiak, M.; Bartkowiak, M. The kinetics of the thermal decomposition of the willow wood (Salix viminalis
L.) exposed to the torrefaction process. Drewno 2012, 55, 37-49. Available online: http://drewno-wood.pl/
pobierz-55 (accessed on 22 July 2019).

Saddawi, A.; Jones, ].M.; Williams, A.; Wéjtowicz, MLA. Kinetics of the Thermal Decomposition of Biomass.
Energy Fuels 2010, 24, 1274-1282. [CrossRef]

Diaz, I; Rodriguez, M.; Arnaiz, C.; Miguel, G.S.; Dominguez, M. Biomass pyrolysis kinetics through
thermogravimetric analysis. Comput. Aided Chem. Eng. 2013, 32, 1-6.

Roesler, ].F,; Sanz, E.; Nastoll, W.; Lu, P. Exothermicity in Wood Torrefaction and its Impact on Product Mass
Yields: From Micro to Pilot Scale. Can. J. Chem. Eng. 2015, 93, 331-339. [CrossRef]

Prins, M.J.; Ptasinski, K.J.; Janssen, EJ.J.G. Torrefaction of wood: Part 1. Weight loss kinetic. J. Anal. Appl.
Pyrolysis 2006, 77, 28-34. [CrossRef]


https://stud.epsilon.slu.se/3174/4/liaqat_f_110826.pdf
https://stud.epsilon.slu.se/3174/4/liaqat_f_110826.pdf
http://dx.doi.org/10.1016/j.rser.2014.12.039
http://dx.doi.org/10.1016/S0961-9534(02)00069-7
http://dx.doi.org/10.5658/WOOD.2016.44.6.890
https://pdfs.semanticscholar.org/3275/d126918947d36a46da5cd3337f1a3cd1b121.pdf
https://pdfs.semanticscholar.org/3275/d126918947d36a46da5cd3337f1a3cd1b121.pdf
http://dx.doi.org/10.1016/j.indcrop.2014.04.033
http://dx.doi.org/10.1016/j.biombioe.2012.10.005
http://dx.doi.org/10.1016/j.jtice.2015.02.032
http://dx.doi.org/10.1021/acs.energyfuels.8b01485
http://dx.doi.org/10.3390/su10072323
http://dx.doi.org/10.1016/j.biosystemseng.2013.10.003
http://dx.doi.org/10.1016/j.fuel.2018.01.095
http://dx.doi.org/10.1016/j.apenergy.2017.07.024
http://dx.doi.org/10.3390/en8053903
http://dx.doi.org/10.1002/cjce.21710
http://dx.doi.org/10.1016/j.fuel.2007.05.041
http://dx.doi.org/10.1016/j.jece.2018.05.016
http://dx.doi.org/10.15376/biores.8.4.5067-5082
http://drewno-wood.pl/pobierz-55
http://drewno-wood.pl/pobierz-55
http://dx.doi.org/10.1021/ef900933k
http://dx.doi.org/10.1002/cjce.22128
http://dx.doi.org/10.1016/j.jaap.2006.01.002

Materials 2019, 12, 3334 29 of 29

58.

59.

60.

61.

62.

Peng, ].H. A Study of Softwood Torrefaction and Densification for the Production of High Quality Wood
Pellets, The University of British Columbia. 2012. Available online: https://www.collectionscanada.gc.ca/obj/
thesescanada/vol2/BVAU/TC-BVAU-42654.pdf (accessed on 22 July 2019).

Bach, Q.; Khalil, R.A.; Tran, K.; Skreiberg, &. Torrefaction Kinetics of Norwegian Biomass Fuels. Chem. Eng.
Trans. 2014, 37, 49-54. [CrossRef]

Chen, L.; Wang, S.; Meng, H.; Wu, Z.; Zhao, ]J. Synergistic effect on thermal behavior and char morphology
analysis during co-pyrolysis of paulownia wood blended with different plastics waste. Appl. Therm. Eng.
2017, 111, 834-846. [CrossRef]

Pulka, J.; Manczarski, P.; Koziel, ]J.A.; Bialowiec, A. Torrefaction of Sewage Sludge: Kinetics and Fuel
Properties of Biochars. Energies 2019, 12, 565. [CrossRef]

Syguta, E.; Koziel, ].A.; Bialowiec, A. Proof-of-Concept of Spent Mushrooms Compost Torrefaction—Studying
the Process Kinetics and the Influence of Temperature and Duration on the Calorific Value of the Produced
Biocoal. Energies 2019, 12, 3060. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


https://www.collectionscanada.gc.ca/obj/thesescanada/vol2/BVAU/TC-BVAU-42654.pdf
https://www.collectionscanada.gc.ca/obj/thesescanada/vol2/BVAU/TC-BVAU-42654.pdf
http://dx.doi.org/10.3303/CET1437009
http://dx.doi.org/10.1016/j.applthermaleng.2016.09.155
http://dx.doi.org/10.3390/en12030565
http://dx.doi.org/10.3390/en12163060
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

Zatacznik nr 3

Kacper Swiechowski \\) QO(’ fA L. J &8, O

imi(? 1 nazwisko (miejscowos¢ i data)

Katedr Biogospodarki Stosowanej
Uniwersytet Przyrodniczy we Wroclawiu
51-630 Wroclaw, Chelmonskiego 37a

afiliacja

OSWIADCZENIE
Oswiadczam, ze w pracy:
Kacper Swiechowski, Sylwia Stegenta-Dgbrowska, Marek Liszewski, Przemyslaw Bgbelewski,
Jacek A. Koziel, Andrzej Bialowiec. 2019. Oxytree Pruned Biomass Torrefaction: Process

Kinetics. Materials, 12, 3334; doi:10.3390/mal2203334

maj udzial polegal na:

Przeprowadzeniu eksperymentu i opracowaniu wynikéw z badarn pod wzgledem statystycznym
przy wykorzystaniu oprogramowania Statistica. Opracowanie polegalo na wykorzystaniu
danych z eksperymentu TGA probek Oxytree. Celem opracowania bylo wyznaczenia
parametrow  kinetycznych dla procesu toryfikacji dla 8 badanych prébek, a nastepnie
wykorzystanie ich do zamodelowania procesu toryfikacji. Analiza statystyczna obejmowala
takze sprawdzenie wplywu sposobu uprawy Oxytree na wartosci kinetyczne. Podczas pisania
manuskryptu bﬂem odpowiedzialny za napisanie pierwszej wersji tekstu, w szczegélnosci
metodyki, wynikow i dyskusji. Podczas procesu recenzji stworzylem pierwszg wersje

odpowiedzi dla recenzentow i wykonywalem poprawki w manuskrypcie.
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Abstract: The paper presents, for the first time, the results of fuel characteristics of biochars from
torrefaction (a.k.a., roasting or low-temperature pyrolysis) of elephant dung (manure). Elephant dung
could be processed and valorized by torrefaction to produce fuel with improved qualities for cooking.
The work aimed to examine the possibility of using torrefaction to (1) valorize elephant waste and to
(2) determine the impact of technological parameters (temperature and duration of the torrefaction
process) on the waste conversion rate and fuel properties of resulting biochar (biocoal). In addition, the
influence of temperature on the kinetics of the torrefaction and its energy consumption was examined.
The lab-scale experiment was based on the production of biocoals at six temperatures (200-300 °C;
20 °C interval) and three process durations of the torrefaction (20, 40, 60 min). The generated biocoals
were characterized in terms of moisture content, organic matter, ash, and higher heating values.
In addition, thermogravimetric and differential scanning calorimetry analyses were also used for
process kinetics assessment. The results show that torrefaction is a feasible method for elephant dung
valorization and it could be used as fuel. The process temperature ranging from 200 to 260 °C did not
affect the key fuel properties (high heating value, HHV, HHV 4,1, regardless of the process duration),
i.e., important practical information for proposed low-tech applications. However, the higher heating
values of the biocoal decreased above 260 °C. Further research is needed regarding the torrefaction of
elephant dung focused on scaling up, techno-economic analyses, and the possibility of improving
access to reliable energy sources in rural areas.

Keywords: torrefaction; biorenewable energy; biowaste; biocoal; alternative fuel; waste management;
manure; thermal valorization; thermogravimetric analysis; differential scanning calorimetry

1. Introduction

It is estimated that there are around~450,000 elephants today, of which 400,000 are in Africa and
50,000 in Asia. In Africa, these mammals live in 34 countries (Angola, Benin, Botswana, Burkina Faso,
Cameroon, Central African Republic, Chad, Congo, Ivory Coast, Equatorial Guinea, Eritrea, Ethiopia,
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Gabon, Gana, Guinea, Bissau, Kenya, Liberia, Malawi, Mali, Mozambique, Namibia, Niger, Nigeria,
Rwanda, Senegal, Sierra Leone, Somalia, South Africa, Sudan, Tanzania, Togo, Uganda, Zambia,
Zimbabwe), and on the Asian continent they can be found in 15 countries (India, Nepal, Bhutan
and Bangladesh, China, Burma, Thailand, Cambodia, Laos, Vietnam, Malaysia, Andaman Islands,
Sri Lanka, Sumatra, Borneo) [1]. The daily amount of dung produced by one elephant is 100-150 kg.
The weight of elephant excrement depends on the amount of consumed water [2—4]. Thus, taking into
consideration the conservative estimate of the minimum dung weight (100 kg), the daily and annual
dung production on a global scale is 45,000 Mg and more than 16 million Mg, respectively, i.e., a large
amount of biowaste that could be valorized [2—4].

From an ecological point of view, untreated animal waste or handling, air-drying and combustion
without prior treatment can be problematic due to health and environmental concerns, such as elevated
risk of contamination with pathogens, contamination of drinking water sources, gaseous emissions of
odor, hydrogen sulfide, ammonia, and other toxic gases [5,6]. In addition, the loss of nutrients from
dung associated with current practices can also represent economic losses due to its lower value as a
fertilizer [5].

We propose a solution to these problems with the introduction of the torrefaction process to
manage and valorize the elephant dung. Resulting biocoal can be used as a fuel with a useful high
heating value (HHV). Research with slow pyrolysis and hydrothermal carbonization of other types of
livestock manure resulted in HHVs ranging from 15.8 to 18.4 MJ/kg [7]. Qambrani et al. [8] showed
that biocoal from animal manure contains more N compared to biochar from plant residues. Although
the pore structure is more organized in biochar from plant sources, the fertilizer quality and heavy
metal adsorbability were found to be excellent in manure biochars. On the other hand, some raw
waste types (such as poultry manure or sewage sludge) can contain a large amount of copper and zinc,
which limits its use as a fertilizer. The proposed concept to valorize elephant manure can provide new
technologies for using the torrefaction process in rural areas, which can be used to obtain better quality
fuel and fertilizer.

To date, several methods to valorize elephant dung have been proposed. Vermicomposting is
a biological process in which the organic fraction of dung is decomposed by microorganisms and
earthworms under controlled environmental conditions to a level when it can be applied on arable
land. This method can be ecological and economically profitable [9]. Vermicomposting of animal dung
from the zoo was investigated in pilot-scale by a team of scientists in Mexico [6]. Elephant dung was
also used for research by scientists in Thailand for the production of biogas in co-fermentation with
water hyacinth and fermentation on a laboratory scale. In the case of co-fermentation, the calorific
value of biogas was 15.05 MJ-m~3 [10,11].

Biohydrogen production through anaerobic mixed cultures of microorganisms found in elephant
dungs was also researched in laboratory conditions. It is based on simultaneous saccharification and
fermentation of cellulose. The bacteria break down the cellulose to glucose, and then non-cellulolytic
bacteria from the formed glucose produces hydrogen [12,13]. The microorganism’s culture from
elephant dung stimulated the production of H; from cellulose. It was assumed that cellulolytic bacteria
in the dung originate from the plant diet of the elephant. Animal manure, including elephant dung,
was also the subject of research conducted in Thailand on cellulolytic bacteria for the direct production
of butanol from cellulose, which could be an alternative to fuel obtained from petroleum [14].

The knowledge about practical considerations for the valorization of elephant dung and the
progression from lab to full-scale (e.g., costs of construction and operation ) is limited. There are also
questions about the storage and distribution of finished products (e.g., fuel briquettes for cooking),
which could be prohibitively expensive for long-range transport. Life-cycle analyses could be useful to
assess the critical transport range [15]. It is equally important to consider managing the residues (e.g.,
raw dung and sludge), which may require specialized collection, storage, treatment, and disposal. It has
not been described yet how existing or developing technologies (anaerobic digestion, biohydrogen
production) could be used for waste management, especially in rural regions in which elephant dung is
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available in large quantities. Thus, there is a need to find local-scale solutions suited for these regions,
which should be safe, inexpensive, simple to build, use and maintain, dependable, and not generating
another waste stream to manage.

We propose an alternative solution for elephant dung management via torrefaction (Figure 1).
Torrefaction (a.k.a., ‘roasting” or low-temperature pyrolysis) is a thermochemical process occurring
at 200-300 °C without the presence of an oxidant. Jia et al. [16] described the possibility of using a
co-gasification of woody biomass and animal manure as a useful technology to utilize organic waste,
which could be practical in the case of elephant dung as well. The elephant dung fuel produced may be
an attractive source of rural fuel. For example, in India alone, 6.3% of all households use the so-called
‘dung cake’ to produce the energy needed for cooking [17]. Assuming 1.34 billion people in India
in 2018 [18] and that one household comprises 10 people, as many as ~8.4 million households use
dung cake for energy production. Although the torrefaction process requires some energy, it is also
the most promising technology for organic waste treatment for its highest greenhouse gas mitigation
potential [19]. The produced biocoal, especially when pelletized, poses a lower environmental risk
during transport, storage, and combustion, in addition to lowering the risks of sanitary and aquatic
pollution [20,21]. Therefore, torrefaction could be one of the potential technologies for elephant dung
utilization that are sustainable.

Moisture content > 50%

HHV ~ 11 MJ-kg™?
Low hydrophobicity Moisture content ~ 3%
High volume HHV ~ 13 MJ-kg!

Diseases Higher hydrophobicity

Low volume
Volume _
reduction
Torref
j Torrefaction -:> ——— -
Energy SIS

densification

‘ Energy for process COOking fuel

Figure 1. The proposed valorization of elephant dung (manure) via torrefaction.

To date, no work has been carried out on the torrefaction of elephant dung as a method for the
production of fuel. Local-scale torrefaction can address challenges with dung management, through
its valorization, while improving the socio-economic situation in rural households. Therefore, the
research carried out was aimed at determining;:

e Whether torrefaction can be used as a method of preliminary valorization of elephant dung;

e  Whether the duration of the torrefaction process at a given temperature affects the dung conversion
rate (e.g., mass loss, energy densification, and improved fuel properties);

e  Whether energy consumption is needed for the torrefaction of elephant dung.

2. Materials and Methods

2.1. Feedstock

The study used Asian elephant dung from the Zoological Garden, located in Wroctaw, Poland.
The 5 kg sample was dried at 105 °C for 24 h in a laboratory dryer, followed by milling to the grain size
of <0.425 mm with the laboratory knife mill (TESTCHEM, model LMN-100, Psz6éw, Poland) to make
the sample homogeneous. Samples were frozen at —15 °C for further testing.
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2.2. Biocoal Production Method via Torrefaction

A scheme of the experiment is shown in Figure 2. The biocoal production process was carried out
in triplicates according to the methodology presented by [22] at six temperatures from 200 to 300 °C
(20 °C intervals) at 20, 40, 60 min for each interval, followed by the cooling phase. The biocoals were
generated using a muffle furnace (Snol, model 8.1/1100, Utena, Lithuania). CO; inert gas was provided
to the furnace to ensure non-oxidative conditions. The elephant dung samples were heated from 20 °C
to set point at 50 °C-min~!. The cooling times were 38 min, 33 min, 29 min, 23 and 13.5 min, from
torrefaction setpoints of 300 °C, 280 °C, 260 °C, 240 °C, and 220 °C to 200 °C, respectively. After the
CO; supply was cut off, the biocoals were removed from the furnace when the interior temperature
was <200 °C. The mass of the sample was determined before and after the cooling process in order to
calculate the mass loss. Dung samples of 10 + 0.5 g (dry mass, d.m.) were used to produce biocoal.

Elephant dung ‘

“

W
Drying & grinding K: j.

Proximate analysis:

ek 5
Bioc arlproduc on e OM
. Ash
. cp
e HHV
o HHVdaf
COa
58 56 l 5 5656 :
200°C 20°C 240°C 260°C 280°C 300°C dnyF el dung

Proximate analysis: Process analysis: DSC
¢ OM o MY
o Ash e EDr
« CP e EY
e HHV
e HHVdaf
DSC analyzer

Data |analysis

! Biochar production process & fuel properties models

Torrefaction kinetic parameters
- g Specific heat model

Torrefaction energy demand model

Figure 2. Scheme of experiments —biocoal production via torrefaction of elephant dung to determine the
process kinetics with thermogravimetric analyses (TGA) and differential scanning calorimetry (DSC).
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2.3. Proximate Analysis of Raw and Torrefied Elephant Dung

Physical and chemical properties were subjected to raw material and produced biocoals.
The following tests were made in three replicates using the following standard methods:

e  Moisture content (MC) by means of a laboratory dryer (WAMED, model KBC-65W, Warsaw,
Poland) at temperature 105 °C, time 24 h, in accordance with the PN-EN 14346:2011 standard [23],

e  Organic matter content (OM) by means of a laboratory dryer (WAMED, model KBC-65W, Warsaw,
Poland) at temperature 550 °C, time 4 h, in accordance with the PN-EN 15169:2011 standard [24],

e ash and combustible parts (CP) by means of a laboratory dryer (WAMED, model KBC-65W,
Warsaw, Poland) at temperature 815 °C, time 4 h in accordance with the PN-Z-15008-04:1993
standard [25],

e High heating value (HHV) by means of the IKA C2000 Basic calorimeter, at 17-25 °C, 30 bar
pressure in accordance with the PN-G-04513:1981 standard [26].

2.4. Thermogravimetric Analysis (TGA) of Elephant Dung

Thermogravimetric analyses (TGA) were first performed in isothermal conditions to determine
the kinetics parameters (k—reaction rate constants and E;,—activation energy) of the torrefaction
process of elephant dung. Reaction rate constants were determined for the following temperatures:
200 °C, 220 °C, 240 °C, 260 °C, 280 °C, and 300 °C in accordance with the methodology and reactor
set-up presented elsewhere [22]. First, the empty furnace was pre-heated to the set point. Then, 3 g of
dry dung was placed in the steel crucible and placed in the furnace for 1 h. Measurement of mass
loss was performed using a balance coupled to a steel crucible at 10 s intervals with 0.01 g accuracy.
The calculating methodology for the kinetic parameters is presented in Section 2.6.2. The kinetics
parameters (reaction rate and activation energy) were calculated.

TGA analyses were also completed in non-isothermal conditions to obtain more comprehensive
data on the thermal degradation of elephant dung. These TGA analyses were performed at rising
temperatures (from 20 °C to 850 °C) at a heating rate of 650 °C-h~! (10.83 °C-min~!). The sample
was heated for 2 min after reaching a set point. The study of kinetic parameters and thermal
degradation was performed using the stand-mounted tubular furnace (Czylok, RST 40x200/100,
Jastrzebie-Zdroj, Poland).

2.5. Differential Scanning Calorimetry (DSC) of Raw Elephant Dung

Differential scanning calorimetry (DSC) analysis was carried out using a differential scanning
calorimeter (TA Instruments, DSC Q2500, New Castle, DE, USA). Approximately 6 mg of the tested
material was weighed into the aluminum hermetic crucible. Each sample (n = 1) was then placed in
the analyzer and heated from 10 °C to 300 °C at a heating rate of 10 °C-min~!. The N} inert gas was
supplied at 3 dm3-h~! flowrates. The analysis provided information on endothermic and exothermic
changes during torrefaction.

2.6. Data-Processing Calculation Methods

2.6.1. Mass Yield, Energy Densification Ratio, and Energy Yield
The mass yield, energy densification ratio, and energy yield of each of the variants were determined

based on Equations (1)—(3), respectively [27]:

My = 900 )
Mg

where:

MY—mass yield, %
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m;—the mass of dry elephant dung before torrefaction, g,
mp—the mass of dry biocoal after torrefaction, g.

_ HHY,

EDr = 2
" HAV, @
where:
EDr—energy densification ratio, -,
HHV;—the high heating value of biocoal, J-g7!,
HHV,—the high heating value of raw elephant dung, M]-kg_l.
EY = MY-ED, 3)
where:
EY—nergy yield, %,
MY—mass yield, %
ED,—energy densification ratio, -,
The ash-free value of the HHV was determined based on [28]:
HHV
HHVjyp = ———— (4)
aef M f— Masn

where:

HHYV j;p—high heating value on dry and ash-free base, MJ-kg™!,
HHV—high heating value, MJ-kg™!,

Mjp—dry mass of fuel, kg,

M,sp—the mass of ash in fuel, kg.

2.6.2. Calculation of Kinetics Parameters (Reaction Rate and Activation Energy)

The data obtained from isothermal TGA analysis were used to determine the reaction rate (k)
constant for each temperature, based on the first-order model [22]:

ms = mo~e’k't (5)

where:

ms—mass after time t, g,
m,—initial mass, g,
k—the reaction rate constant, s,

t—time, s.

The nonlinear estimation of k in Equation (5) for each temperature was made with the Statistica
13.3 software (StatSoft, Inc., TIBCO Software Inc. Palo Alto, CA, USA). The Arrhenius plot was created
(In(k)(T) vs. 1/T) on the basis of k values for individual temperatures [29], and a trend line was found:

y=ax+b (6)
Then, the activation energy (E;) values [22] were determined as follows:
E, = _(a'R) @)

where:
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E;,—activation energy, J-mol ™1,
a—the coefficient from Equation (6), K,
R—gas constant, J-mol~1-K~1.

2.6.3. Calculation of Energy Demand for Torrefaction of Elephant Dung

The results from the DSC and TGA analyses were used to calculate the actual energy demand in
processing dry elephant dung (to heat dung from 20 °C to 300 °C) in accordance with the methodology
presented in a previous paper [30]. The lack of TGA analysis causes overestimated energy amount
needed to process the material, due to the decreasing amount of material during torrefaction caused
by its devolatilization. The following is an example of the model use where the calculation for 1 g
of the raw elephant dung torrefied at 300 °C was considered. The total amount of energy needed to
processing raw elephant dung was calculated by adding the energy needed to evaporate water from
raw elephant dung to the result from the model of dry elephant dung. The energy needed to evaporate
water was calculated by Equation (8) [31]:

Q = m-AT-cp + m-co 8)
where:

Q—the total amount of heat needed to heat and evaporate water, J,

m—the mass of water in the sample, g,

AT—the temperature difference between ambient temperature (20 °C) and boiling point (100 °C),
under normal pressure conditions, °C,

cp—specific heat of water, 4.2 J-(g-°C) !,

co—the heat of water evaporation, 2257 J-g71.

2.6.4. Modeling of Torrefaction Process and Biocoal Fuel Properties

Polynomial models of the influence of torrefaction temperature and time on torrefaction process
and biocoals fuel parameters were developed. These models were based on measured data from
the torrefaction process, and biocoal properties for a particular temperature and time using a similar
modeling approach described in our previous work [32]. Equations describing MY, EDr, EY, organic
matter content, combustible parts, ash, HHV, and HH Viaf for biocoal were developed. The general
form of the applied polynomial equation was:

F(T,t) = ay +ay T + a3 T? + ag-t + as-t> + ag-T-t + ay- T>+ 9)
where:

f(T,t)—the property (T, t, & combinations) being analyzed,
a;—intercept,

a,—a;—regression coefficient,

T—process temperature, °C,

t—process time, min.

Regression analysis used a 2-degree polynomial with a general form, with intercept (a1) and
six regression coefficients (a,—a7). The confidence interval of the parameter evaluations (a1—a7) was
95%. All parameters for which the results of p-value were <0.05, were assumed to be statistically
significant. The results of the analysis are presented in the form of equations. as well as the correlation
coefficients (R) and determination coefficients (R?). The results of the DSC analysis were also subjected
to polynomial regression analysis in order to determine a useful model of the specific heat (SH) of
elephant dung for 200-300 °C. The polynomial regression analysis was used because the torrefaction
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process has a non-linear character. The results were presented in the form of an equation describing the
dependence of the change of specific heat of elephant dung as a function of temperature. The general

form of the polynomial used is in the form of Equation (10). Nine regression coefficients were used to
provide a higher level of matching model to raw data.

SH = a1 + ap T + a3 T? + as-T® + a5-T* + ag-T° + a7-T® + ag-T” + ag-T8 (10)
where:

SH—specific heat of elephant dung as a function of temperature, J-(kg-°C)~?,
a1—intercept,

a,—ag9—regression coefficient,

T—torrefaction temperature, °C.

Nonlinear regression and evaluation of intercepts and regressions coefficients (p < 0.05) were
completed with Statistica software (13.3, StatSoft, Palo Alto, CA, USA).

2.6.5. Statistical Analysis

An analysis of variance (ANOVA) evaluation of differences between mean values was performed
with the application of post-hoc Tuckey’s test, at the p < 0.05 significance level. For statistical data
evaluation, the Statistica software (13.3, StatSoft, Palo Alto, CA, USA) was used.

3. Results

3.1. Result of the Torrefaction Process

The mass yields (MY) for elephant dung biocoals (Figure 3) showed a downward trend with the
increase of process temperature. The highest mass yields values were obtained for biocoal generated at
200 °C and were above 90%. The lowest MY was for 300 °C, in this case, the mass yield decreased to

66%. All regression coefficients were statistically significant (p < 0.05) in the MY model, (R? = 0.75)
(Table 1). Detailed MY data are shown in Table A2.
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Figure 3. The influence of temperature and time on the mass yield of biocoal from elephant dung.

220

200



Energies 2019, 12, 4344

9 0f 32
Table 1. Statistical evaluation of mass yield of biocoal from elephant dung.
Intercept/ Value of Intercept/ Lower Limit of Upper Limit of
Coefficient Coefficient Standard Error P Confidence Confidence
m —2.58 x 102 2.18 x 102 0.00 —7.38 x 102 2.22 x 102
ap 2.72 x 100 1.44 x 10° 0.00 —452 %1071 5.89 x 100
a3 -5.12x 1073 2.39 x 1073 0.00 —-1.04 x 1072 1.41 x 107*
ay 6.91 x 10° 6.19 x 100 0.00 -6.71 x 10° 2.05 x 101
as —4.22 x 1072 4.01 x 1072 0.00 -1.30x 107! 4.61 %1072
ag -3.01 x 1072 2.45 x 1072 0.00 —8.40 x 1072 2.38 x 1072
ay 7.70 x 1077 0.00 x 10° 0.00 7.70 x 1077 7.70 x 1077

MY =a; +ay-T + a3-T% + ag-t + as-12 + ag-t + a;- T+, R?2 = 0.75, R = 0.87; T* ranged from 200 °C to 300 °C, t* ranged
from 20 min to 60 min; * more information in Section 2.2.

The energy yield (EY) of the biochar from elephant dung (Figure 4) also decreased with the
increase of temperature and did not change with time. The biocoals produced at 200 °C resulted in
more than 105% EY compared to raw material. However, the EY dropped below 68% for torrefaction

at 300 °C. All regression coefficients were statistically significant (p < 0.05) for the EY model (R? = 0.85)
(Table 2).
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Figure 4. The influence of temperature and time on the energy yield in biocoal from elephant dung.

The energy densification ratio (EDr) in biocoals generated from elephant dung (Figure 5) decreased

with increasing temperature and did not change much with time. Biocoals produced at 200 °C had
the highest EDr of ~1.1, while biocoals generated at 300 °C had the lowest EDr (~0.9). All regression
coefficients were statistically significant (p < 0.05) for the EDr model (R? = 0.83) (Table 3).
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Table 2. Statistical evaluation of energy yield of biocoal from elephant dung.

Intercept/ Value of Intercept/ Lower Limit of Upper Limit of
Coefﬁciznt Coefficient P Standard Error P Confidence IéI()mﬁdence
m -1.19 x 102 2.48 x 102 0.00 —6.65 x 102 4.27 x 102
ay 1.69 x 109 1.64 x 109 0.00 -1.91 x 109 5.30 x 10°
a3 -3.17x 1073 2.72x 1073 0.00 -9.16 x 1073 2.82x 1078
ay 8.26 x 100 7.04 x 10° 0.00 -7.23 x 10° 2.38 x 101
as —4.74 x 1072 456 x 1072 0.00 -1.48 x 107! 5.30 x 1072
ag -3.65 x 1072 2.79 x 1072 0.00 -9.78 x 1072 2.48 x 1072
ay 8.73x 1077 0.00 x 109 0.00 8.73 x 1077 8.73 x 1077

EY =ay + ay T+ a3-T? + ag-t + a5 + ag-T-t + a;-T2-t, R2 = 0.85, R = 0.92; T* ranged from 200 °C to 300 °C, t* ranged
from 20 min to 60 min; * more information in Section 2.2.
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Figure 5. The influence of temperature and time on the energy densification ratio in biocoal from
elephant dung.

Table 3. Statistical evaluation of energy densification ratio of biocoal from elephant dung.

Intercept, Value of Intercept Lower Limit of Upper Limit of
Coefﬁcign/t Coefficient Py Standard Error p Confidence I()ZI())nﬁdence
1 1.99 x 10° 1.38 x 10° 0.00 —-1.05 x 10° 5.04 x 100
ay -7.21x1073 9.14 x 1073 0.00 -2.73 x 1072 1.29 x 1072
a3 1.41 x 107 1.52 x 107> 0.00 -1.93 x107° 4.75 x 1070
ay 2.23 x 1072 3.93 x 1072 0.00 —-6.41 x 1072 1.09 x 1071
as -9.11 x 107° 254 x 1074 0.00 —-6.51 x 107* 469 x 1074
ag -1.06 x 107* 1.55 x 10% 0.00 —4.48 x 107* 236 x 1074
ay 1.90 x 10~ 0.00 x 109 0.00 1.90 x 107 1.90 x 107?

EDr=ay +ay T + a3T? + a-t + as-? + ag-t+a;- T*t, R? = 0.83, R = 0.91; T* ranged from 200 °C to 300 °C, * ranged
from 20 min to 60 min; * more information in Section 2.2.
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3.2. Result of Proximate Analysis of Raw and Torrefied Elephant Dung

The content of organic matter (OM) decreased as the temperature and the retention time increased.
The lowest OM value was 28.26% for torrefaction at 280 °C and 60 min, and for torrefaction at 300 °C in
time 20 min and 40 min (Figure 6, Table Al). Analysis of variance showed that statistically significant
differences occur between the results obtained at 260 °C, 280 °C, and 300 °C, (p < 0.05) (Figure Al,

Table A3). All regression coefficients were statistically significant (p < 0.05) for the OM model (R? = 0.83)
(Table 4).
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Figure 6. The influence of temperature and time on the organic matter content in biocoal from
elephant dung.
Table 4. Statistical evaluation of organic matter content of biocoal from elephant dung.
Intercept/ Value of Intercept/ Lower Limit of Upper Limit of
Coefficient Coefficient Standard Error P Confidence Confidence
o 9.74 x 101 6.33 x 101 0.00 —3.00 x 10! 2.25 x 102
a 1.24 x 1072 418 x 107! 0.00 -8.29 x 107! 8.54 x 107!
a3 —4.95x107* 6.95 x 1074 0.00 -1.89 x 1073 9.03 x 1074
a4 —-3.25 x 100 1.80 x 109 0.00 —6.87 x 100 3.62 x 1071
as 3.20 x 1072 1.16 x 1072 0.00 8.53 x 103 5.54 x 1072
a6 9.62 x 1073 7.11 x 1073 0.00 —4.69 x 1073 2.39 x 1072
ay -3.85x 1077 0.00 x 109 0.00 -3.85x 1077 -3.85 x 107

OM =ay +ay T + az-T? + ag-t + a5t + ag-T-t + a7 T+, R? = 0.83, R = 0.91; T* ranged from 200 °C to 300 °C, #* ranged
from 20 min to 60 min; * more information in Section 2.2.

The ash content was inversely proportional to the OM content and increased to over 71% in
comparison to 50.81% for raw dung (Table A1) in biocoal produced at 280 and 300 °C at 60 min
(Figure 7). Analysis of variance showed statistically significant differences between the results for
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temperatures 260 °C, 280 °C, and 300 °C (p < 0.05), (Figure A2, Table A4). All regression coefficients
were statistically significant (p < 0.05) for the ash content model (R? = 0.83) (Table 5).

I >75
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[ 1<55
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Figure 7. The influence of temperature and time on the ash content in biocoal from elephant dung.

Table 5. Statistical evaluation of ash content of biocoal from elephant dung.

Intercept Value of Interce Lower Limit of Upper Limit of
Coefﬁcilo:n/t Coefficient Py Standard Error p Confidence I()ZI:mﬁdence
1 -2.82 x 100 6.34 x 10! 0.00 -1.30 x 102 1.25 x 102
a 2.76 x 1072 4.19 x 1071 0.00 -8.15x 107! 8.70 x 1071
a3 422 x 1074 6.95x 1074 0.00 -9.76 x 10~* 1.82 x 1073
ay 3.32 x 109 1.80 x 109 0.00 -3.01 x 107! 6.94 x 10°
as —-3.24 x 1072 1.17 x 1072 0.00 —-5.58 x 1072 -8.93 x 1073
ag -9.87 x 1073 7.12 x 1073 0.00 —2.42 x 1072 444 %1073
ay 3.91x 1077 0.00 x 109 0.00 3.91x 1077 3.91x 1077

Ash=ay +ay T +a3T? + agt + ast> + ag T+t + a;T>t, R? = 0.83, R = 0.91; T* ranged from 200 °C to 300 °C, * ranged
from 20 min to 60 min; * more information in Section 2.2.

The content of combustible parts (CP) decreased with time and the rise of the process temperature.
Raw elephant dung had a CP = 48.9% (Table Al). During the torrefaction, the CP decreased to 28.6%
at 60 min and 300 °C (Table A1, Figure 8). The analysis of variance showed numerous statistically
significant differences, the majority of which occurred between 260 °C, 280 °C, and 300 °C (Table A5,
Figure A3). All regression coefficients were statistically significant (p < 0.05) for the CP model (R% = 0.67)
(Table 6).
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Figure 8. The influence of temperature and time on the combustible parts in biocoal from elephant dung.
Table 6. Statistical evaluation of ash content of biocoal from elephant dung.
Intercept/ Value of Intercept/ Lower Limit of Upper Limit of
Coefficient Coefficient Standard Error P Confidence Confidence
a -1.19 x 10% 1.14 x 10? 0.00 -3.48 x 102 1.11 x 102
ay 1.61 x 10° 7.54 x 107! 0.00 9.02 x 1072 3.12 x 10°
a3 -3.10x 1073 1.25 x 1073 0.00 -5.62 x 1073 -5.79 x 1074
a, -2.38x 107! 3.24 x 100 0.00 —6.75 x 10° 6.28 x 10°
as 1.73 x 1072 2.10 x 1072 0.00 —2.49 x 1072 5.95 x 1072
ag -5.28 x 1073 1.28 x 1072 0.00 -3.11 x 1072 2.05 x 1072
ay —4.29 x 1078 0.00 x 109 0.00 -429 %1078 -429x107°

CP=ay +ayT + a3-T? + ag-t + as-t2 + ag-Tt + a;-T>t,R2 = 0.67, R = 0.82; T* ranged from 200 °C to 300 °C, t* ranged
from 20 min to 60 min; * more information in Section 2.2.

The decrease in the HHV of the biocoals produced from the elephant dung was observed along
with the increase of temperature and time (Figure 9, Table A1, Figure A4). The highest HHV was
obtained for the biocoal generated at 200 °C and 60 min. A similar trend was discovered by Li et al., [33].
They explained this phenomenon by the effect of specific biocoal properties (pH; C, H, N, S, O content;
specific surface area) and noticed also a possibility of predicting the biocoal yield of a group of
feedstocks with similar physiochemical properties.

The average HHV was 13 MJ-kg™! and was higher than the HHV of raw elephant dung (by
1.59 MJ-kg~!) and higher than the lowest HHV for the biocoal obtained at 300 °C and 60 min (by
6.51 MJ'kg™!). The HHYV is affected by the high ash content in the biocoals and raw material. Thus,
it was decided to estimate the value of HHV on an ash-free basis (HHV ;). The highest average

HHYV 45 was obtained for the biocoal generated at 280 °C and for 60 min (27.20 MJ-kg™!) (Figure 10,
Table AT). Regression coefficients for the HHV and HHV 4,r were statistically significant (p < 0.05), the
proposed model worked well for HHV but was less representative for HHV ¢ (R? were 0.74 and 0.21,
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respectively) (Tables 7 and 8). Analysis of the variance of average values of HHV showed statistically
significant differences between the results for 280 °C and 300 °C and 40 & 60 min (p < 0.05) (Figure A4,

Table A6). This result has practical implications for the collection and initial processing of elephant
dung to minimize mineral ash content and impurities and to maximize the HHV.
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Figure 9. The influence of temperature and time on the high heating value (HHV) in biocoal from
elephant dung.
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Figure 10. The influence of temperature and time on the HHV 4 in biocoal from elephant dung.
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Table 7. Statistical evaluation of the high heating value of biocoal from elephant dung.

Intercept/ Value of Intercept/ Lower Limit of Upper Limit of

Coefﬁciznt Coefficient P Standard Error P Confidence Ig(’)nﬁdence
m 2.25 x 101 1.50 x 10! 0.00 —7.67 x 100 5.27 x 10!
ay —-3.04 x 1072 9.92 x 1072 0.00 -2.30x 107! 1.69 x 1071
a3 —2.45x107° 1.65 x 107* 0.00 -3.34x107* 329 x 1074
ay -6.30 x 107! 426 x 107! 0.00 —-1.49 x 10° 227 x 107!
as 6.68 x 1073 2.76 x 1073 0.00 1.12x 1073 1.22 x 1072
ag 1.84 x 1073 1.69 x 1073 0.00 -1.55 x 1073 523 x 1073
ay -8.13 x 1078 0.00 x 109 0.00 -8.13 x 1078 -8.13 x 1078

HHV = ay + ay T + a3 T? + agt + as-t? + ag- T+t + a; T>t, R? = 0.74, R = 0.86; T* ranged from 200 °C to 300 °C, #*
ranged from 20 min to 60 min; * more information in Section 2.2.

Table 8. Statistical evaluation of high heating value on the dry ash-free basis of biocoal from

elephant dung.

Intercept/ Value of Intercept/ Lower Limit of Upper Limit of

Coefﬁciznt Coefficient P Standard Error p Confidence Ig())nﬁdence
a 3.54 x 101 2.99 x 101 0.00 —2.48 x 10! 9.56 x 10!
a -1.28 x 107! 1.98 x 1071 0.00 -5.25x 107! 2.70 x 1071
a3 291 x107™* 328 x 1074 0.00 -3.69 x 107* 952 x 1074
ay -1.04 x 107! 8.49 x 107! 0.00 -1.81 x 100 1.60 x 10°
as 6.68 x 1074 5.50 x 1073 0.00 —-1.04 x 1072 1.17 x 1072
ag 475 x 1074 3.36 x 1073 0.00 -6.29 x 1073 7.23 x 1073
ay -1.03 x 1078 0.00 x 109 0.00 -1.03 x 1078 -1.03 x 1078

HHVyo = ay + ap T + a3-T? + ag-t + a5t + a6 Tt + a7 T+, R? = 0.21, R = 0.45; T* ranged from 200 °C to 300 °C, t*
ranged from 20min to 60 min; * more information in Section 2.2.

3.3. Result of the Thermogravimetric Analysis (TGA) of Elephant Dung

Table 9 summarizes kinetics parameters based on the TGA analyses and the mass loss data.

Table 9. The values of reaction rate constants and activation energy for elephant dung torrefaction.

T,°C T-1,°C-1 k,s1 In(k), s 1 Ea, J-mol~1
200 2.11x 1073 1.16 x 10752 —-11.40

220 2.03 x 1073 1.24 x 10752 -11.30

-3 -5 _

240 1.95 x 10 1.49 x 10752 11.10 17.700
260 1.88 x 1073 1.50 x 10752 -11.10

280 1.81 x 1073 1.92 x 107> ab -10.90

300 1.75 x 1073 2.73x107°P -10.50

a, b—letters present a lack of statistically significant differences between k values (p < 0.05).

The obtained values of k were analyzed by ANOVA, which showed that there were statistically
significant differences (p < 0.05) for biocoal produced at 300 °C, and those obtained at 200 °C, 220 °C,
240 °C, and 260 °C, respectively. There were no statistical differences between k for 280 and 300 °C
and k for 200-260 °C range. Kim et al. indicated that different optimal temperatures should be
selected for different types of manure to maximize the energetic retention efficiency [34]. The energy
yield of hydrochar (48.0-71.9%) is higher than that of pyrolysis char (31.5-52.4%), implying that
the carbonization process, rather than the reaction temperature, is also a key factor that affects the
energy yield of manure [35]. The TGA analysis showed the most substantial mass decrease in the
first repetition to 54% of the initial mass of the sample, while in the second and third repetitions, the
mass decreased to 64% and 62%. The loss of mass began at a temperature of ~300 °C, and it started to
stabilize after exceeding ~600 °C (Figure 11).
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Figure 11. The thermogravimetric characteristic of elephant dung.

New knowledge on the substrates of elephant dung was gained from the TGA analyzes.
There was a characteristic peak start at ~330 °C with a maximum at ~500 °C, most likely related
to the decomposition of undigested (by elephant) cellulose and lignin from consumed biomass.
The decomposition of cellulose and lignin takes place at 305-375 °C and 250-500 °C, respectively [36].
No degradation of hemicellulose was observed based on the DTG (derivative thermogravimetry)
analysis. The decomposition of hemicellulose takes place at 225-325 °C [36]. However, the apparent
lack of mass change in this temperature range (Figure 11) does not necessarily indicate a lack of
hemicelluloses content. It is also likely that particular decompositions could be superimposed [36] and
could not be detected by the lack of precision of the used thermogravimetric analyzer.

3.4. Differential Scanning Calorimetry (DSC) of Elephant Dung

DSC analysis showed that during heating, two endoenergetic transformations occurred (Figure 12).

At the beginning of the experiment, the energy was supplied to the sample to raise the temperature
of the system. The first observation was that transformation began at 37 °C. Here, the energy was
delivered to heat a sample and to initiate its transformation, which reached its maximum value at 80 °C
and ended at 146 °C. The total energy demand for this first transformation was 66.17 J-g~1. After the
first transformation ended, the energy needed only for heating the sample was supplied to the system
(146-158 °C). The second transformation began at 158 °C, reached its maximum at 216 °C, and ended
at 252 °C, requiring only 9.76 J-g~!. After the second transformation occurred, the energy required for
heating decreased significantly. After T > 252 °C the exothermic reaction occurred.

The total energy demand for the whole process including heating and transformations of dry
elephant dung was 485.37 kJ-kg ™! for the —20 to 300 °C range. The estimate for process energy demand
calculated by model for torrefaction [30] decreased to 484.81 kJ-kg~" and it was due to mass loss during
the process. In addition, the heating and evaporation of the water contained in raw elephant dung
(moisture content 49.19%), results in the additional 1275.49 kJ-kg™! (Equation (8)) energy demand.
Thus, the total energy demand for processing of raw elephant dung (heating, moisture evaporation,
and torrefaction) is 1760.30 kJ-kg~!.
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Specific heat, KJ-(kg-C)=(7.74-10°)+(-6.55101) x+(2.37-102) x2+(-3.97-104)x3+(3.63-106)-x4+
(-1.93-10%)x5+{6.04-1011)-x5+(-1.03-103)x7+(7.3717) 8
a8 R=0.99 R2=0.98

Heat flow, mW

|

Normalized energy: -9.76 J-g!

Normalized energy: -66.17 J-g? ?)nsit_:;f:eé:
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Figure 12. The differential scanning calorimetry (DSC) characteristic of elephant dung.

4. Discussion

4.1. The Impact of Technological Parameters on the Efficiency of the Process

A related torrefaction study carried out on cow manure showed that the MY of torrefaction
decreased with the increase of the process temperature [37], similar to the finding in this research.
The torrefied elephant dung (200-300 °C at 40 min) had the MY of 100-68%, whereas it was 90-55%
for cow manure at the same process conditions [37]. Differences in MY could be explained by a
greater decomposition of biodegradable substrates at lower temperatures. Also, elephant dung had
higher moisture and OM content compared with the cow manure. In addition, it has been reported
that it is possible to change specific surface area (SSA) as a result of morphological changes due
to thermal condensation, and it could be exploited in different materials [38]. The energy yield of
torrefaction of cow manure decreased from around 92% at 200 °C to approximately 57% at 300 °C,
whereas elephant dung were of 110% and 60%, respectively. The EDr ratio for cow manure had
the same downtrend as elephant dung [37]. It was also noticed that there are different degradation
processes in the studied range of 200-300 °C. Lignocellulose degradation occurs at approximately
120 °C; hemicellulose degradation occurs at 200-260 °C; cellulose degradation occurs at 240-350 °C;
while lignin degradation occurs at 280-350 °C [39], which due to the observation of narrow temperature

ranges could have affected the lack of a decrease or increase trend in the case of obtained moisture
and MY.

4.2. Proximate Analyses of Elephant Dung and Biocoals

The average moisture content in the elephant dung was 49.19%. The moisture content of dung
depends on the amount of water consumed by the animal. For example, pig manure could have
a moisture content of ~35-82%, whereas cow manure is of ~66-97% [40—42]. In the case of poultry
manure, moisture content ranges from ~5 to 40% [40]. The OM content in the studied elephant dung
was 48.09% (d.m.). For comparison, the OM content for Indian elephant and rhinoceros were 52%
and 56%, respectively [43]. For yet another case of the cattle manure, an OM content was ~74% [44].
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These OMs are much lower than those reported in related torrefaction studies for pruned biomass of
Paulownia (90%) [45], or brewery spent grain (96%) [46].

The elephant dung had a higher ash content (50.81%, d.m.) than the maximum content of ash in
pig manure (21.4% d.m.), cow manure (32.8% d.m.) and chicken manure (34% d.m.) [40,47]. The HHV
of elephant dung was 11.41 MJ-kg™! and was lower than HHV in chicken manure (13 MJ-kg™!), cow
manure (12.7-17.2 M]-kg_l), or pig manure (18.1-19.5 M]-kg_l) [37,40,41,48]. The low value of HHV is
likely caused by high ash content, i.e., the calculated ash-free HHV was as high as 23 MJ-kg~".

The HHV of the torrefied dung was not much higher than the raw sample (Table A1). For biocoal,
the highest HHV was 13 MJ-kg™! (260 °C, 60 min), and a further increase in temperature and time
caused a decrease in its value. The low increase of HHV in comparison to the raw base for cow dung
was reported by Pahla et al. [37] and HHV increased from 16.78 to 18.64 MJ-kg~! (at 300 °C). A small
increase of HHV in dung biocoal is directly affected by a low amount of fixed carbon (high amount of
ash content). During torrefaction, fixed carbon is enhanced by thermal degradation of hemicellulose
and part of cellulose and lignin [49]. The decomposition of these constituents results in releases of
compounds with low energy content, leaving organic compounds with higher energy content [50].
Cow manure, similarly to elephant dung did not experience high HHV enhancement likely because it
had less OM and more ash content. Pulka et al. [28] tested sewage sludge via torrefaction and met
the same problem—the highest value of HHV for biocoal generated at 260 °C, 60 min, and further
temperature increase decreased HHV. Therefore, it may be assumed that at a temperature > 260 and
time > 60 min, some organic components from elephant dung and sewage sludge start to decompose
and release volatiles with higher energy content.

There was no observed relationship between the moisture content and the process temperature
and time for the biocoals from elephant dung. This is likely because dry material was used for the
torrefaction process. Small differences in the moisture content of biocoals can result from the time
between their generation and the determination of the moisture content experiment. Stored biocoals
can adsorb moisture (e.g., from the air), making biomass-derived fuels less advantageous compared
with coal [50].

There was a sharp drop in the OM and the simultaneous increase in ash content for torrefaction
above 260 °C. This also caused a decrease of HHV and an increase in the HHV ;¢ especially in the
biocoals produced at 260 °C and 300 °C. A practical implication is that the torrefaction process
conducted at temperatures from 200 °C to 260 °C (regardless of time) will have a small impact on the
decrease of HHV of biocoals.

Furthermore, it could be recommended that torrefaction at 200 °C for 20 min (lowest temperature
and shortest time) is needed for the maximization of the HHV and minimization of the cost of the
torrefaction process. In addition, a lack of significant differences (p < 0.05) in 200-260 °C allows us to
use torrefaction of elephant dung as a low-tech technology, i.e., one that can be controlled without an
accurate measurement system. It is especially important for rural areas. Also, during torrefaction of a
more substantial amount of the dung, it would be challenging to evenly heat and then cool down fast
all the processed material. However, based on the apparent lack of effect in this research, the risk of
generating substandard biocoals appears to be relatively low.

The highest HHV 4 value (27.2-M]-kg_1) was observed for 280 °C, 60 min (Table A1). This value is
theoretical, and it is worth considering ways of reducing the ash content in the elephant dung, because
it may have a high energetic potential after processing. Considering ash-free elephant dung after
torrefaction, it is possible to obtain better solid fuel than commercially-available pellets. For example,
pellets made from pine sawdust, wheat straw, corn settlements, agricultural residues have HHV of 19.5,
17.5,18.8,18.1 M]-kg_l, (HHV 44¢ 19,6, 19.0, 19.0, 19.8 M]'kg_l) (Table A8) respectively [51]. These values
are still relatively low when compared to ash-free biocoal from elephant dung of 27.2 MJ-kg .

The ash in elephant dung is derived from two primary sources, (1) ash introduced during collecting,
transporting, storing, and processing, (2) biogenic ash inside plant tissue consumed by an elephant.
The sum of these sources is referred to as ash content. Biogenic ash could be removed from biomass
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using air separation. For woody pine forest residue, air separation costs ~2.23 $-Mg™~! of biomass
to reduce 40% of total biogenic ash to <7% of total biomass [52]. Ash could also be removed from
biomass cells via chemical pre-processing that solubilize it. Here, knowledge of the exact morphology
and chemical state of the ash is needed to determine the most effective removal methods [52]. From a
practical point of view, elephant dung should be collected with the least soil impurities as possible.
Next, during transportation, drying, etc. the dung should not be exposed to dust. If prevention is not
enough, air separation could be considered, due to its relatively low operational cost. Nevertheless,
dung morphology is important factor for air separation. Dung is much more brittle and lighter than
wood. Because of this, chipped particles of dung could be lighter than mineral impurities causing
the different share of ash in particular fractions than in the case of wood. Although some chemical
pre-processing technologies have a high level of ash removal (over 90% removal of alkaline earth
and alkali metals) [52], their technological infrastructure and cost would be difficult to adopt in
underserved areas.

Another important aspect is the issues related to the supply chain, which may influence the quality
of biocoal and efficiency of the process. The collection of elephant dung has a dispersed character with
a random accumulation ratio in one specific localization, especially when elephants live in natural
habitats. The dung usually is collected directly from the ground, which may increase the ash content.
However, when dung is exposed to climatic conditions (especially to wind and sun), the overall effect
might be beneficial to drying, which brings benefits related to transportation and torrefaction efficiency.
Pre-dried material is more suitable for collection, transportation (less water to be transported), and is
less prone to decay. In the case of breeding of elephants or using them as work animals (as practiced in
South-East Asia), the accumulation of dung in one specific area is more likely. Natural drying maybe
not be sufficient. Therefore, one solution could be pre-drying in the dedicated dryer, which could use a
warm air stream for water removal. Solar energy could be used as a heat source. Such solution could
solve several practical problems: i) the long-range transport of untreated and wet dung to processing
sites that is energy inefficient, while a significant portion of the transportation costs are being used
to transport water [5]; ii) the long-term storage of raw biomass can be problematic and impractical
because the piled biomass can decompose over time resulting in the decrease of useful HHV [7].

4.3. Thermogravimetric Analysis of Raw Material and Kinetic Parameters of Torrefaction

Reported TGA analyses of elephant dung are the first of their kind in the literature. A comparison
of kinetic parameters with the literature is then confounded because of the variety of determination
methods used for other materials. For this reason, we discuss the kinetics of a subset of the most
common and related substrates. We considered the elephant diet consisting mostly of grasses, and the
activation energy for some grass plants is available. The activation energy of wheat straw and sorghum
determined for the 250-450 °C range was 176 k]-mol~! and kJ-mol~*, respectively [53]. For comparison,
lignocellulose materials (eg., woody biomass) have an E; of 103-165 kJ-mol™! [54,55]. The values
presented in this paper were obtained for non-isothermal conditions and pyrolysis temperature range.

In this work, the E; and the reaction rate constants were determined in isothermal conditions and
a temperature range of 200-300 °C. The same conditions and temperatures were used previously by
Pulka et al. [56], who tested sewage sludge (SS) with high ash content, and Syguta et al. [57] who tested
spent mushroom compost (MSC). The E, for torrefaction process of elephant dung was 18 kJ-mol~!,
and k values were increasing with process temperature from 1.16 x 10757} t0 2.73 x 1075~ (from
200 to 300 °C), respectively. In the case of SS, the E; was 12 kJ-mol~!, and the k value increased from
4.02 x 1072571 t0 6.71 x 107°-s7! (from 200 to 300 °C), respectively [56]. In the case of MSC, the E,
was 22.2 kJ-mol !, and the k value increased from 1.7 x 1072-s7! to 4.6 x 107°-s~! (from 200 to 300 °C),
respectively [57]. Differences could be a result of biomass origin, and organic matter content. OM in SS
was 56% d.m. [56], 76% d.m. in MSC [57], and 50% d.m. in elephant dung—Table A1).

It should also be noted that the greatest E, was determined for MSC, which had the highest OM
content, and much smaller during the torrefaction of elephant dung and SS, where OM contents were
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lower by ~20%. An opposite trend was observed in the case of the k value, which was the highest
during the torrefaction of SS, followed by MSC and elephant dung. This may indicate that the content
of OM is one of the critical drivers of the waste’s kinetic properties, such as the Ea and possibly k.

4.4. Differential Scanning Calorimetry of Raw Material

DSC analysis showed that two endothermic reactions (37-146 °C and 158-252 °C) and one
exothermic reaction (252-300 °C) occur during the torrefaction process (Figure 12). The first
transformation observed on DSC plot may be attributed to water evaporation. Interestingly, the
elephant dung was dried at 105 °C before the DSC test. Thus, the presence of water in a previously
dried sample could be due to the hygroscopicity (the sample absorbed some water from the atmosphere
before the test; i.e., biocoals are known to be affected by this phenomenon) [58]. The first transformation
ended above drying temperature (105 °C), so it is probably associated with bound water evaporation.
The nature of the second endothermic transformation is unknown. To our knowledge, there are no
DSC data of elephant dung to compare. This transformation may be related to residue hemicellulose
degradation. Degradation of hemicellulose takes place at a lower temperature range (225-325 °C) than
the degradation of cellulose (305-375 °C) [36]. After the second endothermic transformation ended, the
heat flow starts to decrease, which is related to an exothermic reaction (253-300 °C). This exothermic
reaction corresponds to mass loss observed on TG/DTG plot observed at the beginning of the process
(Figure 11). Interestingly, neither of the endothermic reactions were apparerent in the TG/DTG plot
(Figure 11). This might be a result of insufficient precision in the use of the laboratory balance, or due
to transformations that were not related to mass loss. In general, endothermal reactions are related
to depolymerization and volatilization process, whereas exothermic transformations are due to the
charring process [59] phenomenon, the DSC plot shows that the elephant dung torrefaction is an
(overall) endothermic process and it requires energy delivery. Some energy cost savings might be
realized by using the torrefied elephant dung as a fuel for the torrefaction process (Figure 1).

High ash content 50.81% (Table A1) is not without significance. It makes measurements of TGA
and DSC less accurate because smaller mass loses in organic compounds were measured. In the
case of DSC, the endothermic reactions of <200 °C that were found could also be associated with
water evaporation from components of ash such as chlorine and potassium [60]. The growth of the
mineral fraction lowers the activation energy of the pyrolysis reaction, and accelerates exothermic
thermochemical conversion reactions [61].

5. Conclusions

Initial valorization of elephant dung by torrefaction is proposed as a possible low-tech fuel
production in rural areas with abundant supply. Proposed valorization could be used in households
for cooking and heating. These studies have expanded knowledge on the possibilities of torrefaction of
elephant dung and provided practical knowledge about the fuel properties of torrefied elephant dung,
as high heating value, combustible parts, ash content, and organic matter content. Based on the results,
models of torrefaction of elephant dung with kinetics parameter evaluation have been proposed. The
following conclusions arise from this research:

e  Torrefaction improves the higher heating value of elephant dung. The torrefied elephant dung
has an HHV = 13 MJ-kg™! compared to the HHV = 11.41 M]-kg™! for unprocessed dung.

e  Minimal process controls appear to be needed, and thus, scaling the torrefaction up to larger
batches of dung is feasible, but due to lack of data, these options need more tests on a technical
scale. Biocoals with similar quality are obtained for 200 °C to 260 °C range regardless of the
duration of the process (20 to 60 min).

e  The recommended temperature of the torrefaction for elephant dung is 200 °C, due to the lack of
significant improvements in fuel properties with increasing process temperature.
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e  The activation energy for torrefaction of elephant dung at 200~300 °C was 17.7 J-mol~" and the
reaction rate constant increased from 1.16 x 10757} t0 2.73 X 107>-s71.

e  The total energy needed to heat the dry elephant dung from 20 °C to 300 °C was approximately
485 k]-kg_1 (obtained in laboratory conditions), and 484.81 k]~kg_1 (obtained from calculations)
after the mass loss during the process is factored in. The total energy demand for drying and
torrefaction was the total amount of energy for processing (heating, moisture evaporation, and
torrefaction) was 1760.30 kJ-kg~!.

This research has shown that there is a potential in using elephant dung as a substrate for
torrefaction and its valorization as an improved fuel source. The next step should be to identify the
technological parameters for the torrefaction of elephant dung. This is important for investment
analysis and technology design, particularly in rural areas.
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Appendix A

Table A1. Summary of proximate analysis of the tested elephant dung and biocoals resulting from
its torrefaction.

. Organic Matter HHYV, HHV 4,
o, 0, 4 a,
Sample Moisture, % Content, % Ash, % MJ-kg 1 MJ-kg-!
Elephant dung 49.19 + 5.84 48.90 + 5.79 50.81 + 5.84 1141 +£1.34 23.18 +2.39
20 min 3.33 £ 0.08 60.44 + 0.46 39.37 £ 0.44 12.75 + 0.58 21.75 + 1.15
200 °C 40 min 1.14 + 0.02 47.50 + 1.42 52.40 + 1.42 10.14 £ 0.51 21.56 = 0.87
60 min 2.35 +0.08 57.35 +1.69 42.51 +1.70 13.00 = 0.31 23.16 £ 0.19
20 min 2.11 £ 0.15 61.23 +1.04 38.65 + 1.05 12.47 +1.31 20.77 + 2.30
220 °C 40 min 2.15+0.05 60.22 +2.52 39.77 £ 2.50 12.34 £ 1.01 21.00 = 2.48
60 min 1.90 + 0.06 60.21 + 0.27 39.76 + 0.24 12.82 + 0.72 21.70 £+ 1.24
20 min 2.11+0.12 53.57 +2.09 46.50 + 2.01 11.80 + 1.56 2248 +2.24
240 °C 40 min 1.03 + 0.04 4991 +1.12 50.03 + 1.08 10.74 £ 0.79 21.71 £ 1.27
60 min 0.96 + 0.05 49.79 + 1.11 50.11 +1.13 9.51 + 0.50 19.24 + 0.59
20 min 3.20 = 0.06 52.96 + 3.14 47.52 + 3.30 11.39 £ 0.33 21.79 £1.93
260 °C 40 min 0.88 + 0.10 47.63 +2.92 52.24 +2.97 11.25 + 0.50 23.77 £ 0.51
60 min 1.07 £ 0.04 44.82 + 2.58 55.07 +2.62 10.34 + 0.24 2333 +1.93
20 min 2.23+0.15 52.21 + 4.41 47.60 + 4.45 11.80 = 1.45 23.00 = 1.25
280 °C 40 min 2.85+0.26 37.23 £3.26 62.59 + 3.31 8.66 +1.22 23.87 £2.92
60 min 1.64 £ 0.26 28.26 + 3.97 71.48 +3.99 7.54 +0.32 27.20 + 3.57
20 min 2.61 +0.25 4947 + 147 50.21 + 1.53 11.64 = 1.02 24.01 +1.99
300 °C 40 min 1.99 +0.26 39.09 + 3.47 60.89 + 3.46 9.05 +0.32 23.69 = 1.25

60 min 1.24 £ 0.14 28.66 + 2.92 71.25+£2.92 6.49 +£0.71 22.86 £ 0.79
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Table A2. Values of mass yield, energy yield, and energy densification ratio for biocoals.

Sample Mass Yield, % Energy Yield, % Energy Densification Ratio, %
20 min 91.42 102.11 1.12
200 °C 40 min 98.65 107.78 1.09
60 min 95.59 108.91 1.13
20 min 95.43 104.25 1.09
220 °C 40 min 93.16 100.74 1.08
60 min 90.43 101.62 1.12
20 min 98.12 101.43 1.03
240 °C 40 min 92.78 87.33 0.94
60 min 89.36 74.46 0.83
20 min 97.07 95.66 0.99
260 °C 40 min 88.63 87.34 0.99
60 min 90.01 81.55 0.90
20 min 71.83 68.89 0.96
280 °C 40 min 53.21 46.29 0.87
60 min 63.33 51.59 0.81
20 min 63.28 58.28 0.92
300 °C 40 min 66.58 56.50 0.85
60 min 73.18 62.58 0.86
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Figure A1l. Presentation of differences in individual groups (of torrefaction time) for organic matter
content in biocoals from elephant dung.
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Table A3. Analysis of variance for organic matter (OM) content.

25 of 32

Tukey Test for OM; a Bold Font Signifies 200 200 200 220 220 220 240 240 240 260 260 260 280 280 280 300 300 300
Statistically Significant Difference (p <0.05) g 40 60 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60

200 20 000 098 100 1.00 100 012 000 000 006 000 000 003 000 000 000 0.0 0.00
200 40 0.00 0.00 000 0.00 000 027 100 100 043 100 1.00 068 0.00 0.00 100 0.02 0.00
200 60 098  0.00 090 099 099 091 007 006 077 000 000 053 000 000 004 000 0.00
220 20 100 0.00 0.90 100 1.00 005 0.00 0.0 002 000 000 001 000 000 000 000 0.00
220 40 100 0.00 099 1.00 100 015 0.00 0.0 008 000 0.00 003 000 000 000 000 0.00
220 60 100 0.00 099 100 1.00 016 000 0.00 008 000 000 003 000 000 0.00 000 0.00
240 20 012 027 091 005 015 0.16 093 091 1.00 030 001 100 0.00 000 085 0.00 0.0
240 40 000 100 007 000 0.00 000 093 100 099 100 055 1.00 0.00 0.00 100 0.00 0.00
240 60 000 100 006 000 000 000 091 1.00 098 100 059 1.00 000 000 1.00 0.00 0.00
260 20 006 043 077 002 008 008 100 099 098 047 003 100 0.00 000 095 0.00 0.0
260 40 000 100 0.00 000 0.00 000 030 100 100 047 099 072 0.00 0.00 100 0.2 0.00
260 60 000 100 0.00 000 000 000 001 055 059 003 099 007 006 000 070 035 0.00
280 20 003 068 053 001 003 003 100 100 1.00 100 072 007 0.00 000 1.00 0.0 0.0
280 40 000 0.00 000 000 0.00 000 000 000 000 000 000 006 0.00 001 000 1.00 0.02
280 60 000 0.00 0.00 000 000 000 000 000 000 000 000 000 000 001 0.00 000 1.00
300 20 000 100 004 000 000 000 08 100 100 095 100 070 1.00 0.00 0.00 0.00  0.00
300 40 000 0.02 000 000 0.00 000 000 000 000 000 002 035 000 100 0.0 0.0 0.00
300 60 000 0.00 0.00 000 000 000 000 000 000 000 000 000 000 002 100 000 0.00
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Table A4. Analysis of variance for ash content.

26 of 32

Tukey Test for Ash Content; a Bold Font Signifies 200 200 200 220 220 220 240 240 240 260 260 260 280 280 280 300 300 300
Statistically Significant Difference (p < 0.05) 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60

200 20 0.00 098 100 100 100 010 000 000 003 0.00 000 0.03 000 000 000 000 0.00
200 40 0.00 0.00 000 000 000 032 100 100 064 100 100 066 000 000 100 002 0.0
200 60 098  0.00 091 100 100 088 006 006 060 000 000 057 000 000 005 0.00 0.00
220 20 1.00 000 091 100 100 004 000 000 001 0.00 000 0.01 000 000 000 000 0.00
220 40 1.00 000 100 1.00 100 015 000 000 005 000 000 0.05 000 000 000 000 0.00
220 60 100 000 100 100 1.00 015 0.00 0.00 005 000 000 004 000 000 000 0.00 0.00
240 20 010 032 088 004 015 015 095 094 100 037 002 100 000 000 093 000 0.00
240 40 0.00 100 006 000 000 000 095 100 100 100 059 1.00 0.00 0.00 1.00 0.0 0.00
240 60 0.00 1.00 006 000 000 000 094 1.00 100 100 061 100 000 0.0 1.00 0.0 0.00
260 20 003 064 060 001 005 005 1.00 1.00 1.00 069 006 1.00 000 000 100 000 0.0
260 40 0.00 1.00 0.00 000 000 000 037 100 1.00 0.69 099 071 000 000 100 002 0.00
260 60 0.00 1.00 000 000 000 000 002 059 061 006 0.99 0.07 006 000 065 035 0.00
280 20 003 066 057 001 005 004 100 1.00 1.00 1.00 071 0.07 0.00 0.0 100 0.00 0.0
280 40 0.00 0.00 0.00 000 000 000 000 000 000 000 000 006 0.00 0.01 0.00 1.00 0.2
280 60 0.00 0.00 0.00 000 000 000 000 000 000 000 000 000 000 001 0.00 0.00 1.00
300 20 0.00 100 005 000 000 000 093 1.00 1.00 1.00 100 065 100 000 0.0 0.00  0.00
300 40 0.00 0.02 000 000 000 000 000 000 000 000 002 035 000 100 000 0.00 0.00
300 60 0.00 0.00 0.00 000 000 000 000 000 000 000 000 000 000 002 100 000 0.00
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Table A5. Analysis of variance for combustible parts (CP).

27 of 32

Tukey Test for CP; a Bold Font Signifies 200 200 200 220 220 220 240 240 240 260 260 260 280 280 280 300 300 300
Statistically Significant Difference (p <0.05) 5, 40 60 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60

200 20 0.00 097 100 100 100 007 0.00 000 0.00 000 000 002 000 000 0.00 000 0.0
200 40 0.00 0.00 000 0.00 000 025 100 100 000 100 099 058 000 0.00 100 001 0.00
200 60 097  0.00 087 099 099 084 004 004 000 000 000 049 000 000 0.03 0.00 0.0
220 20 1.00 0.0 087 100 1.00 0.03 0.00 000 000 0.00 000 001 000 000 000 0.00 0.00
220 40 100 0.00 099 1.00 100 011 000 0.0 000 000 0.00 003 000 000 000 000 0.00
220 60 100 0.00 099 100 1.00 011 000 0.00 000 000 000 003 000 000 000 000 0.00
240 20 007 025 084 003 011 0.11 093 092 0.00 029 001 100 0.00 000 090 0.00 0.0
240 40 000 100 0.04 000 000 0.00 093 100 0.00 100 051 1.00 000 0.00 100 000 0.00
240 60 000 100 0.04 000 000 000 092 1.00 000 100 053 1.00 000 000 1.00 0.0 0.0
260 20 000 000 000 0.00 000 000 000 000 0.00 0.00 000 0.00 000 000 0.00 000 0.00
260 40 000 100 0.00 000 000 000 029 100 100 0.00 099 064 0.00 000 100 0.01 0.00
260 60 0.00 099 0.00 000 000 000 001 051 053 000 099 004 004 000 057 027 0.00
280 20 002 058 049 001 003 003 100 100 100 0.00 064 0.04 0.00 000 1.00 0.0 0.0
280 40 0.00 000 0.00 000 000 000 000 000 000 000 000 004 0.00 001 000 100 0.01
280 60 0.00 000 000 000 000 000 000 000 000 000 000 000 000 0.01 0.00 000 1.00
300 20 000 100 0.03 000 000 000 09 100 100 000 100 057 1.00 0.0 0.00 0.00  0.00
300 40 000 001 0.00 000 000 000 000 000 000 000 001 027 000 100 000 0.00 0.00
300 60 0.00 000 000 000 000 000 000 000 000 000 000 000 000 001 100 0.00 0.00
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Table A6. Analysis of variance for high heating value (HHV).

28 of 32

Tukey Test for HHV; a Bold Font Signifies 200 200 200 220 220 220 240 240 240 260 260 260 280 280 280 300 300 300

Statistically Significant Difference (p <0.05) 5, 40 60 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60
200 20 005 100 100 100 1.00 099 031 000 087 076 010 099 000 000 097 0.00 0.0
200 40 0.05 002 013 018 004 062 100 100 093 097 100 062 078 005 077 098 0.00
200 60 1.00  0.02 100 100 1.00 095 015 000 066 052 004 095 000 000 087 000 0.00
220 20 100 013  1.00 100 100 100 055 001 098 094 022 100 000 000 1.00 0.00 0.00
220 40 100 018 1.00 1.00 100 100 068 002 099 098 031 100 000 000 100 0.00 0.00
220 60 100 004 1.00 1.00 1.00 099 025 000 08 069 007 099 000 000 095 0.00 0.00
240 20 099 062 095 1.00 1.00 099 098 014 100 100 080 1.00 001 000 1.00 0.03 0.00
240 40 031 100 015 055 068 025 098 094 100 100 1.00 098 025 001 100 059 0.00
240 60 000 100 000 001 002 000 014 094 041 054 100 014 100 033 022 100 0.01
260 20 087 093 066 098 099 08 100 1.00 041 100 098 1.00 0.03 000 100 012 0.0
260 40 076 097 052 094 098 069 100 100 054 1.00 100 100 005 000 1.00 018 0.0
260 60 010 100 004 022 031 007 08 1.00 1.00 098 1.00 079 060 002 090 091 0.00
280 20 099 062 095 1.00 1.00 099 100 098 014 100 100 079 001 000 100 003 0.00
280 40 000 078 000 000 000 000 001 025 100 003 005 060 0.01 097 001 100 020
280 60 0.00 005 000 000 000 000 000 001 033 000 000 002 000 097 0.00 075 098
300 20 097 077 087 100 100 095 100 100 022 100 100 090 1.00 0.01 0.0 005  0.00
300 40 000 098 000 000 000 000 003 059 100 012 018 091 003 100 075 0.05 0.06
300 60 0.00 000 000 000 000 000 000 000 001 000 000 000 000 020 098 000 006
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Table A7. Statistical evaluation of specific heat of elephant dung.

Intercept/ Value of Intercept/ Lower Limit of Upper Limit of

Coefﬁciznt Coefficient P Standard Error P Confidence Iélc)mﬁdence
a 7.74 x 100 2.64 x 107! 0.00 6.59 x 109 7.62 x 100
ap —6.55 x 1071 2.37 x 1072 0.00 —-6.55 x 1071 —-5.62x 107!
a3 237 x 1072 821 x107* 0.00 2.09 x 1072 241 x 1072
ay -3.97 x 1074 1.45 x 107° 0.00 -411%x107% -3.54x107*
as 3.63 x 1070 0.00 x 109 0.00 3.53 x 1070 3.53 x 1070
ag -1.93 x 1078 0.00 x 109 0.00 -1.90 x 1078 -1.90 x 1078
ay 6.04 x 10711 0.00 x 109 0.00 597 x 10°11 597 x 10°1
ag -1.03 x 10713 0.00 x 109 0.00 -1.02 x 10713 -1.02 x 10713
ag 7.37 x 10717 0.00 x 109 0.00 7.37 x 1077 7.37 x 107V

SH=ay +ay T+ L'l3-T2 + L'l4-T3 + L'l5-T4 + HG-TS + a7-T6 + L'lg-T7 + a9 TS, R2= 0.98, R =0.99.

Table A8. Evaluation of commercial pellet HHV ¢, based on [51].

Type of Pellet Ash, % HHV, MJ kg1 HHV 4¢ %, MJ kg™
Pine sawdust 0.66 19.52 19.65
Wheat straw 7.27 17.57 18.95
Corn settlements 1.27 18.80 19.04
Agricultural residues 8.27 18.13 19.76

* HHV 3,7 has been calculated based on Equation (4).
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Abstract: Sustainable solutions are needed to manage increased energy demand and waste generation.
Renewable energy production from abundant sewage sludge (SS) and digestate (D) from biogas
is feasible. Concerns about feedstock contamination (heavy metals, pharmaceuticals, antibiotics,
and antibiotic-resistant bacteria) in SS and D limits the use (e.g., agricultural) of these carbon-rich
resources. Low temperature thermal conversion that results in carbonized solid fuel (CSF) has been
proposed as sustainable waste utilization. The aim of the research was to investigate the feasibility of
CSF production from SS and D via torrefaction. The CSF was produced at 200~300 °C (interval of 20 °C)
for 20~60 min (interval 20 min). The torrefaction kinetics and CSF fuel properties were determined.
Next, the differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) of SS and D
torrefaction were used to build models of energy demand for torrefaction. Finally, the evaluation
of the energy balance of CSF production from SS and D was completed. The results showed that
torrefaction improved the D-derived CSF’s higher heating value (HHV) up to 11% (p < 0.05), whereas
no significant HHV changes for SS were observed. The torrefied D had the highest HHV of 20 MJ-kg ™!
under 300 °C and 30 min, (the curve fitted value from the measured time periods) compared to
HHV =18 MJ-kg™! for unprocessed D. The torrefied SS had the highest HHV = 14.8 MJ-kg~! under
200 °C and 20 min, compared to HHV 14.6 M]-kg~! for raw SS. An unwanted result of the torrefaction
was an increase in ash content in CSF, up to 40% and 22% for SS and D, respectively. The developed
model showed that the torrefaction of dry SS and D could be energetically self-sufficient. Generating
CSF with the highest HHV requires raw feedstock containing ~15.4 and 45.9 MJ-kg ! for SS and D,
respectively (assuming that part of feedstock is a source of energy for the process). The results suggest
that there is a potential to convert biogas D to CSF to provide renewable fuel for, e.g., plants currently
fed/co-fed with municipal solid waste.

Keywords: renewable energy; sewage sludge; biogas digestate; waste to energy; waste to carbon;
circular economy; sustainability; carbonized solid fuel
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1. Introduction

1.1. Abundant Waste Resources for Solid Fuel Production

The energy use per capita grew from 1.3 to 1.9 Mg of oil equivalents in 1971-2014 [1]. The global
energy demand is expected to grow by about 27% worldwide from 2017 to 2040 [2]. The increase
in energy needs and consumption has an impact on the environment [3,4]. There is a need to refine
technologies for clean, abundant, and renewable energy for sustainable development.

Waste production increases with development. In general, developed economies produce more
waste (mainly plastic), whereas in emerging economies, citizens generate less waste that nonetheless
has a high content of high organic biodegradables. Regardless of the development stage, sewage
sludge (SS) is abundantly produced worldwide as a byproduct of wastewater treatment. For example,
Poland generated over 584,000 Mg d.m. (dry mass) of SS and over 9,300,000 Mg d.m. was produced in
the whole EU in 2017 [4].

Biogas digestate (D) is another abundant source of carbon-rich waste that is a byproduct of
renewable energy production. Two billion m® (bcm) of biogas are produced annually in the EU,
representing ~0.42% of the total natural gas consumed (470 bcm). It is estimated that the amount of
biogas produced in 2050 will be 36~98 becm [5,6]. Such a significant increase will be associated with a
challenge to find sustainable waste management of the produced D. Currently, the European biogas
market is concentrated in Germany, with more than half of all European biogas plants located there [5].
Thus, new plants are likely to be built throughout the EU, which will create a market for D utilization.

The EU generates ~180 mIn Mg of D per year. Approximately 120 mln Mg is produced from
agricultural substrates, ~46 mIn Mg from mixed municipal solid waste, 7 mln Mg from separated
biowaste, and the remainder from SS and other agro/food industry by-products [7]. These Ds are
directly used as fertilizer [7].

1.2. Waste Management Policies Create an Opportunity for Sustainable Reuse of SS and D

The EU has introduced policies regarding the increase of the share of renewable energy in
total energy consumption and to waste management. For example, Directive 2009/28/EC promoted
renewable energy and assumed its growth to be at least 20% of the total energy consumption in 2020 [8].
Though it is known that some EU countries did not achieve this goal, the EU established a new target
for 2030 that assumes at least a 32% share for renewable energy [9].

Transition to the circular economy has been promoted. Directive 2009/28/EC [8] laid down
measures to prevent or reduce the adverse impacts of the generation and management of waste [8].
The directive established a waste hierarchy (article 4) that relegated conventional incineration and
landfilling while promoting prevention and re-use [8]. This transition creates an opportunity to find
sustainable re-uses of SS that is current landfilled or incinerated.

The technologies for thermal waste treatment need to adjust to the shift from incineration and
high-energy input to the medium- and low-energy input of non-recyclable residual waste. It has been
agreed that incineration plants will continue to be an important element of waste management and a
proper mix should be maintained when it comes to the waste-to-energy capacity for the treatment of
non-recyclable waste. This is critical to avoid potential economic losses or the creation of infrastructural
barriers to the achievement of higher recycling rates [10]. However, the unintended effect of increased
recycling will be less fuel for incineration plants and a lower fuel quality. This is because the biggest
calorific fraction (e.g., plastic) will be sorted out from the waste stream.

The European Committee for Standardization (CEN) established quality standards for solid
recovered fuels (SRFs) to address the high variability and heterogeneity of waste streams and to
simplify the market of waste conversion to energy. The EN 15359:2012 divides fuels produced from
waste into five classes based on their low heating value (LHV), chlorine, and mercury content. The LHV
for the first through fifth classes are >25, >20, >15, >10, and >3 M]-kg_l, respectively [11]. The chlorine
content is responsible for the temperature in which SRF can be incinerated, whereas mercury is
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a main environmental concern. Other SRF parameters include corrosion and deposits to build up
compounds [12]. Unprocessed waste, like SRFE, contain some biological shares (home for harmful mold,
fungus, and microorganism, virus, etc.), as well as small plastics particles; for this reason, they can be
sources of health problems for people having contact with these materials [13].

1.3. Valorization of Waste via Torrefaction

Large quantities of SS and D are still used in agriculture [14,15]. However, a large fraction of
SS and D waste streams cannot be used for fertilization due to its contamination (e.g., heavy metals,
pharmaceuticals, antibiotics, and antibiotic-resistant bacteria [16-20]). Contaminated SS needs to be
stabilized and then landfilled or incinerated [14], i.e., approaches that are being phased out in the
EU. Similarly, some Ds from municipal biogas plants do not meet fertilizer standards. Biological
hazards, dust, and lower calorific values of waste from sorting plants can be overcome by the thermal
conversion of SRF to carbonized solid fuel (CSF), followed by CSF densification via pelletization.
Thermal treatment (e.g., via torrefaction) eliminates biological hazards and increases energy density,
and the pelletization further improves the energy densification and reduction of volatile organic
compound (VOC) emissions from CSF up to 86% [21,22].

Thus, there is an opportunity for SS valorization to high-quality fuel via torrefaction. Torrefaction
is a thermal treatment known as ‘mild pyrolysis’, ‘roasting’, or ‘high-temperature drying’. Torrefaction
is known to upgrade the fuel characteristics of biomass [23]. Torrefaction can also overcome the
disadvantages of raw biomass, such as high moisture content, degradation and decay, odor, pathogens,
and low energy density. The torrefaction process increases hydrophobicity and reduces grinding
energy demand [24]. Torrefaction is achieved via the relatively slow heating of biomass at 200~300 °C
in a no or limited oxygen environment [23].

This research aimed to investigate the feasibility of producing CSF from dry SS and D and
completing initial techno-economic analyses for CSF utilization in cement and power plants. In this
work, dried SS and D were torrefied and then compared to other alternative CSFs. This research
addresses the goals of (1) an increasing share of renewables, (2) providing additional options for solid
fuel for power plants in the future, and (3) managing the growing volume of organic waste produced
by energy recovery.

The torrefaction experiment and process modeling were done for dry SS and D, excluding the
energy needed for a drying process. The torrefaction of dry materials instead of materials with natural
moisture contents was chosen for several reasons: (i) The initial moisture content of SS and D is very
high <90% and its direct torrefaction could be biased (i.e., SS could be incinerated autothermal when
its moisture content is under 50% [25]; (ii) SS is already dried to avoid landfill costs so that it can be
incinerated or used to produce solid fertilizer [25] in larger wastewater treatment plants (in selected
EU countries); (iii) moreover, technologies for water removal from SS and D by mechanical or thermal
treatment are available, including solar drying [26] and/or waste heat from other processes [27]—
for example, waste heat from biogas incineration in combined heat and power (CHP) units can be used
for D drying; finally (iv), it is assumed that the model developed for dry mass will be easier to use,
i.e., by recalculating for site-specific SS and D conditions (taking into account the initial moisture and
the energy cost of its removal).

2. Materials and Methods

The experiment setup is presented in Figure 1. A detailed description is below. First, samples of
digestate and sewage sludge were collected from industrial plants. Next, the samples were dried and
ground. Then, parts of the samples were processed to CSF sample generation. The dried samples of
raw SS and D were tested by thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC) analyses. In parallel, the dried raw SS and D and CSF samples were tested by proximate and
process analyses. After that, data analysis was conducted. Finally, as a result of data analysis, empirical
models of CSF fuel features, torrefaction kinetics, and energy balance were obtained.
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Figure 1. Experiment setup to convert sewage sludge and digestate to carbonized solid fuel (CSF)

via torrefaction. The resulting CSF was analyzed for inputs to techno-economic analyses. D = biogas
plant digestate; SS = sewage sludge. TGA = thermogravimetric analyses. DSC = differential scanning
calorimeter analysis; OM = organic matter; CP = combustible parts; HHV = high heating value;
MY = mass yield; EDr = energy densification ratio; and EY = energy yield.

2.1. Feedstock

2.1.1. Sewage Sludge

SS was collected at the 140,000 m3-d~! wastewater treatment plant (WWTP) (Janéwek, MPWiK
S.A., Wroctaw, Poland). The SS was a by-product of mechanical and biological wastewater treatment,
with chemical additives for phosphorus removal. The 20 kg SS sample was collected from the secondary
settling tank before the anaerobic digestion. Then, the sample was dried at 105 °C in a laboratory dryer
(WAMED, model KBC-65W, Warsaw, Poland). Next, the dry SS was ground through a 1 mm screen
with a laboratory knife mill (Testchem, model LMN-100, Pszéw, Poland) and then stored before testing
at—-15°C.

2.1.2. Digestate from the Biogas Plant

D originated from the 1 MW, commercial biogas plant (Bio-Wat Sp. Z o. 0., Swidnica, Poland).
The biogas plant used the following feedstocks: a biodegradable fraction of municipal solid waste
(34%), maize silage (30%), sugar beet pulp (30%), and yeast cake (6%). The 20 kg D sample was collected
from the post-fermentation chamber. Next, the sample was dried, ground, and stored in identical
conditions to that of SS.

2.2. CSF Production Method and Process Analysis

The CSF was produced in accordance with the previously described methodology [28]. A mulffle
furnace (Snol 8.1/1100, Utena, Lithuania) was used. CO, was delivered to the center of the furnace
at ~2.5 dm®>min~! to facilitate an inert atmosphere. Furnace setpoint temperatures of 200~300 °C
(with 20 °C intervals) and 20~60 min (20 min intervals) residence times were used. The (10 + 0.5 g) dry
SS and D feedstock samples were heated in inert conditions from room temperature (20 °C) with a
heating rate of 50 °C-min~"! to the setpoint. After the torrefaction process, CSF samples were removed
from the mulffle furnace when the interior temperature was lower than 200 °C. The approximate times
of cooling from 300, 280, 260, 240, and 220-200 °C were ~38, 33, 29, 23, and 13.5 min, respectively.
A process temperature vs. process time for 300 °C setpoint is presented in Figure 2. The mass of the
sample before and after torrefaction was determined to calculate the mass loss and yield. The mass
was measured within 0.1 g of accuracy.
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Figure 2. An example of temperature patterns during the torrefaction of sewage sludge and digestate.

The mass yield, energy densification ratio, and energy yield of CSF were determined based on
Equations (1), (2), and (3) [29], respectively.

MY = my,/m,-100 1)

where MY is the mass yield (%), m, is the mass of raw material before torrefaction (kg), and my is the

mass of CSF after torrefaction (kg).
EDr = HHV,/HHYV, 2)

where EDr is the energy densification ratio, HHV/ is the high heating value of CSF (M]-kg_l), and HHV,
is the high heating value of raw material (MJ-kg™!).

EY = MY-EDr (©)]
where EY is the energy yield (%), MY is the mass yield (%), and EDr is the energy densification ratio.

2.3. Proximate Analysis of SS and D and their CSF
The physical-chemical properties of dry SS and D and CSF were tested in three replicates for:

e  Organic matter (OM) content, a.k.a. a loss on ignition (LOI), using the method described elsewhere [30].
e  Combustible part (CP) and ash content (ash) [31].
e High heating value (HHV) [32].

The (Snol 8.1/1100, Utena, Lithuania) furnace was used for OM, CP, and ash determination.
The C200 calorimeter (IKA®Werke GmbH, Staufen, Germany) was used for HHV determination.
The Properties of Raw Feedstock

The OM content for dry SS and D was 61.9% and 86.6%, respectively. The ash content was
36.3% and 12.4% for SS and D (d.m.), respectively. The CP in dried SS and D were 63.7% and 87.6%,
respectively. The HHV (14.6 M]-kg_l) of dried SS was lower than for dried D (18.1 M]-kg_l).

2.4. Thermogravimetric Analysis (TGA) of Raw Sewage Sludge and Digestate

The thermogravimetric analysis was performed in isothermal and non-isothermal conditions.
First, isothermal conditions were used in order to determine the kinetics parameters (k—constant;
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reaction rate; E,—activation energy; and A—pre-exponential factor) of the torrefaction process. Next,
non-isothermal conditions were used for tracking the thermal degradation from 50 to 850 °C.

The determination of kinetic parameters was completed in accordance with the previous
methodology and reactor set-up [33]. Setpoint torrefaction temperatures and 1 h heating time in
inert CO, ~10 dm3-h~! flowrates were used for mass losses based on the initial mass of the dry sample
(2.25 g) in three replicates. Next, the mass losses for each torrefaction temperature setpoints were used
to determine constant reaction rates k. The first-order model was used (Equation (4)):

ms = mo-e(_k't) (4)

where m; is mass at time t (g), m, is initial mass (g), k is the reaction rate constant (s_l), and t is time (s).

The full methodology of kinetic parameters determination (k—constant reaction rate;
Ea—activation energy; and A—pre-exponential factor) was presented in a previous work [34].

TGA in non-isothermal conditions was carried out at a heating rate of 10.8 °C-min~!. Dry SS and
D samples were placed in a tubular reactor and then heated to 850 °C, and they were kept there for
2 min.

The analysis of kinetic parameters and thermal degradation was done by means of the stand-mounted
tubular furnace (Czylok, RST 40x200/100, Jastrzebie-Zdrdj, Poland).

Data from non-isothermal TGA were subjected to mathematical manipulation in accordance with
the following description. Raw TGA data were smoothed by using the locally weighted scatterplot
smoothing (LOWESS) method [35] with Span (0-1) = 0.1. Next, based on the smoothed TGA curve,
a derivative thermogravimetric curve (DTG) was created with the Savitzky—Golay smooth method
(polynomial order = 2 and points of window = 20) [35]. The OriginPro 2017 software (OriginLab,
Northampton, MA, USA) was used for data analysis.

2.5. Differential Scanning Calorimetry (DSC) of Raw Material

The DSC of SS and D was carried out in N (3 dm3-h~!) atmosphere using a differential scanning
calorimeter (TA Instruments, DSC Q2500, New Castle, DE, USA). The dry SS and D sample (~6 mg)
was placed into the aluminum crucible, placed in the calorimeter, and heated from 20 to 500 °C
(at 10 °C-min~!) in n = 1 replicate.

2.6. Modeling of Torrefaction Process and CSF Fuel Properties

Polynomial models of the influence of torrefaction temperature and process (residence) time on
the CSF parameters (MY, EDr, EY, OM content, CP content, ash content, and HHV) were developed.
Models were based on measured data from the torrefaction and CSF properties for a particular
torrefaction temperature and time using a similar modeling approach described in our previous
work [36]. The general model is presented by Equation (5). Each model had one intercept (1) and six
regression coefficients (a,—ay) (a confidence interval of 95% was assumed). Regression coefficients
for which the p-value was <0.05 were assumed to be statistically significant. Correlation (R) and
determination coefficients (R?) were determined for each model.

F(T,t) = ay + ay T +a3-T? + ag-t + as-t> + ag-T-t + ay-T>-+ (5)

where f(Tt) is the variable (T, t, and combinations) being analyzed, a; is the intercept, a,—ay are the
regression coefficients, T is the torrefaction process temperature (°C), and ¢ is torrefaction process
time (min).

The standardized regression coefficients § for each regression coefficients (a,—ay) were
standardized based on Equation (6). The Scoefficient determines how much its own standard deviations
will change the dependent variable Y if the independent variable is changed by one (its own) standard
deviation [36].

B = an-SDx;/SDy; (6)
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where f is the standardized regression coefficient, 4, is the estimated regression coefficient, SDy; is the
standard deviation of the independent variable x, xi represents the values of subsequent independent
variables, SDy; is the standard deviation of the dependent variable y, and yi represents the values of
subsequent dependent variables.

2.7. Energy Balance for Torrefaction

An energy balance of the torrefaction process was needed to determine if the process could be
self-sustaining. The calculations were aimed to determine the energy needed to generate 1 g of CSE.
The energy balance assumed:

e  No heat losses of the reactor.

e  Theheat needed to dry SS and D were not included (due to site-specific variability in the feedstock
and drying methods).

e All energy contained in torrgas was used to provide energy to the torrefaction process.

e The energy contained in torrgas was estimated based on Equation (8).

The energy balance model is presented in Figure 3. Material for torrefaction is given as the HHV of
raw material multiplied by its mass needed (x) to obtain 1 g of CSF after the process. The x is calculated
as:

x=1/MY-100 (7)

where x is a multiplier for an additional raw material mass to compensate for mass loss during
torrefaction, MY is the mass yield of the torrefaction process (values based on the model, in %), and 100
is the value to remove the % unit from the equation.

Energy needed to heat
up material for
torrefaction to setpoint
temperature, J-g1

Carbonized solid fuel
HHVtorrefe.idi J'g—l

Material for torrefaction

x*HHV,,,,, ) .g*

> >

Torrgas
(heat+HHV,,,005), 187

Figure 3. Energy balance of torrefaction to produce CSF (energy/mass).

The energy consumption of the torrefaction was estimated similarly to the model developed by
Stepien et al. [37]. The model calculates energy needed to heat material to the setpoint temperature
of torrefaction and uses the TGA and DSC analyses. In this research, the energy required to heat
SS and D from 20 °C (room temperature) to 200, 220, 240, 260, 280, and 300 °C was estimated and
then increased by multiplying it by x value to determine the energy needed to produce 1 g of CSE.
The energy contained in a torrgas was calculated as Equation (8). Equation (8) was based on the
assumption that total energy contained in torrgas (heat (energy contained in gas temperature) and
chemical (energy contained in torrgas composition)) was a sum of external energy delivered to heat up
material and energy contained in released volatiles minus the energy that remained in CSF. In reality,
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the total energy potential of torrgas is lower than the calculated one due to the heat loss when CSF is
removed from the reactor to the cooling stage (energy from the CSF cooling process was omitted for
ease of calculations).

Etorrgas = Ejeat up + Evaw — Ecsr (8)

where Ejorrgns is the energy contained in torrgas (]-g‘l), Epeat up 1s the energy needed to heat dry SS or
D to setpoint temperature to produce 1 g of CSF (J-g71), Eu is the energy contained in raw material
(dry SS or D) before torrefaction used to obtain 1 g of CSF (]'g_l), and Ecgr is the energy contained in
1 g of the obtained CSF (J-g™}).

If the energy contained in torrgas was higher than the energy needed to heat materials SS or D
to the setpoint temperature, it was assumed that the process of CSF generation was self-sufficient.
The energy contained in 1 g of obtained CSF was calculated as HHV based on the HHV results.

3. Results

Raw data from the tests described in Sections 2.2-2.5 are presented in the Supplementary Materials.
The results from the particular tests were tabulated on five excel sheets. The first sheet “Read Me”
is a guide about how to find data. The sheet “Torrefaction Process” contains the results of process
mass yield, energy densification ratio, and energy yield. The sheet “Proximate Analysis” contains
results of moisture content, organic matter content, combustible part content, ash content, and high
heating value of the tested materials. Next, the sheets named “TGA (Isothermal Condition)” and
“TGA (Non-Isothermal Condition)” contain results from the thermogravimetric analysis. The last sheet
“DSC" contains results from differential scanning calorimetry.

3.1. The Effect of Torrefaction Temperature and Time on CSF Properties

The mass yields (MY) for SS and D torrefaction decreased with an increase of process temperature
(Figure 4). This trend was more apparent for the D than for SS. At 300 °C and 60 min torrefaction, MY was
~80% and 40% for SS and D, respectively. The highest MY values were obtained for CSFs generated at
the lowest temperature (200 °C). For both models, all regression coefficients were statistically significant
(p < 0.05) (Table A1), and determination coefficients (R?) were >0.83, which indicates a reasonable fit to
the experimental data. For the SS model, the most important coefficient was a4 (f = —6.27), whereas,
in the D model, it was a4 (8 = —4.34). The sum of standardized f coefficients (a,—ay) for these models
was —0.4 and —0.52, respectively, for SS and D (Table A1), which means that generally, the MY value
was decreasing with the increase of torrefaction temperature and process time.

a) Sewage sludge, R =0.95, R? = 0.91 b) Digestate R=0.91 , R?=0.83

> 92

Il <92

I <88 I > 80
| <84 Il < 80

I <80 [ < 80

<76 Il < 40

Figure 4. The influence of torrefaction temperature and residence time on the mass yield of CSF from
(a) sewage sludge and (b) digestate. R—correlation coefficient; R2—determination coefficient.

The EDr in CSF generated from SS decreased with an increase of process temperature, whereas
it increased for D (Figure 5). CSFs from SS produced at 200 °C had an EDr of ~1.01, while CSFs
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generated at 300 °C had an EDr of ~0.85. For CSFs generated from D, EDr values were ~1.01-1.10.
It appears that CSF production from D was promoted by short residence time up to ~40 min and
high torrefaction temperature (280-300 °C). For SS, time did not have an impact on EDr and was
promoted at low temperatures (200-240 °C) (Figure 5). For both models, all regression coefficients were
statistically significant (p < 0.05) (Table A2), while the R? was 0.85 and 0.68 for SS and D, respectively.
The most important coefficient was a3 (f = —4.20), whereas, in the D model, it was a4 (f = —12.91)
(Table A2). The sum of standardized f coefficients (ay—ay) was —0.56 and —0.49, respectively, for SS
and D (Table A2). This means that generally, the EDr value decreased with the increase of torrefaction
temperature and process time. It is somewhat surprising in the case of D where EDr increased, but this

increase was not consistent across the studied range; the EDr decrease was apparent for torrefaction
longer than ~40 min and higher than ~260 °C (Figure 5).

a) Sewage sludge, R =0.92, R?=0.85 b) Digestate R = 0.82, R®= 0.68

1.15
1.10
1.05

-a3
[=]
&
-a3

=
?D A0
2 _ R
B <098 —
B <06 2o oo —p
Il <083 Il <1.01

Figure 5. The influence of torrefaction temperature and residence time on the energy densification ratio of
CSF from (a) sewage sludge and (b) digestate. R—correlation coefficient; R?*—determination coefficient.

The EY for CSF decreased with an increase in process temperature for both SS and D. The time
had a lower impact on EY compared to the temperature (Figure 6). For SS, the EY decreased from
~100 to ~60%, whereas for D, it decreased from ~100 to ~45%. All regression coefficients were
statistically significant (p < 0.05) (Table A3), with R? = 0.9 and 0.83 for SS and D, respectively. The most
important coefficients were a4 (f = —4.55) for SS and a3 (8 = —3.79) for D (Table A3). The sum of the
standardized § coefficients (ay—ay) for these models was —0.55 and —0.59, respectively, for SS and D

(Table A3), which means that generally, EY decreased with the increase of torrefaction temperature and
process time.

a} Sewage sludge, R = 0.95, R®=0.90 b} Digestate R = 0.91, R°=0.83

% Aa

O
i
280

-G 280 -c
xR Il >80 20,50 220 e Il >80

| <80 Tem® I <64
Il <60 B <44
Figure 6. The influence of torrefaction temperature and residence time on the energy yield of CSF from

(a) sewage sludge and (b) digestate. R—correlation coefficient; R>—determination coefficient.

200
o 229
260

20 00 220
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3.2. Result of Proximate Analysis of CSF

The OM content in CSFs decreased with an increase in temperature. CSF from SS was characterized
by a lower OM (~57~47%) compared with D-derived CSF (~87%~75%) (Figure 7). The time and
temperature had a significant impact (p < 0.05) on decreasing OM. Statistical differences between
particular measurements are given in the Tables A8 and A9. There were no differences in OM (p < 0.05)
for CSFs generated from SS in a range from 200 °C (20~60 min) to 220 (20~40 min) (Table A8). In the
case of D, more differences between particular process ranges (p < 0.05) were found (Table A9). The R?
values for SS and D were 0.89 and 0.83, respectively. All regression coefficients were statistically
significant (p < 0.05) (Table A4). The most important coefficient was a4 (5 = —5.15) for SS and a3
(B = —2.83) for D (Table A4). The sum of the standardized f coefficients (ay—ay) for these models was
—0.42 and —0.77, respectively (Table A4). This means that, generally, the OM value decreased with the
increase of torrefaction temperature and process time. The sum of the 8 coefficients for D was lower
than for SS; the total loss in the organic matter was greater for D (Table A4).

a) Sewage sludge, R = 0.94, R?=0.89 b) Digestate R = 0.91, R?= 0.83

Il > 86
M > 58 I <386
Il <58 Il <34
M <56 | <82
_ |=«54 T 1<80
[ < 52 <78
I <50 Il <76
Il <48 <74

Figure 7. The influence of torrefaction temperature and residence time on the organic matter content in
CSF from (a) sewage sludge and (b) digestate. R—correlation coefficient; R2—determination coefficient.

The ash content ranged from ~40% to ~48% and from ~12% to ~24% for SS and D, respectively.
Torrefaction increased the ash content in CSF from both SS and D, and it was significant with the
increase in temperature and residence time (p < 0.05) (Figure 8). The statistical differences between ash
content for particular conditions are given in Tables A10 and A11. There were no differences in ash
content (p < 0.05) (Table A10) in CSFs from SS produced at 200 °C for 40~60 min, and up to 240 °C
for 20~60 min. All regression coefficients were statistically significant (p < 0.05) (Table A5), and the
models’ R? values were 0.88 and 0.82 for SS and D, respectively. The most important coefficient for
the SS model was a4 (8 = 5.10), whereas it was a4 (8 = 2.47) for the D model (Table A5). The sum of
the standardized f coefficients (a,—a7) for these models was 0.42 and 1.22, respectively, for SS and
D (Table A5). This means that the ash content generally increased with the increase of torrefaction
temperature and process time. The sum of the § coefficients was higher for D than for SS; the CSF
production from D was characterized by a faster increase in ash content (relative to the initial ash
content of the raw material).
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a) Sewage sludge, R=0.94, R>=0.88 b) Digestate R = 0.90, R’ = 0.82

24

M <24

Il > 48 I <22
Il <48 | <20
I <46 <18
| <44 Il <16
M <42 M <14
M <40 <12

Figure 8. The influence of torrefaction temperature and residence time on ash content in CSF from (a)
sewage sludge and (b) digestate. R—correlation coefficient; R2—determination coefficient.

The content of CP had an opposite trend to ash content. CP decreased from ~60% to ~52% and
from ~88% to ~76% for SS and D, respectively (Figure 9). There were no differences in CP in CSFs
from SS produced at 200 °C for 40~60 min up to 240 °C for 20~60 min (p < 0.05) (Table A12), similar to
the trend observed for the ash content. The statistical differences between the CP of D-derived CSFs
were varied (Table A13). All regression coefficients were statistically significant (p < 0.05) (Table A6).
Both models had high R? values of 0.88 and 0.82, for SS and D, respectively. The most important
coefficient for the SS model was a4 (8 = —5.10), whereas it was a4 (8 = —2.47) for the D model (Table A6).
The sum of the standardized f coefficients (a,—ay) for these models was —0.42 and —1.22, respectively,
for SS and D (Table A6). This trend was the opposite one to observed for ash content.

a) Sewage sludge, R=0.94 , R”=0.88 b) Digestate R = 0.90 , R =0.82

Il 388

Il <38

Il > 60 B < 86
Il <60 | <84
I <58 <82
| <56 [ < 80
I < 54 <78
<52 <76

Figure 9. The influence of torrefaction temperature and residence time on combustible parts in CSF
from (a) sewage sludge and (b) digestate. R—correlation coefficient; R2—determination coefficient.

The torrefaction for SS resulted in a decrease of HHV from ~14 to ~13 M]-kg_l with an increase in
residence time and process temperature (Figure 10a). However, an increase in HHV with temperature
was observed for the D where the HHV increased up to 40 min. The longer torrefaction of D past 40 min
caused the HHV to decrease again. The highest value of HHV for D-derived CSF was ~20 MJ-kg~! at
300 °C and 40 min (Figure 10b). There were no statistical differences in HHV (p < 0.05) for D-derived
CSFs produced from 200 °C for 40~60 min up to 280 °C for 20 min (Table A15). The statistical differences
between the HHV of SS-derived CSFs are presented in Table A14. All regression coefficients were
statistically significant (p < 0.05) (Table A7), and the R? of D was only 0.52; it was 0.81 for SS. The most
important coefficient for the SS model was a¢ (f = —4.09), whereas it was a4 (f = 11.87) for the D
model (Table A7). The sum of standardized f coefficients (a,—a7) was —0.55 and —0.46, for SS and D,
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respectively (Table A7). The trends observed here were similar to EDr, namely, despite the increase of
the HHV from a certain point, it began to decrease, allowing for process optimization.

a) Sewage sludge, R =0.90 , R? = 0.81 b) Digestate R = 0.75 , R?=0.56

22

22
20

20

(BXerN ' ARH
B
(PP AHH
G

200
220
269

A o 20 o

2055 220 RS < > 14 20,5 220 LY = I > 20
1=
L erm® | <14 Lerme B <20
Il <13

M <19
Figure 10. The influence of torrefaction temperature and residence time on the high heating value of

CSF from (a) sewage sludge and (b) digestate. R—correlation coefficient; R2—determination coefficient.

3.3. The Thermogravimetric Analysis

The reaction rates (k) constants for the first-order equation were calculated based on mass losses
during torrefaction for each process temperatures (Figures 11 and 12 and Table 1). Next, an Arrhenius
plot was created from k values, and then linear models were created (Figure 13), from which E, and
A values were calculated. The determination coefficient for SS was higher than for D (R? = 0.99 vs.
R? = 0.90, respectively) (Figure 13). The k for 200~280 °C was higher for SS (k = 8.71 x 1076~2.99 x 107°),

whereas at 300 °C, the k value of D was greater (k = 4.60 X 107°) (Table 1). The E; and A parameters
ranged from 46,700 to 52,230 and from 0.75 to 1.95, respectively (Table 1).

100%

95% 200*C
#® 220°C
8

= 240*C
0% —— 260 "C
— 280 *C
— 300 *C

85%

0 10 20 30 40 50 60
Time, min
Figure 11.

TGA of sewage sludge at torrefaction temperatures.
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100%

95% 200°C
® 220°C
a
(1] °
= 240°C
90% e 260 °C
— 280 °C
e300 °C
85%
0 10 20 30 40 50 60
Time, min
Figure 12. TGA of digestate at torrefaction temperatures.
Table 1. Summary of kinetic parameters of the torrefaction process.
Material T, °C T, K k,s71 Ey, Jmol1 A s71
200 473 4.73x107°
220 493  871x107°
-5
Sewage sludge 240 513 1.52x 10 46,700 0.75
260 533 1.90 x 107°
280 553  2.99x107°
300 573  3.85x107°
200 473 491x10°°
220 493  446x107°
-6
Digestate 240 513 779x10 52,230 1.95
260 533 1.09 x 1072
280 553  2.34x107°
300 573  4.60x107°
-9.00
9.50
-10.00 .
050 e . .......... y = -5617.5x - 0.2898
1 Teenl, el R?=0.99
= -11.00 R .
1150 . Tt e
y =-6281.8x + 0.665 o e Tl
R%=0.90 Teau, Tteel,
-12.00 teeen. Tt
] ‘.
4250 e
-13.00
0.0017 0.0018 0.0018 0.0019 0.0019 0.0020 0.0020 0.0021 0.0021 0.0022

T, K1
Sewage sludge @ Digestate

Figure 13. Arrhenius plot for sewage sludge and digestate.
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Figure 14 presents a thermal decomposition in an inert condition under non-isothermal conditions
for SS and D samples heated from 50 to 850 °C. The decomposition of SS started at ~200-240 °C,
whereas the decomposition of D started at 260-270 °C. After ~450 °C, the thermal decomposition of D
sped up compared to SS, and at the end (850 °C), D had an average weight loss of ~63%, whereas SS
had one of ~50% (Figure 14). The principal decomposition of the D started at ~350 °C and ended at
~550 °C, with a maximum decomposition peak at ~475 °C (DTG = 0.5%). For SS, a principal thermal
decomposition started earlier at ~300 °C and ended at ~700 °C, with a maximum decomposition peak
at ~500 °C (DTG = 0.2%).

100% 1.00%

90% 0.90%

80% 0.80%

$5-TG

70% 0.70%

60% 0.60%
= D-TG R
G 50% 050% &
2 D-DTG 5

40% 0.40%

30% 0.30%

20% $5-DTG 0.20%

10% 0.10%

0% 0.00%

50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850
Temperature, °C

Figure 14. The thermogravimetric characteristic of sewage sludge (SS) and digestate (D) heated from
50 °C to 850 °C.

3.4. The Differential Scanning Calorimetry

Differential scanning calorimetry analysis revealed heat flow characteristics and energy needs
to heat SS and D from 20 °C to 500 °C with a heating rate of 10 °C-min~"! in a nitrogen atmosphere.
One endoenergetic transformation occurred for SS; the transformation started at 72 °C and ended at
170 °C (Figure 15). During transformation, two peaks occurred—first at 102 °C and second at 155 °C.
The total energy needed for this transformation was 21.53 J-g~!. After transformation, the energy needs
for heating SS started to decrease. The decrease of heat flow with an increase of temperature from 170
to 500 °C was almost linear (Figure 15).

In the case of D, two transformations occurred. The first one was an endothermic transformation.
It started at 36 °C and ended at 168 °C. The second transformation was exothermic. It started at 285 °C
and ended at 351 °C, with a maximum peak at 327 °C. The total energy needed for the endothermic
reaction was 115.19 ]'g_l, whereas the exothermic one emitted 39.84 ]-g_l (Figure 16).

The energy demand for heating SS and D to the setpoint of torrefaction was estimated based on
results from the TGA analysis (Figure 14) and DSC analysis (Figures 15 and 16). Since the estimations
were based on dried SS and D, the energy needed for water removal was not included. The energy
demand estimation was completed based on the protocol proposed by Stepieri et al. [37]. Then,
the energy needed to produce 1 g of CSF was estimated as the “energy needed to heat 1 g of raw
material” (Table 2) multiplied by x (Equation (7)). The results showed that heating 1 g of SS from 20 to
200-300 °C required more energy (449-643 J-g~1) compared to the energy needed for heating of 1 g of
digestate (381~492 J-g™1) to the same torrefaction setpoint (Table 2). Due to the mass loss occurring
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during the process, the MY decreased, and, therefore, the x value (Equation (7)) increased from 1.05 to
1.37 and 1.02 to 2.30 for SS and D, respectively (Table 2). The energy needed to produce 1 g of CSF
increased with torrefaction temperature and time in the case of both SS and D. The decreasing trend of
energy contained in CSF produced from SS in higher torrefaction temperatures and times conditions
for SS was observed, whereas for D, the trend was opposite.

4 -
Normalized energy: -21.53]-g*
3 Onset:72°C B
Peaks: 102, 155°C
2 Endset: 170 °C -
> v
1 - )
. =
e R
® 2
@ -1 =
= @
oo
%) t v
=3 L
-4 g
0 50 100 150 200 250 300 350 400 450 500
Temperature, °C
Heat flow Base line Peak base line Specific heat
Figure 15. DSC analysis of sewage sludge.
4 -
Normalized energy: 39.84].g*
3 Onset: 285°C t
Peak: 327 °C
2 Endset: 351 °C i
> o
1 - )
E =
2 =
o 0 ——— -
= — 2
" o
o -1 r E
= @
Normalized energy: -115.19]-g* &
= Onset: 36°C I
Peak: 85°C
-3 Endset: 168 °C r
-4 L.
0 50 100 150 200 250 300 350 400 450 500

Temperature, °C

Heat flow Base line

Peak base line Specific heat

Figure 16. DSC analysis of digestate.
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Table 2. Results of torrefaction energy balance.

16 of 31

Energy contained in

Torrefaction Torrefaction Energy needed to heat Energy needed to . . . Energy contained
Feedstock temperature, residence time, up 1 g of raw material, MY, % x,-  produce 1g of CSE faw material used to Energy contamefl m in torrgas (heat and
o N o 3 produce 1 g of CSE, 1g of CSE,J-g1 1
C min Jg Jg Jg1 ! HHVtorrgas)r Jg

20 449 94.94 1.05 473 15,368 14,692 1150
200 40 449 93.54 1.07 480 15,597 14,414 1663
60 449 90.42 1.11 497 16,135 14,668 1964
20 496 93.86 1.07 529 15,544 14,758 1315
220 40 496 90.71 1.10 547 16,084 14,322 2309
60 496 87.35 1.14 568 16,704 14,456 2816
20 540 92.00 1.09 587 15,859 14,655 1791
Sewage 240 40 540 87.30 1.15 619 16,712 14,066 3265
sludgge 60 540 84.06 1.19 642 17,358 14,088 3912
20 579 89.34 1.12 648 16,330 14,383 2596
260 40 579 83.32 1.20 695 17,512 13,646 4560
60 579 80.55 1.24 719 18,113 13,565 5267
20 613 85.90 1.16 714 16,986 13,941 3759
280 40 613 78.76 127 779 18,525 13,062 6241
60 613 76.83 1.30 798 18,989 12,887 6900
20 643 81.66 1.22 787 17,868 13,330 5325
300 40 643 73.62 1.36 873 19,817 12,314 8376
60 643 72.90 1.37 882 20,013 12,054 8840
20 381 98.14 1.02 388 18,432 18,122 698
200 40 381 94.18 1.06 405 19,209 18,210 1404
60 381 91.70 1.09 415 19,728 18,822 1322
20 413 96.11 1.04 430 18,823 18,269 984
220 40 413 88.95 1.12 465 20,336 18,521 2280
60 413 86.34 1.16 479 20,952 18,900 2530
20 444 90.76 1.10 489 19,931 18,505 1915
) 240 40 444 80.86 1.24 549 22,371 18,864 4056
Digestate 60 444 78.85 1.27 563 22,944 18,915 4591
20 472 82.12 1.22 575 22,029 18,828 3776
260 40 472 69.91 143 676 25,877 19,238 7314
60 472 69.21 1.44 683 26,138 18,868 7953
20 490 70.17 1.43 699 25,779 19,240 7238

280 40 490 56.09 1.78 875 32,254 19,644 13,485

60 490 57.43 1.74 854 31,498 18,757 13,594

20 492 54.92 1.82 895 32,936 19,740 14,091

300 40 492 39.40 2.54 1248 45,918 20,082 27,085

60 492 43.52 2.30 1130 41,571 18,584 24,117
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4. Discussion

4.1. The Impact of Torrefaction Technological Parameters on the Efficiency of the Process and Fuel Properties

The MY of SS and D showed a decreasing trend during torrefaction. MY decreased with the
increase of the process temperature. The MY of SS decreased to ~80%, whereas for D, it decreased up to
~40% at 300 °C (Figure 4). The decreasing trend for both tested materials was also shown in the case of
EY. Despite twice differences for MY, the EY differences were smaller, i.e., the tested SS and D contained
60% and 50% of their initial energy content, respectively, for the maximum torrefaction temperature of
300 °C (Figure 6). The 10% difference in EY resulted from differences in the EDr (Figure 5). For SS,
the value of EDr decreased, whereas for D, EDr increased with the increase of temperature. Differences
in EDr were likely a result of differences in OM and the composition and thermal reactivity of SS and D.
However, the MY of SS torrefaction was comparable to other studies (Table 3). Torrefaction is feasible
for CSF production for additional types of abundant waste feedstock (refuse-derived fuel, sawdust,
pruned biomass, walnut shells, spent mushroom compost, and elephant dung) [34,38-42].

Pulka et al. [38] torrefied a SS, originating from different wastewater treatment plants, by means
of a tubular furnace at temperatures 200-300 °C for 1 h with a resulting MY of 90~80%. The MY of the
torrefaction process of D can be compared to lignocellulose materials such as Oxytree pruning biomass
or sawdust (MY 92~55% and 94~33%, respectively) (Table 3). The lower MY of D and lignocellulose
materials resulted from much lower ash content in raw materials. There were over 30% of ash in the
biomass waste (Table 3), which resulted in a decrease of OM content due to its decomposition during
torrefaction (Table 3). The decreasing trend of EDr with temperature and time for SS (Figure 5) was
also confirmed by Pulka et al. [38], where EDr was 0.96-0.29 (T = 200~300 °C, t = 1 h). Compared to
the results in this study, EDr was ~1.0-0.83 for the same conditions (Figure 5). D-derived CSF showed
an uptrend for EDr for 20 and 40 min, while for 60 min, EDr (1.05) was stable regardless of the process
temperature (Figure 5). The uptrend of EDr resulted from the torrefied material energy densification.
A similar uptrend was also visible in other materials such as Oxytree pruned biomass, reuse-derived
fuel (RDF), and sawdust (Table 3).

The properties of the tested SS were OM = 61.9%, ash = 36.3%, CP = 63.7%, and HHV = 14.6 MJ-kg™!.
Similar values for SS-derived CSF were reported by Pulka et al. [38], where OM, ash, and HHV were
56.2%, 43.1%, and 13.5 MJ-kg ™!, respectively. For the tested D, proximate analyses showed OM, ash,
CP, and HHYV of 86.6%, 12.4%, 87.6%, and 18.1 M]-kg_l, respectively. The main outcome of the analysis
was that SS had a higher ash content and, therefore, a lower HHV than D. In comparison to elephant
dung (the product of methane fermentation in the elephant stomach) [34], the tested D from biogas
plant had over five times less ash content and was comparable HHV (Table 3). It follows that the initial
fermentation of substrates has a crucial influence on final product properties. In terms of energy content,
SS and D were incomparable with typical energy biomass substrates, e.g., Miscanthus x Giganteus,
Rosa multiflora (energetic rose), and Salix viminalis (willow) that have an HHV of 17.68, 17.54, and
17.5 MJ-kg !, respectively [43].

This study showed that OM (Figure 7) and CP (Figure 9) decreased with the increase of process
temperature and time, whereas the ash content increased (p < 0.05) (Figure 8) (Tables A8-A13) for
both SS and D. This effect was expected during biomass torrefaction and confirmed by other works.
The organic compounds of biomass are degraded under high temperatures and are removed in the
form of gas, whereas inorganic materials remain in biomass [36,38].

Ash acts as ballast; its higher concentration results in a decrease of energy fuel quality. In the
tested SS, an initial high ash concentration (36.3%) contributed to a high ash concentration of ~40-50%
in CSF (Figure 8). As a result of the devolatilization of OM and increased ash content, the HHV of
SS-derived CSFs started to decrease with an increase of temperature and time (Figure 10). The HHV
decreased from ~14 to ~13 MJ-kg™! (200-300 °C). Similar findings were obtained for elephant dung,
where ash content increased by ~50-71% and HHV decreased from 11.4 to 6.5 MJ-kg~! (200~300 °C,
1 h) (Table 3). The reduction of energy content in solid residue after torrefaction was also reported by
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Syguta et al. [40], where spent mushroom compost was torrefied. The calorific value of the torrefied
biomass increased with process temperature up to 280 °C (13.8~17.8 MJ-kg™!), whereas at 300 °C,
HHV decreased to 14.3 MJ-kg ™.

Table 3. Summarized results of the torrefaction process technological parameters for different waste
materials (process time = 1 h).

Material Tempoecrature, MY, % EDr EY, % OM, % Ash, % CP, % MHHVLI Reference
J-kg
Raw - - - 56.2 43.1 - 13.5
200 90 0.96 86 56.4 VM 43.6 - 12.9
Sewage 220 91 0.98 89 56.2 Vm 43.8 - 13.2 -
sludge 240 89 0.99 88 55.9 vm 44.1 - 13.4 [38]
260 88 0.48 42 36.3 VM 63.7 - 6.5
280 87 0.30 26 27.7vm 72.3 - 41
300 80 0.29 23 26.6 VM 73.4 - 3.9
Raw - - - 489 50.8 49.2 11.4
200 9% 1.14 109 57.4 25 57.5 13.0
220 90 1.12 102 60.2 39.8 60.2 12.8
Elﬁﬂﬁ;’“ 240 89 083 74 198 50.1 199 95 [34]
260 90 0.91 82 448 55.1 449 10.3
280 63 0.81 52 28.3 715 285 7.5
300 73 0.86 63 28.7 713 28.7 6.5
Raw - - - 71.6 VM 28.4 - 13.8
200 97 1.07 103 69.7 VI 30.3 - 14.4
Spent 220 99 1.18 116 76.7 vV 233 - 15.9
Mushroom 240 9% 1.10 105 71.5vm 285 - 14.8 [40]
Compost 260 95 1.16 110 69.8 VI 30.2 - 15.5
280 93 1.33 123 68.2 Vm 31.8 - 17.8
300 90 1.06 95 57.4 vm 26 - 143
Raw - - - 90.2 8.1 91.9 18.3
200 92 1.05 9% 89.3 8.7 91.3 19.2
Pruning 220 88 1.06 93 88.3 9.7 90.3 19.4
Oxytree 240 78 1.11 86 86.6 11.2 88.8 204 [41]
biomass 260 64 1.16 74 85.0 12.5 87.5 21.1
280 57 1.18 67 83.2 13.9 86.1 21.6
300 55 1.20 66 83.3 13.6 86.4 22.0
Raw - - - 81.4vm 0.6 - 19.6
200 87 1.05 91 78.4 vm 0.7 - 20.6
220 84 1.06 89 77.8 Vm 0.9 - 20.7
Walnut 240 70 108 75 754m 12 - 211 [42]
260 64 1.13 72 70.2 Vm 1.5 - 22.1
280 39 1.18 46 60.2 VM 2.1 - 23.1
300 43 1.24 54 447 vm 22 - 243
Raw - - - 76.0 Vi 14.3 - 26.9
200 85 0.94 80 747 Vm 14.1 - 28.2
Refuse- 220 73 1.07 78 72.9 vm 16.4 - 314
Derived 240 61 0.99 60 63.5 v 21.6 - 29.9 [39]
Fuel (RDF) 260 55 1.04 57 56.9 v 239 - 315
280 58 1.03 60 60.4 VI 23.1 - 315
300 62 1.13 70 61.9 vm 232 - 34.1
Raw - - - 77.6 VI 0.5 - 19.6
200 94 0.99 93 76.9 Vm 0.6 - 20.0
220 75 1.12 84 65.3 v 0.9 - 212
Sawdust 240 58 1.17 68 58.8 vm 0.9 - 22.4 [39]
260 42 1.24 52 48.8 vm 1.3 - 235
280 40 1.26 51 443 vm 14 - 247
300 33 1.33 44 405 vm 1.6 - 25.8

VM _—given as the volatile matter (%).

This research showed that SS torrefaction at the lowest temperature of 200 °C was sufficient
due to the lack of significant return on the HHV increase (Figure 10), ash content increase (Figure 8),
and energy consumption for the process (Table 2). On the other hand, the torrefied D showed the
opposite trend, as HHV increased with process temperature and time (Figure 10), i.e., the CSF produced
at 300 °C and 30 min (the curve fitted value from the measured time periods) had the highest HHV
(20 MJ-kg™!). This value was comparable to torrefied sawdust at 200 °C (19.6 MJ-kg~!) [39] or the
torrefied pruned biomass of the Oxytree at 240 °C (20.4 M]-kg_l) [41].
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The energetic properties of SS and D-derived CSF were not as high as those associated with other
alternative biowaste material used to torrefaction. For example, torrefied spent coffee grounds had
an HHV of 21-22 M]-kg‘1 with an ash content of 1.4% [44], and the HHV for the de-oiled seed from
biodiesel production was ~23 MJ-kg~! with ash content of ~9.4% [45].

4.2. Thermogravimetric Analysis of Raw Materials and Kinetic Parameters of Torrefaction

The reported TGA analyses of SS and D showed that both materials have similar activation
energies of 46.7 and 52.2 k]-mol~!, yet different pre-exponential factors of 0.75 and 1.95 s~!, respectively
(Table 4). Table 4 summarizes the kinetic parameters of materials for which these parameters were
determined by the same method as in the study. The higher k values were associated with higher
decomposition rates and higher mass losses during torrefaction. This was confirmed by MY, as MY
for D was lower than for SS at the same process temperature (Figure 4). The tested materials were
more thermally degradable than elephant dung (k = 1.16 x 107°~2.73 x 10~ s71) and spent mushroom
compost (k = 1.70 X 107°~4.60 x 10~ s71), and they were less degradable from lignocellulose materials
such pruned Oxytree biomass (k = 1.43 x 107°~7.25 x 107 s7!) (Table 4). This was likely due to the
OM composition. SS and D have less lignin than woody materials. Lignin is harder to decompose than
other biomass constituents such as hemicellulose or cellulose.

Table 4. Summary of the torrefaction kinetic parameters for different materials.

Material Mass, Experlmentali(200—300 o E, J-mol1 sf}i OM, % Ash,% Reference
Sewage sludge 225 473 x 1076-3.83 x 107° 46.70 7.48 x 1071 61.9 36.3 -
Digestate 2.25 4.91 x 1070-4.60 x 107° 52.23 1.94 x 100 86.6 124 -
Sewage sludge 2.25 4,02 x107°-6.71 x 107 12.02 * 6.97 x 1074 * 59.7 40.3 [38]
Elephant dung 2.25 1.16 x 107°-2.73 x 1075 17.70 * 9.60x 1074 * 489 50.8 [34]
Spentmushroom 5 1.70 x 1075-4.60 x 1075 2192%  390x107%* 716 284 [40]
compost
Pr“r]‘j.“g Oxytree 4 9 143 x 1075-7.25 x 1075 * 3644%  153x1071* 902 8.1 [41]
10mass
RDF - 211 x1073-1.75 x 1073 * 3.67 * 3.50 x 1075 * 85.8 13.3 [39]

* recalculated in accordance with Section 2.4. TGA of raw material based on means k value available in articles:
[34,38-41].

The chemical SS composition differed depending on the origin. Hattori and Mukai [46] tested
six SS materials with OM ranging from 32.3 to 94.1%, and the hemicelluloses, celluloses, and lignin
content ranged from 5.1% to 9.8%, 0.2% to 5%, and 9.9% to 29.1%, respectively [46]. The tested D
was mainly made from corn (30%), beet pulp (30%), and organic municipal waste (34%), so each
constituent of D was a non-lignin material. For example, corn stover is mainly composed of cellulose
(~35%), hemicellulose (~20%), and lignin (~12%) [47], and sugar beet pulp is primarily composed
of hemicellulose (~23%), cellulose (~22%) and lignin (~2%) [48]. For comparison, wood is typically
composed of ~25% hemicelluloses, 45% cellulose, and 25% lignin [49]. Ash content is almost always
very low at <5% [50], i.e., over 95% of the mass is organic, and in result, the total amount of lignin was
higher than in SS or D where ash decreased the amount of OM.

4.3. Differential Scanning Calorimetry Analysis

For both tested materials, a DSC analysis began with the endothermic reaction peaks at 102 (or 155)
and 85 °C for SS and D, respectively (Figures 15 and 16). Because SS and D were dried before DSC
analysis and reactions start at lower temperatures than drying temperature (105 °C), water evaporation
could be excluded as a reason for this phenomenon. On the other hand, biomass samples may have
absorbed some moisture from the air before the test. In the study of Brys et al. [51], endothermic peaks
were observed in the temperature range of 80-120 °C for dry and wet woody biomass (beech, willow,
alder, and spruce). These peaks were assigned to moisture evaporation. For all wet woody biomass,
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a large endothermic peak derived from the water was observed, while in the samples after drying,
the peak was very small [51].

Chemical composition was not tested during this study; thus, the origin of particular transformations
remains unclear. Peaks at 102, 155, and 85 °C were unlikely to belong to the degradation of proteins,
fats, or sugars. Protein peaks took place at ~60-100 °C [52]. Fat melting and crystallization peaks were
found at lower temperatures than ~40-45 °C [53,54]. In contrast, sugar transitions peaks tend to have
sharper shapes than those found in this study and take place at different temperatures, e.g., fructose,
glucose, and sucrose melt at 135~156, 159~180, and 194~203 °C, respectively [55].

In general, the charring process is exothermal, whereas volatilization is endothermic [56]. In our
study, the results of the DSC analysis did not have an apparent link to the results of the TGA analysis.
The occurrence of endothermic reactions did not make any apparent mass changes in the DTG plot
(Figure 14). The endothermic reactions ended at ~170 °C, whereas a mass loss in the DTG plot started
>200 °C. This might have been a result of insufficient precision in the use of the laboratory balance.
The tested D had one exothermic transformation at 327 °C (Figure 16). This transformation may have
been a result of lignin charring. A study by Yang et al. [57] revealed that separate DSC analyses of
hemicellulose and lignin showed exothermic peaks at 275 and 365 °C, respectively, whereas the thermal
degradation of cellulose was endothermic.

The calculated energy needed to heat up a 1 g of the dry mass of the tested materials from 20
to 300 °C in inert conditions was 643 and 492 J-g~! for SS and D, respectively. On the other hand,
the energy needed to produce 1 g of CSF in the same conditions (60 min) was, respectively, 882 and
1130 J-g~!. This was likely a result of mass losses during torrefaction, i.e., more than 1 g of raw material
must be processed to produce 1 g of CSE.

Table 2 shows that the energy balance of dry SS and D torrefaction was energetically self-efficient
due to the energy contained in torrgas. The heat of torrgas and HHVyrgs was greater than the
energy needed to heat SS and D to the setpoint temperature. Consequently, torrgas can be used as a
source of energy for a torrefaction process. Of course, these are only theoretical calculations based
on small samples of SS and D that were torrefied in ideal conditions. Scaling up with more complex
calculations—that should cover, e.g., heat losses during CSF cooling, the air temperature used to
torrgas combustion, equipment efficiency—are still needed. Water evaporation (~2 257 J-g~! at 100 °C
and 1 atm) [58] from raw waste should be also included.

In terms of CSF energy content, the calculations showed that the best variant for SS torrefaction
was 200 °C and 60 min, where the produced CSF had 14 692 ]'g_l, whereas, for D, it was 300 °C and
40 min, which produced CSF with 20 082 J-g~!. The production of these CSFs consumed 15,368 and
45,918 J-g~! of energy contained in raw SS and D, respectively. The differences between output and
input energy increased by energy added to heat a raw material comprised energy that was converted
to torrgas. For the best variants of CSF production, the values of energy contained in torrgas (heat and
HHV'orrgas) were 1150 and 27 085 ]-g‘l for SS and D, respectively.

The best variants of SS and D CSF had HHV values of 14.8 and 20 MJ-kg™!, respectively. Based on
these values, SS and D can be classified in accordance with EN 15359:2012 standard to third and fourth
classes, for which LHV has to be >15 and >10 MJ-kg™?, respectively. Thus, it is possible that D-derived
CSF would be classified as second class (=20 M]~kg_1); nevertheless, moisture absorbed from the
atmosphere during CSF storage can make torrefaction difficult. The content of chlorine and mercury
was not measured in this study.

5. Conclusions
The following conclusions arise from this research:

e  The torrefaction of dry sewage sludge and digestate is energetically self-sufficient.

e  Torrefaction improved the higher heating value of the digestate, but it did not improve the HHV
of sewage sludge. The torrefied digestate had the highest HHV = 20 MJ-kg~! under 300 °C and
30 min (the curve fitted from the measured time periods) compared to HHV = 18 M]-kg‘1 for the
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unprocessed digestate. The torrefied sewage sludge had the highest HHV = 14.8 MJ-kg~! under
200 °C and 20 min, as compared to HHV 14.6 MJ-kg™! for raw sewage sludge.

e An unwanted result of torrefaction is an increase in ash content in CSE. A higher ash content
results in higher waste production during combustion on the incineration plant. Ash content in
the torrefied digestate with the highest HHV was 22%, whereas sewage sludge was 40% ash.

e  The kinetics parameters showed that both materials had similar thermal degradability.

e  Toheata dried sewage sludge and digestate from 20 to 300 °C, 643 and 492 ]-g ! are needed, respectively.

e  Approximately 15.4 and 45.9 MJ-kg~! of energy contained in the dry sewage sludge and digestate
are needed to produce CSF with the greatest HHV, respectively.

This research shows that there is a potential in using D as a substrate for torrefaction and its
valorization as an improved fuel source, whereas the potential in using SS for fuel and is questionable
due to a lack of HHV increase. The energetic potential of CSF can be enhanced by increasing the
density of the material (pelletization), but this process requires additional energy [59]. Due to CSF’s
low energy value, it seems that it would be more profitable to find another application for this material,
e.g., agriculture, because SS-derived CSF has a reduced heavy metal mobility for the reclamation of
contaminated sites [60] or as a soil fertilizer [61].

The next step should be to identify the technological parameters for the torrefaction of D on a
technical scale and to check the possibilities of further energy densification (e.g., by pelletization). This is
important for the investment analysis and technology design of the process on the industrial scale.
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Appendix A contains a statistical evaluation of empirical models presented in the article.
Tables A1-A7 present the evaluations of the intercept and coefficients values presented for particular
models. In these tables, standardized B coefficients are presented.

Tables A8-A15 show statistical evaluations of statistically significant differences for particular
temperatures and residence times for particular observations.
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Table Al. Statistical evaluation of model coefficients for the MY of CSF from sewage sludge
and digestate.
. Interce Value of Standard Lower Limit of Upper Limit of Standardized
Material Coefﬁci}g{t éntef!frfgpt/ Error Confidence I()?I())nﬁdence B Coefficient
oefficient
a 2.50 x 1071 6.67x1071  0.00 -1.22 x 10° 1.72 x 100 -
a 5.64 x 1073 440x 1073  0.00 —-4.05 %1073 1.53 x 1072 2.76
Sewage as -1.08x107° 0.00 x 10° 0.00 -1.08 x 107° -1.08 x 107° —2.65
sludge ay 208x1072  1.89x102  0.00 -2.08 x 1072 6.25 x 1072 4.88
as -1.12x10™*  123x10™*  0.00 -3.82x10™* 1.57 x 107* -2.12
a6 -1.01x10™* 7.48x1075  0.00 -2.65x107* 6.40 x 1075 -6.27
az 2.26 x 1070 0.00 x 10° 0.00 226 x 107 2.26 x 1077 3.00
a -1.28 x 10° 2.48 x 10° 0.00 —6.74 x 10° 4.17 x 10° -
a 2.02 x 1072 1.64x10°2  0.00 -1.58 x 1072 5.63 x 1072 3.55
Digestate 3 -431x10° 272x1075  0.00 -1.03x 107 1.67 x 1075 -3.79
a4 3.57 x 1072 703x10°2  0.00 -1.19 x 1071 1.91 x 107! 3.00
as -1.63x10™*  456x107*  0.00 -1.17 x 1073 8.40 x 1074 -1.10
a6 -1.94x10™* 278x10™*  0.00 -8.07 x 10+ 418 x107* -4.34
az 454 x 1077 0.00 x 10° 0.00 454 x 1077 454 x 1077 2.16

MY =a; +a, T + a3 T2 + ag-t + as-12 + ag-T-t + a;- T212, T ranged from 200 °C to 300 °C, ¢ ranged from 20 min to
60 min; more information in the ‘CSF Production Method and Process Analysis’ section.

Table A2. Statistical evaluation of model coefficients for the EDr of CSF from sewage sludge

and digestate.
Value of .. .. .
Material  (OSEPY,  Intercepy  Spnia B A
Coefficient
a 2.37 x 1071 731x10"1  0.00 -1.37 x 10° 1.85 x 100 -
a 7.06 x 1073 483x107%  0.00 -3.56 x 1073 1.77 x 1072 4.04
Sewage a3 -147x10™>  0.00x10°  0.00 ~1.47 x 1072 -1.47 x 107° —4.20
sludge ay 3.68x1073  207x102  0.00 420 x 1072 493 x 1072 1.01
as 3.02 x 1070 134x107*  0.00 —-2.66 x 107+ 3.26x107% 0.67
a6 -3.68%x10° 820x10°  0.00 —2.17x 104 1.44 x 107 —2.67
az 3.84 x 10710 0.00 x 10° 0.00 3.84 x 10710 3.84 x 10710 0.59
a 1.58 x 10° 637 %1071 0.00 1.79 x 1071 2.98 x 10° -
a -426x10~%  421x107%  0.00 -1.35x 1072 5.01 x 1073 -4.11
Digestate 3 742x107%  0.00x10°  0.00 742 x 107 7.42 %107 3.59
ay —229%x1072 1.81x1072  0.00 —6.27 x 1072 1.69 x 1072 -10.57
as 1.67 x 107+ 117x107*  0.00 -9.07 x 107> 425x107% 6.24
ag 1.05x 107+ 716x 107>  0.00 -522x107° 2.63 %1074 12.91
az -3.27x107° 0.00 x 10° 0.00 -3.27 x107° -3.27 x 107 —-8.55

EDr=ay +ay T + a3 T? + agt + as-t? + ag-T-t + ay-T>+2, T ranged from 200 °C to 300 °C, t ranged from 20 min to
60 min; more information in the ‘CSF Production Method and Process Analysis’ section.

Table A3. Statistical evaluation of model coefficients for the EY of CSF from sewage sludge and digestate.

Value of

Material  EORY Intercepy Sttt o Do A et
oefficient
a -1.94 x 107! 1.09 x 100 0.00 —2.59 x 10° 2.20 x 10° -
a 1.02 x 1072 719%x10°%  0.00 -5.62 x 1073 2.60 x 1072 3.10
Sewage as -2.08x10° 1.19x107°  0.00 -4.71x107° 5.43 x 107° -3.18
sludge ay 206x1072  3.09x102  0.00 —4.74 % 1072 8.85 x 1072 2.99
as —724%107° 2.00x107*  0.00 —5.13x 1074 3.68 x 1074 —-0.85
ag -1.18x10™* 122x10™*  0.00 -3.86 x 107+ 151 x 1074 —4.55
az 2.35x 107 0.00 x 10° 0.00 2.35%x 1077 2.35x 1077 1.94
a -1.08 x 10° 2.37 x 10° 0.00 —6.30 x 10° 4.14 x 10° -
ap 1.90 x 1072 157 %1072 0.00 —-1.55 x 1072 5.35 x 102 3.48
Digestate 3 -413x107°  260x1075  0.00 -9.85 x 107 1.60 x 107° -3.79
a4 2.28 x 1072 6.73%x10°2  0.00 -1.25x 1071 1.71 x 107! 1.99
as -570x10™°  436x10™*  0.00 -1.02 x 1073 9.03 x 1074 —-0.40
ag -137x10™* 266x107*  0.00 -7.23x107* 449 x107* -3.19
az 2.66 x 1070 0.00 x 10° 0.00 2.66 x 1077 2.66 x 1070 1.32

EY=ay +ay T + a3 T2 + ag-t + as-t2 + ag-T-t + ay T>42, T ranged from 200 °C to 300 °C, ¢ ranged from 20 min to
60 min; more information in the ‘CSF Production Method and Process Analysis’ section.
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Table A4. Statistical evaluation of model coefficients for the OM content in CSF from sewage sludge

and digestate.
Value of .. .. .
Material  (OEePY, Intercepy  Stpniard Logerlimitof  Upperfimitof  Stepderdized
oefficient
a —218x1072  1.99x10°'  0.00 —4.23x 1071 3.79 x 1071 -
a 5.07 x 1073 132x10°3  0.00 242 %1073 7.72 x 1073 4.45
Sewage a3 -1.01x107° 0.00 x 10° 0.00 -1.01 x 107° -1.01 x 107° —4.43
sludge ay 946x1073  565x1073  0.00 -1.92 x 1073 2.08 x 1072 3.97
as —442x10™  3.66x10°  0.00 -1.18 x 1074 2.95x 1075 -1.50
a6 -462x107> 224x1075  0.00 -9.12x 107 -1.21 x 107 -5.15
az 9.40 x 10710 0.00 x 10° 0.00 9.40 x 10710 9.40 x 10710 2.24
a 5.49 x 1071 3.08x1071  0.00 —7.04 x 1072 1.17 x 100 -
a 3.37x 1073 203x10°3  0.00 -7.17 x 107+ 7.46 x 1073 2.33
Digestate az -8.17 %107  0.00 x 10° 0.00 -8.17 x 107® -8.17 x 107® -2.83
a4 1.93 x 1073 873x 103  0.00 -1.56 x 102 1.95 x 1072 0.64
as 1.06 x 107> 5.66x10™°  0.00 -1.03x 1074 1.24 x 107 0.28
a6 -157x10~>  346x1075  0.00 -852x107° 5.38 x 1075 -1.38
az 1.02 x 10710 0.00 x 10° 0.00 1.02 x 10710 1.02 x 10710 0.19

OM =a; + a,-T + a3 T2 + ag-t + a5t + ag-T-t + ay- T212, T ranged from 200 °C to 300 °C, f ranged from 20 min to
60 min; more information in the ‘CSF production method and process analysis” section.

Table A5. Statistical evaluation of model coefficients for the ash content in CSF from sewage sludge

and digestate.
. Interce Value of Standard Lower Limit of Upper Limit of Standardized
Material Coefﬁcil:;tlit Clggfe;‘ii?gttl/t Error Confidence 1EIP())nﬁdeno:e B Coefficient
a 9.26 x 1071 1.94x10"1  0.00 5.36 x 1071 1.32 x 109 -
a —4.46 x 1073 128x 1073  0.00 -7.03x1073 -1.88 x 1073 —-4.15
Sewage a3 8.83 x 1076 0.00x10°  0.00 8.83 x 1076 8.83 x 107° 412
sludge ay -871x10™%  549x10°3  0.00 -1.98 x 1072 2.34 x 1073 -3.88
as 3.81x107° 356x 1075  0.00 -3.35%x107° 1.10 x 107+ 1.37
ag 431 %x107° 217x1075  0.00 —6.46 x 1077 8.68 x 1075 5.10
az —-8.48 x 10710 0.00 x 10° 0.00 —8.48 x 10710 —8.48 x 10710 -2.14
a -1.73 x 1072 326x1071  0.00 —6.74 x 1071 6.39 x 1071 -
a -5.53 x 1074 215%x107%  0.00 -4.89 %1073 3.78 x 1073 -0.38
Digestate 3 4.04x107 0.00x10°  0.00 4.04x 107 404%107 1.37
a4 7.62 %1073 925%x 1073  0.00 -1.10 x 1072 2.62 x 1072 247
as -6.43 x 107> 6.00x 105  0.00 -1.85x 107+ 5.63 x 1075 -1.69
ag —2.01x10° 3.66x 1075  0.00 -9.37 x107° 5.36 x 1075 -1.73
az 6.43 x 10710 0.00 x 10° 0.00 6.43 x 10710 6.43 x 10710 1.18

Ash=a; + ayT + a3 T% + ag-t + as-t? + ag- Tt + ay- T2, T ranged from 200 °C to 300 °C, ¢ ranged from 20 min to 60
min; more information in the ‘CSF Production Method and Process Analysis’ section.

Table A6. Statistical evaluation of model coefficients for the CP in CSF from sewage sludge and digestate.

Value of

. Intercept, Standard Lower Limit of Upper Limit of Standardized
Material Coefﬁci};r/lt (I:nter'ce_pt/ Error Confidence Ig())nﬁdence B Coefficient
oefficient
a 7.40 x 1072 1.94x10°1  0.00 -3.15x 1071 4.64 x 1071 -
a 4.46 x 1073 128 x 103  0.00 1.88 x 1073 7.03 x 1073 415
Sewage a3 -8.83x107° 0.00 x 10°  0.00 -8.83 x 107° -8.83 x 107° -4.12
sludge ay 8.71 x 1073 549 x 1073 0.00 -234%1073 1.98 x 1072 3.88
as -3.81x107° 356x 1075  0.00 -1.10 x 107* 3.35x 1070 -1.37
as -431%x107° 217x10°5  0.00 -8.68 x 107> 6.46 x 1077 -5.10
az 8.48 x 10710 0.00 x 10° 0.00 8.48 x 10710 8.48 x 10710 2.14
a 1.02 x 10° 326x1071  0.00 3.61x 1071 1.67 x 100 -
a 5.53 x 1074 215x10°3  0.00 -3.78 x 1073 4.89 x 1073 0.38
Digestate 3 -4.04x10%  0.00x107° 0.0 —4.04 x 107° —4.04 x 107° -1.37
a4 -7.62 %1073 925%x10=%  0.00 —2.62 %1072 1.10 x 1072 —247
as 6.43 x 1070 6.00x 107>  0.00 -5.63 x 107> 1.85x 107 1.69
as 2.01 x107° 3.66x 1075  0.00 -5.36 x 107> 9.37 x 1075 1.73
az —6.43 x 10710 0.00 x 10° 0.00 —-6.43 x 10710 —6.43 x 10710 -1.18

CP=ay +ayT +azT2 + ag-t + as-t? + ag Tt + ay T>12, T ranged from 200 °C to 300 °C, ¢ ranged from 20 min to
60 min; more information in the ‘CSF Production Method and Process Analysis’ section.



Energies 2020, 13, 3161

24 of 31

Table A7. Statistical evaluation of model coefficients for the HHV of CSF from sewage sludge

and digestate.
Value of .. .. .
. Intercept/ Standard Lower Limitof =~ Upper Limitof  Standardized
Material Coefficient égg?;icceiggt Error Confidence Confidence B Coefficient
a 3.46 x 10° 5.95 x 10° 0.00 —8.51 x 10° 1.54 x 101 -
a 1.03 x 107! 3.93x 1072  0.00 240 x 1072 1.82 x 107! 3.94
Sewage a3 -2.14x 107 6.52x107°  0.00 -3.45x 107 -8.26 x 1072 —4.09
sludge ay 5.37 x 1072 1.69%10°1  0.00 -2.86 x 107! 3.93 x 107! 0.98
as 440x 1074 1.09x10~%  0.00 -1.76 x 1073 2.64 %1073 0.65
as -5.37 x 10-* 6.68x10™*  0.00 -1.88 x 1073 8.06 x 107* -2.61
az 5.60 x 1077 0.00 x 10° 0.00 5.60 x 1077 5.60 x 1079 0.58
a 2.86 x 10! 6.95 x 10° 0.00 1.46 x 101 426 x 10! -
a -7.70 x 1072 459%x10°2  0.00 -1.69 x 1071 1.53 x 1072 -3.78
Digestate a3 134 x 107 7.62x 107 0.00 -1.91x10°® 2.87 x 1074 3.30
& a4 —4.15x 107! 1.97x10"1  0.00 -8.11 x 1071 -1.82x 1072 -9.72
as 3.02 x 1073 128 x107%  0.00 456 x 1074 5.59 x 1073 5.73
a6 1.90 x 1073 7.80x10™*  0.00 3.36 x 1074 3.47 x 1073 11.87
az -5.91x 1078 0.00 x 10° 0.00 -5.91x 1078 -5.91 x 1078 -7.86

HHV =ay + a, T + a3-T% + ag-t + as-2 + ag- Tt + a;- T212, T ranged from 200 °C to 300 °C, t ranged from 20 min to
60 min; more information in the ‘CSF Production Method and Process Analysis’ section.
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Table A8. Analysis of variance for organic matter content of sewage sludge.

25 of 31

SS, Tukey test for OM, a bold font signifies 200 200 200 220 220 220 240 240 240 260 260 260 280 280 280 300 300 300

statistically significant difference (p <0.05) 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60
200 20 097 000 002 000 000 100 000 000 009 000 000 000 000 000 000 000 0.00
200 40 0.97 0.00 000 000 000 057 000 000 000 000 000 000 000 000 000 000 0.00
200 60 0.00  0.00 029 100 087 0.00 008 000 006 000 002 000 000 000 000 000 0.00
220 20 0.02 000 029 008 000 011 000 000 100 000 000 000 000 000 000 000 0.00
220 40 0.00 000 1.00 008 100 000 028 000 001 000 008 000 000 000 000 0.00 0.00
220 60 0.00 000 087 000 1.00 000 097 001 000 000 073 000 000 000 000 000 0.00
240 20 100 057 000 011 000 0.00 0.00 000 044 000 000 000 000 000 000 000 0.0
240 40 0.00 000 008 000 028 097 0.00 046 000 017 100 0.00 000 000 000 000 0.00
240 60 0.00 000 000 000 000 001 000 046 0.00 100 084 003 000 000 000 000 0.00
260 20 0.09 000 006 100 001 000 044 000 0.00 0.00 000 000 000 000 000 000 0.0
260 40 0.00 000 000 000 000 000 000 017 100 0.00 047 013 000 0.00 000 0.00 0.00
260 60 0.00 000 002 000 008 073 000 100 084 000 047 0.00 000 000 000 000 0.00
280 20 0.00 000 000 000 000 000 000 000 003 000 013 0.00 0.00 000 000 000 0.00
280 40 0.00 000 000 000 000 000 000 000 000 000 000 000 0.00 0.00 000 050 0.00
280 60 0.00 000 000 000 000 000 000 000 000 000 000 000 000 0.00 0.00 000 039
300 20 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00 0.00  0.00
300 40 0.00 000 000 000 000 000 000 000 000 000 000 000 000 050 000 0.00 0.17
300 60 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 039 000 0.17

Table A9. Analysis of variance for organic matter content of digestate.

D, Tukey test for OM, a bold font signifies 200 200 200 220 220 220 240 240 240 260 260 260 280 280 280 300 300 300

statistically significant difference (p <0.05  —— T T 0T 4 60 20 40 60 20 40 60 20 40 60 20 40 60
200 20 .00 100 100 080 000 100 001 000 000 000 000 000 000 000 000 0.00 0.0
200 40 1.00 .00 100 089 001 100 002 000 000 000 000 000 000 000 000 000 0.00
200 60 1.00 100 100 100 007 098 023 000 000 000 000 000 000 000 000 000 0.00
220 20 .00 1.00 1.00 089 001 100 002 000 000 000 000 000 000 000 000 000 0.00
220 40 080 089 1.00 0.89 042 060 078 0.00 000 000 001 000 000 000 000 000 0.00
220 60 0.00 001 007 001 042 000 100 066 000 000 098 000 000 000 000 000 0.00
240 20 100 100 098 1.00 060 0.00 001 000 000 000 000 000 000 000 000 000 0.00
240 40 001 002 023 002 078 100 0.01 031 000 000 079 000 000 000 000 000 0.00
240 60 0.00 000 000 000 000 066 000 031 0.00 000 100 000 000 000 000 000 0.00
260 20 0.00 000 000 000 000 000 000 000 0.00 0.00 000 002 000 000 000 000 0.00
260 40 0.00 000 000 000 000 000 000 000 000 0.00 0.00 093 000 000 000 000 0.00
260 60 0.00 000 000 000 001 098 000 079 100 0.00 0.0 0.00 000 000 000 000 0.00
280 20 0.00 000 000 000 000 000 000 000 000 002 09 0.0 0.00 000 000 000 0.0
280 40 0.00 000 000 000 000 000 000 000 000 000 000 000 0.00 0.00 000 008 067
280 60 0.00 000 000 000 000 000 000 000 000 000 000 000 000 0.00 0.00 0.0 0.00
300 20 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00 0.03  0.00
300 40 0.00 000 000 000 000 000 000 000 000 000 000 000 000 008 000 0.3 0.00
300 60 0.00 000 000 000 000 000 000 000 000 000 000 000 000 067 000 000 0.00
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Table A10. Analysis of variance for ash content of sewage sludge.

26 of 31

SS, Tukey test for Ash, a bold font signifies 200 200 200 220 220 220 240 240 240 260 260 260 280 280 280 300 300 300

statistically significant difference (p <0.05) 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60
200 20 098 000 016 000 000 100 000 000 009 000 000 000 000 000 000 000 0.00
200 40 0.98 0.00 000 000 000 076 000 000 000 000 000 000 000 000 000 000 0.00
200 60 0.00  0.00 087 094 015 001 000 000 096 000 000 000 000 000 000 000 0.00
220 20 016 000 087 005 000 048 000 000 100 000 000 000 000 000 000 000 0.00
220 40 0.00 000 094 005 098 000 017 002 010 000 004 000 000 000 000 000 0.00
220 60 0.00 000 015 000 098 0.00 096 045 000 017 063 000 000 000 000 000 0.00
240 20 100 076 001 048 000 0.00 000 000 031 000 000 000 000 000 000 000 0.0
240 40 0.00 000 000 000 017 09 0.0 100 000 098 100 000 000 000 000 000 0.00
240 60 0.00 000 000 000 002 045 000 1.00 000 100 100 000 000 000 000 000 0.00
260 20 009 000 09 100 010 000 031 000 0.00 0.00 000 000 000 000 000 000 0.0
260 40 0.00 000 000 000 000 017 000 098 100 0.00 100 002 000 000 000 000 0.0
260 60 0.00 000 000 000 004 063 000 100 100 000 1.00 0.00 000 000 000 000 0.00
280 20 0.00 000 000 000 000 000 000 000 000 000 002 0.00 0.00 000 000 0.00 0.0
280 40 0.00 000 000 000 000 000 000 000 000 000 000 000 0.00 0.00 000 100 0.3
280 60 0.00 000 000 000 000 000 000 000 000 000 000 000 000 0.00 0.00 000 0.05
300 20 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00 0.00  0.00
300 40 0.00 000 000 000 000 000 000 000 000 000 000 000 000 100 000 0.00 0.32
300 60 0.00 000 000 000 000 000 000 000 000 000 000 000 000 003 005 000 032

Table A11. Analysis of variance for ash content of digestate.

D, Tukey test for Ash, a bold font signifies 200 200 200 220 220 220 240 240 240 260 260 260 280 280 280 300 300 300

statistically significant difference (p <0.05  —— T T 0T 0 60 20 40 60 20 40 60 20 40 60 20 40 60
200 20 025 009 017 002 000 017 001 000 000 000 000 000 000 000 000 000 0.00
200 40 0.25 100 100 100 087 100 099 058 001 000 071 000 000 000 000 000 0.00
200 60 0.09  1.00 .00 100 099 100 100 08 002 000 094 000 000 000 000 000 0.00
220 20 017 100 1.00 1.00 094 100 100 071 001 000 083 000 000 000 000 000 0.00
220 40 002 100 100 1.00 100 100 100 100 012 000 100 0.00 000 000 000 000 0.00
220 60 0.00 087 099 094 1.00 093 100 100 050 0.00 100 002 000 000 000 000 0.00
240 20 017 100 100 100 100 093 .00 070 001 000 082 000 000 000 000 000 0.00
240 40 001 099 100 100 100 1.00 1.00 1.00 023 000 100 000 000 000 000 0.00 0.00
240 60 000 058 08 071 100 100 070 1.00 081 002 100 006 000 000 000 000 0.00
260 20 0.00 001 002 001 012 050 001 023 081 081 069 097 000 000 004 0.00 0.00
260 40 0.00 000 000 000 000 000 000 000 002 081 001 100 001 000 095 010 0.00
260 60 000 071 094 08 100 100 08 100 100 069 0.1 0.04 000 000 000 000 0.00
280 20 0.00 000 000 000 000 002 000 000 006 097 100 0.04 0.00 000 074 003 0.0
280 40 0.00 000 000 000 000 000 000 000 000 000 001 000 0.00 016 041 100 1.00
280 60 0.00 000 000 000 000 000 000 000 000 000 000 000 000 016 0.00 001 066
300 20 0.00 000 000 000 000 000 000 000 000 004 09 000 074 041 0.0 095  0.07
300 40 0.00 000 000 000 000 000 000 000 000 000 010 000 003 100 001 095 0.89
300 60 0.00 000 000 000 000 000 000 000 000 000 000 000 000 100 066 007 089
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Table A12. Analysis of variance for combustible parts content of sewage sludge.

27 of 31

SS, Tukey test for CP, a bold font signifies 200 200 200 220 220 220 240 240 240 260 260 260 280 280 280 300 300 300

statistically significant difference (p < 0.05) 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60
200 20 098 000 016 000 000 100 000 000 009 000 000 000 000 000 000 000 0.00
200 40 0.98 0.00 000 000 000 076 000 000 000 000 000 000 000 000 000 000 0.00
200 60 0.00  0.00 0.87 094 015 001 000 000 096 000 000 000 000 000 000 000 0.00
220 20 016 000 0.87 005 000 048 0.00 000 100 000 000 000 000 000 000 000 0.00
220 40 0.00 000 094 005 098 000 017 002 010 000 004 000 000 000 000 0.00 0.00
220 60 0.00 000 015 000 098 0.00 096 045 000 017 063 000 000 000 000 000 0.00
240 20 100 076 001 048 000 0.00 0.00 000 031 000 000 000 000 000 000 000 0.00
240 40 0.00 000 000 000 017 096 0.00 100 000 098 100 000 000 000 0.00 000 0.00
240 60 0.00 000 000 000 002 045 000 1.00 0.00 100 100 000 000 000 000 0.00 0.00
260 20 009 000 096 100 010 000 031 0.00 0.0 0.00 000 000 000 000 000 000 0.00
260 40 0.00 000 000 000 000 017 000 098 100 0.00 100 002 000 000 000 000 0.00
260 60 0.00 000 000 000 004 063 000 100 100 000 1.00 0.00 000 000 0.00 000 0.00
280 20 0.00 000 000 000 000 000 000 000 000 000 002 0.00 0.00 000 000 0.00 0.00
280 40 0.00 0.00 000 000 000 000 000 000 000 000 000 000 0.00 0.00 000 100 0.03
280 60 0.00 000 000 000 000 000 000 000 000 000 000 000 000 0.00 0.00 000 0.05
300 20 0.00 000 000 000 000 000 000 000 000 000 000 000 000 000 0.00 0.00  0.00
300 40 0.00 000 000 000 000 000 000 000 000 000 000 000 000 100 000 0.00 0.32
300 60 0.00 0.00 000 000 000 000 000 000 000 000 000 000 000 003 005 000 032

Table A13. Analysis of variance for combustible parts content of digestate.

D, Tukey test for CP, a bold font signifies 200 200 200 220 220 220 240 240 240 260 260 260 280 280 280 300 300 300

statistically significant difference (p <0.05  —= T T 0T 40 60 20 40 60 20 40 60 20 40 60 20 40 60
200 20 025 009 017 002 000 017 001 000 000 000 000 000 000 000 000 000 0.00
200 40 0.25 100 100 100 087 100 099 058 001 000 071 000 000 000 000 000 0.00
200 60 0.09 1.00 100 100 099 100 100 086 002 000 094 000 000 000 000 000 0.00
220 20 017 100 1.00 100 094 100 100 071 001 000 083 000 000 000 000 000 0.00
220 40 0.02 100 1.00 1.00 100 100 100 100 012 000 100 000 000 000 000 000 0.00
220 60 0.00 087 099 094 1.00 093 100 100 050 000 1.00 002 000 000 000 000 0.00
240 20 017 100 100 100 100 093 100 070 001 000 082 000 000 000 000 000 0.00
240 40 001 099 100 100 100 1.00 1.00 100 023 000 100 000 000 000 000 000 0.00
240 60 0.00 058 08 071 100 100 070 1.00 081 002 100 006 000 000 000 000 0.00
260 20 0.00 001 002 001 012 050 001 023 081 081 069 097 000 000 004 000 0.00
260 40 0.00 000 000 000 000 000 000 000 002 081 001 100 001 000 095 010 0.00
260 60 000 071 094 083 100 100 082 100 100 069 0.01 004 000 000 000 000 0.00
280 20 0.00 000 000 000 000 002 000 000 006 097 100 0.04 000 000 074 003 0.00
280 40 0.00 000 000 000 000 000 000 000 000 000 001 000 0.00 016 041 1.00 1.00
280 60 0.00 000 000 000 000 000 000 000 000 000 000 000 000 016 0.00 001 066
300 20 0.00 0.00 000 000 000 000 000 000 000 004 095 000 074 041 0.00 095 007
300 40 0.00 000 000 000 000 000 000 000 000 000 010 000 003 100 001 095 0.89
300 60 0.00 000 000 000 000 000 000 000 000 000 000 000 000 100 066 007 089
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Table A14. Analysis of variance for HHV of sewage sludge.

28 of 31

SS, Tukey test for HHV, abold font signifies 200 200 200 220 220 220 240 240 240 260 260 260 280 280 280 300 300 300

statistically significant difference (p <0.05) 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60 20 40 60
200 20 046 100 099 088 032 100 001 051 033 002 012 001 000 000 000 000 0.00
200 40 0.46 .00 100 100 100 094 090 100 100 098 1.00 093 000 000 001 000 0.00
200 60 1.00  1.00 .00 100 098 1.00 018 100 098 034 081 021 000 000 000 000 0.00
220 20 099 1.00 1.00 .00 099 100 021 100 099 039 08 025 000 000 000 000 0.00
220 40 088 100 1.00 1.00 .00 100 050 1.00 100 074 099 057 000 000 000 0.00 0.00
220 60 032 100 098 099 1.00 086 097 100 100 100 100 098 000 000 001 000 0.00
240 20 100 094 100 100 1.00 086 007 096 087 015 054 009 000 000 000 000 0.00
240 40 001 090 018 021 050 097 007 088 096 100 100 100 0.00 000 039 000 0.00
240 60 051 100 100 100 100 100 096 0.88 1.00 098 100 091 000 000 000 0.00 0.00
260 20 033 100 098 099 100 100 087 096 1.00 .00 100 098 000 000 001 000 0.00
260 40 002 098 034 039 074 100 015 100 098 1.00 100 100 000 000 020 0.00 0.00
260 60 012 100 081 08 099 100 054 100 100 100 1.00 100 000 000 004 000 0.00
280 20 001 093 021 025 057 098 009 100 091 098 100 1.00 0.00 000 033 000 0.0
280 40 0.00 000 000 000 000 000 000 000 000 000 000 000 0.00 002 004 097 1.00
280 60 0.00 000 000 000 000 000 000 000 000 000 000 000 000 0.02 0.00 051 024
300 20 0.00 001 000 000 000 001 000 039 000 001 020 004 033 004 0.00 0.00  0.00
300 40 0.00 000 000 000 000 000 000 000 000 000 000 000 000 097 051 0.0 1.00
300 60 0.00 000 000 000 000 000 000 000 000 000 000 000 000 100 024 000 1.00

Table A15. Analysis of variance for HHV of digestate.

D, Tukey test for HHV, a bold font signifies 200 200 200 220 220 220 240 240 240 260 260 260 280 280 280 300 300 300

statistically significant difference (p < 0.05) 20 20 0 20 20 0 20 20 0 20 20 60 20 20 0 20 20 0
200 20 100 087 099 065 014 100 100 017 100 000 007 000 000 100 000 000 056
200 40 1.00 083 097 059 011 100 100 014 100 000 006 000 000 1.00 000 000 0.49
200 60 0.87 083 .00 100 099 047 100 100 089 005 096 000 007 100 022 001 1.00
220 20 099 097 1.00 .00 093 077 100 095 099 002 079 000 002 100 009 000 1.00
220 40 065 059 1.00 1.00 100 025 100 100 067 013 100 000 017 100 043 0.03 1.00
220 60 014 011 099 093 1.00 003 069 100 015 063 100 003 072 069 095 025 1.00
240 20 100 100 047 077 025 0.03 096 004 100 000 001 000 000 096 000 000 0.19
240 40 .00 100 100 100 100 069 096 075 100 000 049 000 001 100 003 000 099
240 60 017 014 100 095 100 100 0.04 075 018 057 100 003 065 075 092 021 1.00
260 20 100 100 08 099 067 015 100 100 0.18 0.00 008 000 000 100 000 000 058
260 40 0.00 000 005 002 013 063 000 000 057 0.00 082 098 1.00 000 100 100 0.8
260 60 007 006 096 079 100 100 001 049 1.00 008 082 007 088 049 099 042 1.00
280 20 0.00 000 000 000 000 003 000 000 003 000 098 007 096 000 074 100 0.00
280 40 0.00 000 007 002 017 072 000 001 065 000 100 088 096 001 100 1.00 023
280 60 .00 100 100 100 100 069 096 100 075 100 000 049 0.00 0.01 0.03 0.00 099
300 20 0.00 000 022 009 043 095 0.00 003 092 000 100 099 074 100 003 1.00 052
300 40 0.00 000 001 000 003 025 000 000 021 000 100 042 100 100 000 1.00 0.04
300 60 056 049 1.00 100 100 100 019 099 100 058 018 100 000 023 099 052 004
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Abstract: Peat is the main type of peloid used in Polish cosmetic/healing spa facilities. Depending
on treatment and origin, peat waste can be contaminated microbiologically, and as a result, it must
be incinerated in medical waste incineration plants without energy recovery (local law). Such a
situation leads to peat waste management costs increase. Therefore, in this work, we checked the
possibility of peat waste upcycling to carbonized solid fuel (CSF) using torrefaction. Torrefaction
is a thermal treatment process that removes microbiological contamination and improves the fuel
properties of peat waste. In this work, the torrefaction conditions (temperature and time) on CSF
quality were tested. Parallelly, peat decomposition kinetics using TGA and torrefaction kinetics with
lifetime prediction using macro-TGA were determined. Furthermore, torrefaction theoretical mass
and energy balance were determined. The results were compared with reference material (wood),
and as a result, obtained data can be used to adjust currently used wood torrefaction technologies
for peat torrefaction. The results show that torrefaction improves the high heating value of peat
waste from 19.0 to 21.3 MJ x kg~!, peat main decomposition takes place at 200-550 °C following
second reaction order (n = 2), with an activation energy of 33.34 k] x mol~!, and pre-exponential
factor of 4.40 x 10! s~1. Moreover, differential scanning calorimetry analysis revealed that peat
torrefaction required slightly more energy than wood torrefaction, and macro-TGA showed that peat
torrefaction has lower torrefaction constant reaction rates (k) than wood 1.05 x 107°-3.15 x 105 vs.
143 x 107°-7.25 x 107° s~ 1,

Keywords: peloids; waste to energy; waste to carbon; circular economy; torrefied biomass; kinetics
lifetime prediction; mass balance; energy balance; fuel properties

1. Introduction

Peloids are commonly used in spa treatment and cosmetology for cosmetic and healing
purposes. Peloids refer to inorganic, organic, or a mixture matter that originated through
geological and/or biological processes. Ozay et al. [1] proposed to divide peloids by origin
and composition into four groups: peat, sludge (bituminous or mineral), slime (sea or delta),
and earth (rock or schist) [1]. The most used peloid in Poland is peat. Lesniak [2] shows
that a typical SPA facility in Poland uses from 2.90 to 3.42 Mg of peat yearly. Assuming an
average value of 3.16 Mg x year~! and a current number of spa facilities (103), the annual
peat waste (PW) production counts about 324 Mg [2]. The PW management depends on
the specific situations in the country and its law regulations [3]. In general, waste peloids
generated in beauty salons are safe, but ones from spa centers may be microbiologically
contaminated, and in such a situation, PW must be considered as medical waste, requiring
a special waste treatments method, e.g., waste incineration. However, other methods of
PW recycling and upcycling should be developed. In this study, we check the validity
of thermal upcycling of medical/cosmetic peat waste into high-quality solid fuel, free of
possible infectious substances using the torrefaction process.
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1.1. Peat Applications

Peat can be classified according to different factors such as fiber content or fiber
decomposition, organic matter, and vegetation forming the organic content. In addition,
ASTM D4427-13, “Standard Classification of Peat Samples by Laboratory Testing”, can
be used for peat classification. There is also a special von Post scale, which classifies peat
soils based on the degree of its decomposition at 10 points (H;—H;o with the interpretation
from none to complete decomposition) [4]. For medical /cosmetic purposes, typically, peat
with classes from Hg to Hjg is used [5]. Each class corresponds to 10% of decomposition
(degree of humification). Where H; means peat, which squeezed releases almost clear
water, plants are identifiable, and no amorphous material is present, while Hjyp means
completely decomposed peat, which squeezed escape between fingers, without discernible
plants structures [6]. Medical/cosmetic peat usage in Europe is dated to the 18th century,
but external usage as poultices is dated to the early 19th century [7]. Peat in cosmetics
is used, inter alia, for facial care treatments supporting the treatment of acne, and scars,
and sun discoloration, as an antiaging treatment that improves the elasticity of the facial
skin and so on [5]. On the other hand, in a healing spa (peat bath), peat is mainly used to
overheat the body. It is possible thanks to high heat capacity and relatively flat cooling
curve in comparison to water. As a result, baths improve blood circulation, effects myalgia,
and chronic inflammation, and so on [7].

Using peat as fuel started earlier. Since the 12th-century, peat has become an important
energy source in Europe. Nevertheless, currently using peat for energy production has
ended in most countries [8]. Only six countries in the EU (Estonia, Finland, Ireland, Latvia,
Lithuania, and Sweden) use peat for energy purposes excavating around 9.4 min Mg
per year of it. Among these countries, only 208 peat-fired energy plants exist, and only
Finland uses peat in significant amounts, covering around 25% of its national heat needs [9].
Nevertheless, peat does not play a significant role in the energy sector of the EU (1.7%), and
since 2010, its consumption has decreased. As a result, it is highly probable that peat’s role
in the EU energy sector will further decrease [10]. On the other hand, Russia, which has a
significant peat reserve (~30% of the world’s peat), is considered to go back to peat mining
for energy uses as a more environmentally friendly alternative for coal and to diversify
locals’ energy sources. The main peat advantage is its abundance and low-cost mining
in comparison to coal. Nevertheless, peat is characterized by high moisture content and
relatively high ash content. Therefore, before energy use, peat required seasoning and
pretreatment [11-13].

Besides medical/cosmetic and energy purposes, peat is also widely used in horticul-
ture and agriculture. Peat-specific properties allow its use as a soil improver, growing
medium, compost ingredient, etc. For example, peat mining for agricultural usage is
common in such countries as Germany and Poland [10], which do not use it for energy
purposes. On the other hand, peat and peatlands represent a valuable global carbon store
and are critical for preserving biodiversity [14]. Moreover, the analysis of the European
Commission from 2018 shows that limiting the use of peatlands is effective for CO, emis-
sion mitigation [11]. Therefore, peat replacement materials are sought. The opportunity for
such replacement material is looking in biochars and hydro-chars obtained from organic
waste [15,16]. Since carbon materials alone or in mixtures with organic substances have
the potential to substitutes (partially or full) peat for agricultural usages. For example,
some biochars (depending on substrate and process conditions) have higher pH, increased
surface area, excellent water, and nutrient retention properties in comparison to peat. More-
over, biochars may contain different forms of nitrogen and have a considerable amount of
potassium [15]. That suggests that biochar from medical/cosmetic peat waste may partially
replace fresh peat usage in agriculture/horticulture or other emerging applications such as
odors mitigation [17].
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1.2. Peat Thermal-Upgrading Methods

Some studies show that peat can be upgraded thermally by various methods, i.e.,
torrefaction [18], pyrolysis [19], gasification [20], or hydrothermal carbonization [21]. Each
process favors different input substrates, process conditions, and end products. Torrefaction
is typically used to improve the calorific value and storage properties (increased hydropho-
bicity) of biomass. It takes place at 200-320 °C in the absence of oxygen. Solids are the
main process products [22]. The pyrolysis also takes place in the absence of oxygen but at
temperatures over 320 °C. As a result, depending on pyrolysis conditions main products
are liquid, gas, or solid; nevertheless, amounts of solids obtained from pyrolysis always
are lower than from torrefaction. On the other hand, gasification takes place in a partially
oxidative atmosphere and converts substrates mainly into gases. This process requires
temperatures from ~800 to 1150 °C [23,24]. The main drawback of mentioned processes
is the fact that materials need to be dry, or additional energy needs to be spent on water
removal. Moreover, in the case of pyrolysis and gasification, high process temperatures
required much more energy in comparison to torrefaction [25]. Partially, these drawbacks
can be overcome by hydrothermal carbonization (HTC), which favors wet substrates, and
low temperatures 150-320 °C. Nevertheless, HTC required sophisticated reactors that can
stand high pressure up to 50 bars or more [26,27].

Some studies show the prospect of thermal peat upgrading to fuels (gases or solids)
using the overmentioned processes [18-21,28]. Nevertheless, none of them focus on med-
ical/cosmetic peat waste particularly. In addition, none of the studies alone provide
comprehensive data of peat upcycling to carbonized solid fuel by torrefaction, including
the effect of process conditions on CSF fuel qualities, torrefaction kinetics, energy, and
mass balance of the whole process. Especially that peat is not homogenous material, and
its composition varies significantly around the world. As a result, adopting data from
different studies to make any conclusion may not be fully successful and precise.

The torrefaction is a well-known and world-wise used process for wood energy prop-
erties upgrading [29]. Besides energy densification in a solid product, torrefaction removes
water, increases hydrophobic characteristics, decreases energy to grind, and decreases
biodegradability [30]. As a result, torrefied material becomes easier to transport, manage,
and storage [31]. Such positive effects are mainly due to hemicellulose decomposition. The
hemicellulose is rich in hydroxyl groups (including carboxylic and phenolic groups), which
can form a hydrogen bond with water increasing bonded water content [30,32]. When
hemicellulose is decomposed because of depolymerization, demethoxylation, and bond
cleavage reactions, these groups are removed as well. As a result, fuel becomes hydropho-
bic and more fungal-resistant [32]. In addition, changes in chemical composition (decrease
in available nutrients and production of toxic chemicals) the resistance to biodegradation
increases [30]. The end effect and properties of torrefied material depend on used feedstock,
reactor type, and process conditions, i.e., temperature, time, heating rate, feedstock particle
size, pressure, etc. [33].

1.3. Aim of the Study

In this study, we performed initial laboratory analyses on medical/cosmetic peat
waste upcycling using torrefaction. The analyses covered the effects of process conditions
on carbonized solid fuel quality, thermal decomposition kinetics, torrefaction kinetics with
lifetime prediction, and theoretical mass and energy balance determination. The analyses
were performed following our previous research related to wood biomass torrefaction.
Therefore, obtained data are comparable to well-described wood material. As a result,
obtained data may be used for adjusting the existing technology used for wood torrefaction
to peat torrefaction.
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2. Materials and Methods
2.1. Materials

The medical /cosmetic peat come from a peat bog “Kotobrzeg” owned by Uzdrow-
isko Kotobrzeg S.A. The peat bog is located around 3.5 km from Kolobrzeg, Poland. The
peatland is classified as a low type [2,34], and the medical properties of the peat are
confirmed by the National Institute of Public Health. The natural moisture content of
peat obtained from the peat bog was 89.9%, and organic dry mass was 92.5% of dry mass.
The peat had a degree of humification (according to the van Post scale) between Hy and
Hg [2,35].

2.2. Methods
2.2.1. Torrefaction Process—CSF Production

The carbonized solid fuel (CSF) was produced using a muffle furnace (Snol 8.1,/1100,
Utena, Lithuania). The dry peat samples of ~20 g were placed at ceramic trays and put in
the muffle furnace. To keep the inert atmosphere, CO, was introduced into the furnace.
The furnace was heated from room temperature to setpoint temperature (200-300 °C,
intervals 20 °C). When the temperature inside reached the setpoint, it was kept for 20, 40,
or 60 min. After this time, the furnace was left to self-cooling, and when the temperature
dropped below 100 °C, samples were removed. For the CSF production process, mass
yield (MY), energy densification ratio (EDr), and energy yield (EY) were determined using
Equations (1)—(3).

MY = mcsp/Myaw X 100 1)
EDr = HHVCSF/HHVraw 2)
EY = MY x EDr 3)

where:

MY—mass yield, %; mcsp—mass of produced CSF, g; my,w—a mass of substrate used
for CSF production, g; EDr—energy densification ratio, -; HHVcsp—high heating value of
CSF, ] x g~!; HHVaw—high heating value of substrate used for CSF production, ] x g~1;
EY—energy yield, %.

2.2.2. Proximate Analysis and High Heating Value Determination

Proximate analysis and high heating value determination were performed for raw peat
and produced CSF. The proximate analysis consisted of moisture content (MC), volatile
matter (VM), ash content (AC), and fixed carbon (FC). Additionally, volatile solids (VS)
and combustible parts (CP) were determined. The proximate analysis with additional pa-
rameters was determined according to methods presented in previous work [36]. The high
heating value (HHV) was determined using a calorimeter (IKA, C200, Staufen, Germany).
Each sample was tested in three repetitions. Used standards, methods, and equipment are
listed in Appendix A, Table AT.

2.2.3. Statistical Analyses

CSF production data and results of the proximate analysis with HHV were subjected
to regression analysis. The regression analysis aimed to provide useful empirical models for
easy determination of CSF properties and CSF production process in function of torrefaction
temperature and time. The regression was performed according to the methodology
described in previous work [37]. In short, empirical data were subjected to four main
regression equations (linear, second-order polynomial, factorial regression, and response
surface regression). Then, models were compared using the determination coefficient
(R?) and the Akaike information criterion (AIC). Then, models with the highest R? and
the lowest AIC were chosen as the best fitted to the experimental data. Next, coefficients
significance was checked. When some coefficients turned out to be not significant, it was
removed from the model, and rest of the coefficients were recalculated again.
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To check if there is an effect of process temperature and the treatment time on CSF
properties, ANOVA analyses were performed at (p < 0.05). Then, to check between which
groups the difference occurs, a Tukey post-hoc test was performed.

2.2.4. Thermal Decomposition Analysis

The thermal decomposition of dry peat and wood (as reference material) was studied
using two different approaches and equipment, TG/DTG-DSC analyzer and macroTG/DTG
analyzer. The mentioned abbreviation means TG—thermogravimetry; DTG—difference
thermogravimetry; DSC—differential scanning calorimetry. The macro term refers to sam-
ple size. In standard TG, the sample is measured in mg, while in macro-TG, the sample
mass is measured in g.

Firstly, samples were subjected to TG/DTG-DSC analysis, where samples were decom-
posed at a range of 30-800 °C. In this test, the temperature increased with a constant rate
of 10 °C x min~!. For this analysis, a sample of ~3.6 mg was subjected to a simultaneous
thermal analyzer (Netzsch, 449 F1 Jupiter, Selb, Germany) in a nitrogen atmosphere to pre-
vent Boudouard reaction at >700 °C that occur when CO; is used [38]. Experiment results
showed material decomposition in the function of time and allowed for the determination
of decomposition kinetics. Moreover, TG-DSC results were used for the calculation of the
theoretical mass and energy balance of the torrefaction process (Section 2.2.5) according to
previous work [39]. The decomposition kinetics were determined using the well-known
Coats—Redfern method (CR) [40]. For the CR method, the kinetic triplet consists of activa-
tion energy (Ea), pre-exponential factor (A), and reaction order (n). In this study, kinetic
triplets were determined for the whole process as well as decomposition peaks. The full
methodology of kinetic triplet determination is described elsewhere [36].

Secondly, dry peat samples were subjected for macroTG/DTG analysis at torrefaction
temperature range 200-300 °C. For this test, stand-mounted tubular furnace (Czylok, RST
40 x 200/100, Jastrzebie-Zdroj, Poland) coupled with the laboratory balance (RADWAG,
PS 750.3Y, Radom, Poland) was used. The samples of ~3 g were heated by 60 min at 200,
220, 240, 260, 280, and 300 °C in the CO; atmosphere to imitate conditions of setpoint
temperatures of CSF production (Section 2.2.1). The results showed thermal decomposition
at specific torrefaction temperature in function of time. Moreover, results were used
for torrefaction kinetics determination for isothermal temperature according to previous
work [41]. In short, for each torrefaction temperature, the constant reaction rate (k) was
determined by experimental data fitting to the first-order reaction. Then, using determined
k values, the Arrhenius plot, In(k) vs. 1/T, was drawn. Next, from the obtained slope and
intercept, the activation energy and pre-exponential factor for the torrefaction process were
obtained. Then, using obtained kinetic triplet, the prediction of the lifetime of material
exposed to isothermal conditions may be performed for any temperatures in the range of
200-300 °C. In this study, kinetic triplet was used for the prediction of the temperatures,
which was used for kinetic determination. The result of wood subjected to this method is
presented in previous work [41].

2.2.5. Theoretical Mass and Energy Balance of the Torrefaction Process

Theoretical mass and energy balance of the torrefaction process were calculated for
peat and wood (as reference material) using data from some of the analyses. The balances
were calculated to produce 1 g of CSF. The balance calculations include the mass of substrate
needed to produce 1 g pf CSF; external energy needed to heat this mass of substrate to the
setpoint temperature (DSC results) (including mass change during the heating); the energy
contained in 1 g of CSF (HHYV results); a mass of gas produced during the productionof 1 g
of CSF, and energy contained in this gas. To calculate the mentioned values, results of MY,
HHYV, and TG/DSC were used. The graph of balances determination is shown in Figure 1.
The green squares represent the order of preformed calculations, the gray squares represent
experimental/calculated data used for balances determination, and the blue squares stand
for input and output data.
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Figure 1. Theoretical mass and energy balance of the torrefaction process, calculations procedure.

The calculations were performed in four steps. First (I), knowing MY of CSF pro-
duction, a mass of substrate needed for 1 g of CSF was calculated. Then, knowing the
HHYV of a substrate, energy contained in the input substrate was calculated. Secondly
(II), the results of DSC were used to determine the amount of energy needed to heat a
proper amount of substrate to the setpoint temperature. Here, DSC results were given
by thermal analyzer software right away in mW per mg. Therefore, by multiplication
DSC results by time, the external energy provided to the sample was calculated. Thirdly
(III), the energy contained in CSF was determined by experimental HHV determination.
Fourthly (IV), the mass and energy contained in the gas produced alongside the production
of 1 g of CSF were determined. The mass of gas was calculated as the difference between
the used substrate and the mass of obtained CSF, while the energy was calculated as the
difference between energy contained in substrate and CSF increased by external energy
provided to heat substrate to the setpoint temperature. Here it was assumed that CSF is
completely cooled before it is removed from the reactor, and this energy goes to the gas
phase (Figure 1).

To keep calculations as simple as possible, the following assumptions were adopted:
(i)  Processed material is completely dry, MC = 0%;

(ii) Only external energy is used to provide heat for the process;
(iii) The process has 100% efficiency, no heat losses;
(iv) All external energy after the process goes to gaseous products.

3. Results and Discussion
3.1. CSF Production and Proximate Analysis

All raw data generated in this study were given in Supplementary Materials. The
result of the raw peat and CSF properties were summarized in Table 1. The 3D models
with equations presenting occurring changes in the function of torrefaction temperature
and time are presented in Appendix A (Figure Ala—i).

The raw peat used in this study had 84.8% of moisture content, and its dry mass
was characterized by 59.3%, 26.3%, and 14.4% content of VM, FC, and AC, respectively.
Moreover, the average high heating value was 19,013 ] x g~!. The peat composition varies
in a wide range. For example, Canadian peat has only 36% of MC, but almost 70% of
VM, around 30% of FC, and only 2% of AC [42], while Bangladesh peat was characterized
by 20-50% of MC, 7-48% of VM and ash content up to 90% [43]. Therefore, direct data
comparison needs to be performed carefully.
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Table 1. Results of CSF production and CSF properties.

Temp. Time MY, % EDr, - EY, % VM, % AC, % FC, % VS, % CP, % HHYV, J X g_l

0 0 - - - 59.3 14.4 26.3 83.0 85.6 19,013
20 97.6 1.03 100.6 56.0 14.1 29.9 83.1 85.9 19,598

200 40 97.3 1.05 102.1 55.8 14.2 30.0 82.9 85.8 19,941
60 97.1 1.04 101.4 57.2 14.6 28.2 82.7 85.4 19,841

20 98.4 1.03 101.5 56.8 14.1 29.0 83.2 85.9 19,619

220 40 95.4 1.07 101.7 56.3 14.3 29.4 82.8 85.7 20,272
60 91.2 1.06 97.0 55.0 15.2 29.7 81.9 84.8 20,217

20 96.7 1.02 98.9 55.3 14.2 30.5 83.0 85.8 19,444

240 40 90.7 1.07 97.0 54.0 14.8 31.2 82.2 85.2 20,341
60 87.7 1.07 93.7 53.0 15.1 31.9 81.9 84.9 20,318

20 93.1 1.05 97.5 54.3 14.7 31.0 82.4 85.3 19,922

260 40 83.4 1.10 91.3 49.3 16.9 33.8 80.0 83.1 20,836
60 83.4 1.13 93.9 49.1 17.0 33.9 79.8 83.0 21,419

20 81.1 1.08 87.4 47.5 16.8 35.7 79.9 83.2 20,495

280 40 79.9 1.12 89.6 44.6 17.7 37.7 78.8 82.3 21,324
60 77.6 1.11 86.2 45.6 17.6 36.8 79.0 82.4 21,124

20 81.8 1.11 91.0 447 17.3 38.0 794 82.7 21,163

300 40 734 1.12 82.2 40.3 18.5 41.2 77.7 81.5 21,315
60 69.1 1.10 759 38.1 20.3 41.6 75.8 79.7 20,873

The results showed that increasing process temperature and time causes the decrease
in peat MY from 97.6% to 69.1% at 200 °C and 20 min and 300 °C and 60 min, respectively
(Figure Ala). The opposite trend was observed for EDr, where, with the increase in
temperature and process time, the EDr values increased from 1.03 for CSF produced at
200 °C and 20 min to 1.12 for CSF produced at 300 °C and 40 min (Figure Alb). Moreover,
with increasing temperature, the EY decreased from 100.6% to 75.9% (Figure Alc) for
CSF produced at 200 °C and 20 min and 300 °C and 60 min, respectively. The obtained
results have a typical tendency of lignocellulosic materials. For comparison, the wood
torrefied at the same conditions is characterized by MY of 92-55%, 1.05-1.20 of EDr, and
96-66% of EY [44]. Since peat showed to has smaller mass losses, comparable EDr, and
higher EY than wood, it suggests that it is a suitable material for torrefaction. Weight
losses are an inevitable element of each torrefaction, and mass losses are related to water
removal and partial devolatilization. When during devolatilization, more oxygen than
carbon leaves processed material, its high heating value increases, and as a result increase
in EDr is observed. The EDr presents how much energy is in the CSF when compared
to not torrefied material, and when EDr is higher than 1, the CSF contains more energy
than not torrefied material. Typically, torrefaction leads to EDr increase [45] but some
materials, mostly not lignocellulosic, have the opposite trend, e.g., sewage sludge [46]. In
this study, EY was over 100% at 200-220 °C (Table 1), which is a result of the inaccuracy of
empirical measurements. Theoretically, EY cannot be higher than 100% because it would
mean that the produced CSF is more energy than in substrate used for its production. As
was mentioned above, during torrefaction, devolatilization always occurs, and they take
away some chemical energy and move it to gas and liquid fractions.

Devolatilization is a process where large molecules are thermally decomposed by tem-
perature into smaller ones, and when molecules are small enough, they are released from
the material by convection forces. During this phenomenon occurs, inter alia, decarboniza-
tion, dehydrogenation, deoxygenation [47]. As a result, volatile matter decreases, and ash
and fixed carbon content increase. Typical biomass consists of cellulose, hemicellulose,
and lignin, and these components affect the properties of biomass and torrefied biomass.
The hemicellulose (xylan) consists of 78.57% of VM, 2.11% of AC, and 19.33% of FC. The
cellulose consists of 95.21% of VM and only 4.79% of FC. Ash is not present in cellulose.
The lignin has the lowest VM of 54.61% but the highest FC of 29.25%, and AC of 16.15 [48].
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Since in the torrefaction temperatures, mainly hemicellulose decomposes, its properties
have the highest effect on torrefied material properties.

The torrefaction process resulted in a decrease in VM from 59.3% for dry unprocessed
peat to 38.1% for CSF produced at 300 °C and 60 min (Table 1). At the same conditions,
AC increased by ~6% from 14.4% to 20.3%, and FC by ~15% from 26.3% to 41.6%. These
changes are characterized by smooth trends, where the temperature has much more effect
on observed change than the time (Figure Ald—f). In addition, increasing temperature
resulted in a decrease in VS and CP from 83% to 75.8% and from 85.6% to 79.7%, respectively
(Figure Alg-h). For comparison, the energetic non-woody biomass is characterized by VM
of 70-94%, AC of 1.3-17%, and FC of 2.4-17.2% [49,50], while wood biomass has much
homogeneous composition, 82-84%, 15.5-16.4, and 0.3-0.8%, respectively [51]. That means
the torrefied peat has less VM and more FC than typical wooden biomasses, but it also has
much more AC. Peat, torrefied at 300 °C, becomes like lignite (VM of 39.8%, AC of 8.5%,
FC of 51.6%) [52].

3.2. Process Kinetics
3.2.1. TG/DTG and DSC Results

In Figure 2, the results of TG/DTG and DSC analysis are presented. The TG/DTG
curves show that the main decomposition of peat and wood starts at similar temperatures,
around 200-220 °C; nevertheless, peat turns out to be more resistant for thermal degrada-
tion and is characterized by a much lower mass losses in comparison to wood. It is obvious,
as peat is more decomposed material than wood. The used peat has a degree of humifi-
cation (according to the van Post scale) between Hy and Hg [35], meaning that it may be
characterized by moderate decomposition. DTG results also showed that peat main decom-
position occurred at 200-550 °C and was characterized by two peaks, the first maximum
at ~325 °C and the second at ~450 °C. In contrast, wood main decomposition occurred at
~200-380 °C with a maximum at ~330 °C. DSC results are presented in Figure 2b. For both
materials. DSC curves are similar up to 300 °C. First, they have one endothermal reaction
at ~100 °C and then one exothermal at ~300 °C. At temperatures higher than 300 °C, the
peat curve increases more than a woods curve. Moreover, during peat decomposition, one
exothermic reaction occurs at 600 °C, while for wood, two endothermic reactions at 478

and 730 °C may be seen.
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Figure 2. Thermal analysis results of (a) TG/DTG, (b) DSC.
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The observed differences are related to the chemical composition and degree of hu-
mification of tested materials. The wood is made of five elements: lignin (18-35%), car-
bohydrates such as cellulose (40-50%), hemicelluloses (25-35%), organic extractives, and
minerals (ash) [53], while peat is an organic matter mixture consists of partially decomposed
plants grown in bogs, swamps, and marshes [54]. The organic matter mixture may vary
significantly depending on peat age, depth, groundwater level, and so on [55]. For example,
Iglovikov et al. [55] analyzed peat soil that consists of bitumens (6—10%), hemicellulose
(14-18%), cellulose (1-1.5%), humic acids (28-34%), fulvic acid (15.5-19%), lignin (5-7%),
and other organic and inorganic compounds. The study of Brown et al. [56] showed that
cellulose and lignin content vary from 14.9% to 46.7% and from 1.1% to 5.2%, respectively.

Typically, the thermal decomposition of hemicellulose, cellulose, and lignin in an inert
atmosphere takes place at 220-315, 290—400, and 100-900 °C, respectively [57,58]. Hemi-
cellulose decomposes with two characteristic peaks at ~245 and ~296 °C, while cellulose
decomposes at one stage with a maximum of ~345 °C. This means that the decomposition
of cellulose occurs intensively in a shorter time than hemicellulose decomposition [48].
This suggests that visible on Figure 2a wood main decomposition at ~200-380 °C with a
maximum at ~330 °C is related to hemicellulose and cellulose decomposition, wherein
hemicellulose peak is not visible (lack of left shoulder). Some cellulose presence in the peat
sample is also visible in the first main decomposition peak at ~325 °C. Nevertheless, lower
mass losses in the peat sample at these temperatures suggest that there is a much lower
amount of cellulose than in the wood. On the other hand, the studies [55,56] showed much
different cellulose concentrations in the peats (1.5% vs. 46.7%). Therefore, there is a need to
take caution to state that this decomposition was mainly related to cellulose. Nevertheless,
continuous mass losses in both samples at temperatures higher than 400 °C are mainly
related to lignin decomposition.

Because peat has a more complex organic matrix, its thermal degradation cannot
be described only by three components such as typical biomass. The bitumens that may
be constituents up to 10% of the peat [55] decompose in two stages [59]. The study of
Murugan et al. [59] shows that the first stage starts at 80 °C and ends at 360 °C with a
maximum peak at 295 °C, while the second stage starts at 360 °C and end at 540 °C
with a maximum at 445 °C [59]. On the other hand, Santos et al. [60] analyzed humic
and fulvic acid thermal degradation. The humic acid was characterized by multiple
decomposition peaks at 280, 500, 575, 620, and 800 °C. In contrast, fulvic acid showed to be
more resistant to thermal decomposition than humic acids. Fulvic acid was characterized
by continuous mass loss with small decomposition peaks at 200, 310, and 545 °C, and one
big decomposition peak at 920 °C [60]. These results suggest that bitumens and humic
acids were partially responsible for the main decomposition of peat alongside cellulose
and hemicellulose at 200-400 °C, and they are the main reason for visible right shoulder
at 400-500 °C (Figure 2a). Moreover, Spedding [54] suggests that up to 110 °C free and
absorbed water is evaporated from the peat. Above 110 °C, polymerizations of waxes and
resins start and lead to a decrease in peat hydrophilic character. At temperatures higher
than 160 °C, gases such as CO, and CO and colloidally bound water start to be released.
From 200 to 320 °C, cellulose, pentosans, and pectin decompose. Since these components
contain bound oxygen in their structure, it results in additional water releasing during
thermal decomposition, and next, at 280 °C, tars start to be generated alongside other gases.

3.2.2. Peat Thermal Decomposition Kinetics by Coats—Redfern

Table 2 contains kinetic data of peat thermal conversion. The analysis was performed
in a nitrogen environment at a heating rate of 10 °C x min~! using the Coats-Redfern
method. The kinetic triplets were calculated for the whole process 30-800 °C and the
decomposition peaks. The first peak in both samples is related to water and light volatile
organic constituents’ removal [61]. The second peak is related to the main decomposition of
compounds that were described in the previous paragraphs. The kinetics analysis revealed
that for peat and wood, the first decomposition related to water evaporation was charac-
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terized by a reaction order of 3, with an activation energy of 27.11 and 6.67 k] x mol ™!,
respectively. The analysis also showed that the main decomposition of peat had second
reaction order with an activation energy of 33.34 k] x mol~!, while wood main decom-
position had a 1.68 reaction order with an activation energy of 65.47 k] x mol~!. The
overall whole decomposition process of peat turns out to have n of 1.33 with an Ea of
21.1 kJ x mol~!, while wood has n of 1.68 with 65.47 k] x mol~!. All kinetic triplets had
a high determination coefficient over 0.9. Only the first peat peak had a slightly lower
value. The high value of determination coefficients means that the order of reactions and
the activation energy were calculated properly.

Table 2. Kinetic triplets determined at § = 10 °C x min~! using the Coats-Redfern method.

Material, - Note, - Temperature Range, °C n, - Ea, k] x mol~1 A, s71 R?, -
Peat Whole process 30-800 1.33 21.10 1.97 x 1072 0.97
Peat First peak 30-200 3.00 27.11 1.92 x 10~1 0.89
Peat Main decomposition peak 200-550 2.00 33.34 440 x 1071 0.99

Wood Whole process 30-800 1.54 2791 2.08 x 101 0.91
Wood First peak 30-200 3.00 6.67 6.86 x 10~° 0.99
Wood Main decomposition peak 215430 1.68 65.47 9.05 x 102 0.98

The provided data cannot be directly compared with other kinetic studies because the
peat composition is a complex matrix, and there are many different approaches for kinetics
determination. For example, Chen et al. [62] analyzed decomposition kinetics of forest peat
under nitrogen atmosphere and described it using reactions of four fractions: moisture,
hemicellulose, cellulose, and lignin. The moisture removal had Ea of 61 k] x mol~1 and
n of 2.18. The hemicellulose, cellulose, and lignin had Ea of 90, 121, and 65 kJ x mol 1
respectively, while the reaction orders were 0.96, 0.85, and 2.31, respectively [62]. On the
other hand, Wen et al. [63] analyzed peat moss decomposition and distinguished six stages
related to observed decomposition peaks. For 8 =10 °C x min~! and CR method only
stages 2—4 were determined at 136-309, 309-379, 379-611, and 611-652 °C. For these stages,
the Ea changed from 71.3 to 1018.8 k] x mol~!, while the reaction order changed from 0.6
to 2.6 [63]. Similarly, it is with wood. For example, Fraga et al. [64] analyzed the decomposition
of wood using the CR method considering only a first-order reaction model (n = 1). The
result showed that wood decomposes in two stages. The first stage occurred at 250-390 °C,
while the second one was at 390612 °C. The Ea for these stages were 190 and 117 kJ x mol !,
respectively [64]. Nevertheless, despite the differences in the observed values, and approaches,
the results suggest relatively suitable predictions of conversion in these works.

3.2.3. Peat Torrefaction Kinetics by an Isothermal Method

To compare the kinetics of tested peat at torrefaction temperature range, an isothermal
experiment using macro-TGA (sample mass of 3 g) was performed according to previous
work [41]. The dry peat was heated at temperatures of 200-300 °C (interval 20 °C) in 60 min,
and then TG data were subjected for constant reaction rates with assumptions of the first-
order decomposition. As a result, constant reaction rates (k) for specific temperatures were
determined. The higher k, the higher mass losses are observed, or the same mass loss is
obtained at a shorter time. Moreover, determined Ea and A can be used to calculate k for
any torrefaction temperature. It was found that k values changed from 1.05 x 10> to
3.15 x 107° s~ ! and that Ea and A were 22.02 k] x mol~! and 3.41 x 1073 s~!, respectively
(Table 3). The experimental mass loss in specific temperatures can be seen in Figure A2a,
while mass loss predicted using calculated k values in Figure A2b. In the previous work [39],
we summarized and recalculated serval waste material torrefaction kinetics by the same
method. The graphic of k values at specific temperatures for wood refuse-derived fuel
(RDF), sewage sludge, and digestate is shown in Figure A3. The result shows that peat
decomposition is much slower than wood but faster than sewage sludge and digestate
up to 260 °C. Torrefaction at over 260 °C is slower for peat than sewage sludge and
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digestate (Figure A3). Meanwhile, RDF torrefaction is slower than peat at all torrefaction
temperatures (Figure A3). These results suggest that the thermal decomposition of peat is
comparable with other waste materials but differs from the torrefaction of wood.

Table 3. Torrefaction kinetic triplets for isothermal conditions (T = 200-300 °C, t = 60 min) considering a first-order

reaction model.

Temperature, °C k,s1 Ea, kJ x mol—1 A,s71 R?, - Reference
200 1.05 x 10~
220 1.82 x 10~
240 2.24 x 107° 3 .
. - . This stud
Peat 260 539 x 10-5 22.02 3.41 x 10 0.894 y
280 2.70 x 10~°
300 3.15 x 107°
200 1.43 x 105
220 2.04 x 107°
240 319 x 1075 1
) - . 41
Wood 60 415 % 10-5 36.44 1.53 x 10 0.996 [41]
280 5.37 x 107°
300 7.25 x 1075

3.3. Theoretical Mass and Energy Balance

Table 4 consists of data regarding theoretical torrefaction energy and mass balance.
The calculations were performed for peat and wood as reference material. The main goal of
the calculations was to show the energy and mass fate during the production of 1 g of CSF
at specific conditions. The first and second headings show torrefaction’s specific conditions
for which calculations were performed. The third heading contains data of substrate mass
used to produce 1 g of CSF at specific conditions. The fourth headings contain data of
chemical energy contained in this substrate. The fifth heading is related to external energy
provided to the substrate to perform the torrefaction process (here calculated using DSC
results). The next one shows the energy contained in 1 g of CSF (here as HHV result). The
seventh heading shows the mass of produced gas, and the last heading shows the energy
contained in this gas.

The results show that with increasing temperature and time, the mass of substrate
needed to produce 1 g of CSF increases. Demand for peat ranged from 1.025 to 1.446 g
for 200 and 300 °C, while for wood substrate, demand range from 1.042 to 1.831 g. The
required mass of peat is lower than in the case of the wood for all torrefaction conditions.
It means that to produce the same amount of CSF, less peat is needed than wood. This is
the result of mass yield and decomposition differences between processed materials, as
raw peat is more humified material than wood.

With increasing substrate mass, increase the energy of the substrate used to produce a
unit of CSF. Up to 260 °C, the differences in substrate chemical energy for peat and wood
are negligible, but over 260 °C, much more chemical energy in the wood is consumed to
produce 1 g of CSF. The biggest difference occurs at 280 °C in 60 min (24,497 Jsup, X ]~ csF
vs. 32,177 Joup X J 'csp for peat and wood, respectively). This is a result of the high
decomposition rate of wood at these temperatures.

The DSC results showed that the external energy required to heat the substrate to
setpoint temperature is slightly higher for peat than for wood. The external energy for peat
differs from 179 to 633 ] x J~!cgp, while for wood differs from 136 to 578 ] x J~cgp. The
differences probably result from a difference in substrates composition and its specific heat.
The specific heat of peat and wood depends on temperature and moisture. Assuming that
both materials were completely dried, the peat should have a higher specific heat than
wood because it required more energy. Nevertheless, results of specific heat in the literature
provide overlapping data for peat and wood. For example, specific heat for dry peat differs
from 0.9 to 1.3] x (g x K)~! [65] and for dry wood from 1.1 to 1.45] x (g x K)~! [66,67].
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Table 4. Theoretical torrefaction mass and energy balance.

Mass of Substrate Used Energy Conta?ned in External Energy Energy Contained in Mas§ Of Gas Gener'ated Energy Containesd in
Temp.°C  Time, min to Produce 1g of CSE, g the Raw Material Used = Needed to Producelg 1g of CSE ] ** during the Production = Gas after Production of
to Produce 1 g of CSE ] of CSE J * of 1gof CSE g 1 g of CSE J ***
Peat Wood Peat Wood Peat Wood Peat Wood Peat Wood Peat Wood
20 1.025 1.042 19,491 19,068 179 136 19,598 18,551 0.025 0.042 71 654
200 40 1.027 1.071 19,533 19,596 179 136 19,941 18,960 0.027 0.071 —229 773
60 1.030 1.088 19,576 19,898 179 136 19,841 19,178 0.030 0.088 —87 856
20 1.016 1.063 19,326 19,440 224 185 19,619 18,753 0.016 0.063 —70 871
220 40 1.049 1.125 19,939 20,589 224 185 20,272 19,312 0.049 0.125 —109 1462
60 1.097 1.139 20,849 20,830 224 185 20,217 19,440 0.097 0.139 857 1575
20 1.034 1.144 19,666 20,931 289 251 19,444 19,498 0.034 0.144 511 1684
240 40 1.103 1.256 20,965 22,981 289 251 20,341 20,077 0.103 0.256 913 3155
60 1.141 1.290 21,685 23,604 289 251 20,318 20,371 0.141 0.290 1657 3484
20 1.074 1.133 20,425 20,720 379 336 19,922 19,456 0.074 0.133 883 1600
260 40 1.199 1.391 22,804 25,442 379 336 20,836 20,767 0.199 0.391 2347 5011
60 1.200 1.554 22,809 28,428 379 336 21,419 21,136 0.200 0.554 1770 7627
20 1.233 1.308 23,447 23,932 495 446 20,495 20,467 0.233 0.308 3447 3911
280 40 1.252 1.531 23,809 28,012 495 446 21,324 21,432 0.252 0.531 2980 7026
60 1.288 1.759 24,497 32,177 495 446 21,124 21,646 0.288 0.759 3868 10,976
20 1.223 1.621 23,248 29,653 633 578 21,163 21,457 0.223 0.621 2718 8773
300 40 1.363 1.829 25,918 33,454 633 578 21,315 22,034 0.363 0.829 5236 11,998
60 1.446 1.831 27,498 33,493 633 578 20,873 22,002 0.446 0.831 7257 12,069

* Value determined using DSC analysis result; ** value determined using calorimetric analysis result (HHV); *** value is the sum of chemical energy contained in gas and heat from external energy, if no external
energy stays in CSE.
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The results showed that for both materials, the energy contained in CSF increases with
process temperature, which is mainly a result of oxygen removal in the devolatilization
process [47]. As a result of progressing mass loss during torrefaction at higher temperatures,
an increase in gas production is visible. The gas production for peat ranges from 0.025
to 0.446 g of gas per 1 g of CSF, while for wood, from 0.042 to 0.831 g of gas is produced
per 1 g of CSF made from wood. Although, gas constitutes a significant amount as a
by-product, especially at 300 °C. It contains much less energy than CSE. Nevertheless,
when gas energy is higher than the external energy needed to produce CSF, the process
may be self-sufficient (assuming gas combustion). In this study, the results suggest that the
production of CSF from wood can be self-sufficient at any torrefaction conditions, while
peat requires temperatures higher than 240 °C. However, cautions should be kept with
that result interpretation because data show theoretical calculations for dry material and
lack of energy losses related to the use of specific torrefaction technology. The peat used
in this study had around 85% moisture content, and it can be easily calculated by using
latent heat of evaporation (2257 ] x g_1H2O at 100 °C). For water evaporation of 1% from
any material, there is a demand for 22.57 J of additional energy (assuming dryer efficiency
at 100%). It means that for the presented case (peat with 85% of moisture content) for each
torrefaction condition, over 1918.5 ] per processed gram of fresh peat should be added. As
a result, any torrefaction conditions do not provide a self-sufficient process.

For the above, presented results are the initial step and base for future calculations
when specific conditions and technology (moisture of processed substrate, drying technol-
ogy, e.g., mechanical, conventional, solar, mixed drying, torrefaction process, e.g., batch
or continuous reactors) will be considered. Furthermore, because the calculations were
made with wood materials as a reference, currently available technology for wood torrefac-
tion/pyrolysis can be easier recalculated and redesigned (if needed) for peat.

This paper presents the initial test on medical waste peat torrefaction. We intended
to check the influence of temperature and residence time on the basic fuel properties of
CSF. However, here we intend to draw the possible applications and needs for additional
characterization of CSF. We recommend that the next experimental work should also cover
more detailed characterization of CSF following techniques FTIR, XRD, SEM, TEM, and
BET, to check other possible applications of CSF, i.e., soil additive, adsorbent.

4. Conclusions

In this work, for the first time, medical/cosmetic peat waste was torrefied, and the
effect of torrefaction temperature and time on CSF quality was determined. Parallelly,
decomposition of peat waste was determined according to the CR method using TGA
equipment (temperature range 30-800 °C) and torrefaction kinetics using macro-TGA
equipment (temperature range 200-300 °C) were determined. In addition, macro-TGA was
used for lifetime prediction. Moreover, theoretical torrefaction mass and energy balances
of peat waste were determined. As a result, the full process of peat torrefaction with its
effects was presented. The main findings of performed analyses were:

Torrefaction improves fuel properties of peat, HHV increase from 19.0 to 21.3 MJ x kg~ !;
Peat main decomposition takes place at 200-550 °C following second reaction order
(n = 2), with an activation energy of 33.34 k] x mol~! and pre-exponential factor of
440 x 107171

e  Macro-TGA shows that peat decomposition at torrefaction temperature is comparable
with other waste materials but differs from wood, for which the constant reaction
rates (k) are much lower;

e  Theoretically, torrefaction of dry peat can be self-sufficient at temperatures higher
than 240 °C, but future calculations with specific technology need to be performed to
find real conditions of self-sufficient peat processing.

Since peat has already been used worldwide, technologies of its use exist. Therefore,
there should be no problem finding a place for CSF made from medical/cosmetic peat
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waste. Moreover, CSF has similar energetic properties to lignite, and as a result, it can
be considered as co-fuel to the lignite incineration plant or for gasification for energy
or hydrogen purposes. In addition, since biochars are used as partial replacements in
agriculture, it may be an additional place for biochar made from peat. Whether medical
peat waste will be used for energetic uses or agricultural one, the work provides useful
information about its processing and main properties.

Another problem, which has not been arisen here, but should be further studied, is
that the distribution of peat waste is very dispersed; therefore, small-scale torrefaction
systems should be designed and tested.
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A Pre-exponential factor

AC Ash content

AIC Akaike information criterion
ASTM American Society for Testing and Materials
CSF Carbonized solid fuel

CP Combustible parts

CR Coats—Redfern method

DSC Differential scanning calorimetry
Ea Activation energy

EDr Energy densification ratio

EU The European Union

EY Energy yield

FC Fixed carbon

HHV High heating value

HTC Hydrothermal carbonization

MC Moisture content

MY Mass yield

n Reaction order

PW Peat waste

R? Determination coefficient

SPA facility A place devoted to a renewal of mind, body, and spirit by different methods
TGA Thermogravimetric analysis

VM Volatile matter

VS Volatile solids
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Appendix A
Table Al. Standards and methods used for fuel properties determination.
. Equipment
Properties Standard/Method (Manufacturer, Model, City, Country) Ref.
Moisture content (MC) PN-EN 14346:2011 Dryer (WAMED, model KBC-65W, Warsaw, Poland)
TGA—tubular furnace (Czylok, RST 40 x 200/100,
Volatile matter (VM) TGA method Jastrzebie-Zdréj, Poland) coupled with a laboratory
balance (RADWAG, PS 750.3Y, Warsaw, Poland) [36]
Ash content (AC) PN-Z-15008-04:1993 Muffle furnace (Snol 8.1/1100, Utena, Lithuania)
Fixed carbon (FC) by difference (calculation) -
Volatile solids (VS) PN-EN 15169:2011 Muffle furnace (Snol 8.1/1100, Utena, Lithuania)
Combustible parts (CP) PN-Z-15008-04:1993 Muffle furnace (Snol 8.1/1100, Utena, Lithuania)
High heating value (HHV) PN-Z-15008-04:1993 Calorimeter (IKA, C200, Staufen, Germany)
[ B
<96
- :: [ ERRES
— a4 B <1125
- —pir
= =
MY(T,t) = 71.8242 + 0.400445 x T - 0.00121217 x T2 - EDr(T,t) = 0.829846 + 0.000326428 x T + 1.16354 x 1076 x
0.000727896 x T x t T2 +0.00521945 x t — 4.40994 x 1075 x {2 -3.65412 x 10-° x
R2=0.94, AIC=311.04 Txt
R2=0.67, AIC=-188.95
(a) (b)
s —
B -
o o
= <80 -
EY(T,t)=0.880983 x T —0.0019112 x T2 + 0.567866 x t — VM(T,t) = 0.543524 x T - 0.00129347 x T2 + 0.273621 x ¢
0.00274661 x T x t -0.00137518 x T x ¢
R2=0.86, AIC=331.71 R2=0.96, AIC =238.01
(c) (d)

Figure Al. Cont.
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B
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AC(T,t)=30.2156 — 0.169301 x T + 0.00041784 x T2 +
0.000148139 x T x t
R2=0.92, AIC=148.04

(e)

Oy SN

- %0
W <%0
VS(T,t) = 63.5139 + 0.205531 x T — 0.0005065 x T2 -
0.000172719 x T x t
R2=0.93, 159.81

(&

RRES

FC(T,t) =80.5359 — 0.500491 x T + 0.00114964 x T2 —
0.00248963 x 2 + 0.00093469 x T x t
R2=0.96, AIC =204.27
(f)

->84
— o

CP(T,t) =69.7844 + 0.169301 x T — 0.00041784 = T? -
0.000148139 x T x t
R2=0.92, AIC=148.04

(h)

B > 21000
. <20800

B < 19500

HHV(T,t) =15778.1 + 6.20633 x T + 0.0221229 x T2 + 99.2385 x t — 0.838472 x t2 - 0.0694761 x T x t
R?>=0.67, AIC=875.16

(1)

Figure A1. Torrefaction temperature and time effect on properties of CSF produced from medical/cosmetic peat waste,
the equations boundary, T = 200-300 °C, ¢ = 20-60 min. (a) mass yield, (b) energy densification ratio, (c) energy yield,
(d) volatile matter, (e) ash content, (f) fixed carbon, (g) volatile solids, (h) combustible parts, (i) high heating value.
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Figure A2. Results of macro-TGA, the effect of isothermal temperatures in time (a) experimental data, (b) lifetime prediction.
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Figure A3. The constant reaction rates (k) in function of temperature for different materials at specific temperatures [39].
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Abstract: The quantity of biodegradable plastics is increasing steadily and taking a larger share in the
residual waste stream. As the calorific value of biodegradable plastic is almost two-fold lower than
that of conventional ones, its increasing quantity decreases the overall calorific value of municipal
solid waste and refuse-derived fuel which is used as feedstock for cement and incineration plants.
For that reason, in this work, the torrefaction of biodegradable waste, polylactic acid (PLA), and
paper was performed for carbonized solid fuel (CSF) production. In this work, we determined
the process yields, fuel properties, process kinetics, theoretical energy, and mass balance. We
show that the calorific value of PLA cannot be improved by torrefaction, and that the process
cannot be self-sufficient, while the calorific value of paper can be improved up to 10% by the same
process. Moreover, the thermogravimetric analysis revealed that PLA decomposes in one stage at
~290-400 °C with a maximum peak at 367 °C, following a 0.42 reaction order with the activation
energy of 160.05 KkJ-(mol-K) 1.

Keywords: torrefaction; solid fuel; waste to carbon; circular economy; biodegradable materials;
calorific value

1. Introduction
1.1. Background of Current Situation

The negative impact of plastic waste accumulated in the environment (in oceans, soils,
and air), including the form of microplastics, is undeniable. Most of the commonly used
polymers are based on fossil resources and resistant to biodegradation, which means that
once released to the environment, they will persist for a long time. Currently, there is a risk
of the release of chemicals from all plastic that is unproperly landfilled into the soil and
groundwater. Plastic waste that has leaked into oceans is a cause of death of marine life
and is a source of microplastic that pollutes the air we breathe and water we drink [1-4].

Geyer et al. [5] estimated in 2017 that, since the 1950s, over 8300 Mt of plastics were
ever produced globally, out of which 56% (ca. 4700 Mt) of the ever-produced plastics
were landfilled or ended up in the environment [5]. In 2019 alone, 368 Mt of plastic were
produced [6], and it is estimated that that annual production will increase by four times
in 2050 [7]. To date, to cover plastic production, around 4% of the total extracted fossil
fuels (e.g., natural gas, oil, and coal), are needed annually, and by 2050 this number could
increase to 20% [8]. Currently, the largest plastic producers are China (31%), North America
(19%), and the European Union (EU) (16%) [6]. According to “Global Plastic Flow 2018” that
was prepared by Conversio Market & Strategy GmbH [9], the global plastic consumption
was 385 Mt which consisted of 172 Mt of packaging waste and 213 Mt of non-packaging
waste. At the same time, 250 Mt of plastic waste was generated, of which only 175 Mt was
collected, and hence 75 Mt was improperly disposed or released to the environment. Only
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~28.5% of the collected plastic waste was recycled; a similar amount was incinerated, and
43% was landfilled [9].

A large share of plastic materials (almost 40% in the EU) is used for packaging, which
has the shortest life cycle. Other sectors that consume large amounts of plastic are building
and construction (~20%) and automotive (~10%) [6]. These shares are most probably
similar for the rest of the world. According to the Ellen Macarthur Foundation [10], only
14% of produced packaging plastic globally was collected for recycling purposes, wherein
4% was lost during recycling processes, 8% was recycled in cascaded recycling (waste
plastic was converted into other, lower-value products), and only 2% of produced plastic
had a closed-recycling loop (wasted plastic was converted into the same or similar quality
products) [10].

At the first glance, the presented data show that the most abundant type of plastic
waste (packaging) is hard to recycle, or its recycling is not economical yet. The reasons for
this are the low quality of the recycled plastics in comparison to the virgin material, cost-
intensive recycling processes, and lack of proper infrastructure [1]. Some plastic materials,
such as high-density polyethylene (HD-PE), or polyethylene terephthalate (PET) can be
recycled economically, due to their high market value, whereas low-density polyethylene
(LD-PE), and other foil materials are used for refuse-derived fuel (RDF) production [1,11]

1.2. The Problem of Bioplastic Solution

With increasing awareness of citizens about ecology and sustainability, an increasing
number of producers replace conventional packing plastic with biobased and biodegrad-
able plastics. In 2020, around 47% of all produced bioplastic was used in the packaging
sector. According to the European Bioplastics organization, bioplastic (biodegradable and
non-biodegradable) represents about 1% of all produced plastic. The organization also
estimates that, due to the rising demand, the bioplastic market will increase by ~40% up to
2025 [11,12].

Bio-based plastics are a potential solution for problems related to fossil-based plastic.
In theory, bioplastics open new end-of-life scenarios, such as composting or anaerobic diges-
tion, and lead to a reduction in conventional plastics pollution. In practice, however, there
are problems with proper management [11]. Different biodegradable plastics need different
environmental conditions to be biodegraded, e.g., biodegradable PLA-based biowaste
bags need relatively high temperatures for overcoming the glass transition temperature
(~70 °C) and initiating biodegradability. Such temperatures can be achieved in industrial
composting plants, but not in home composters. In practice, biodegradable plastic is not
usually decomposed during anaerobic digestion [13]. As a result, some countries, and
some municipalities in the EU, allow the use of biodegradable bags for kitchen waste
collection, while others do not [13]. At the same time, the bioplastic products also increase
their share in the municipal solid waste (MSW) stream as, to date, no strategies exist for
the collection and processing of bioplastic wastes. The reason for this is that these plastics
are still a minority in the waste stream, are difficult to detect, and require sophisticated
methods for proper separation [14]. Therefore, most of the bioplastic waste goes to residual
fraction of municipal solid waste or is collected with conventional plastic. In both cases,
biodegradable plastics are used for RDF production or are landfilled, if the local regulations
allow it. As a result, biodegradable plastics do not lead to a decrease in plastic pollutions
and additionally decrease the calorific value of RDF made from waste. The calorific value
of the most abundant plastic (PE-LD) used for RDF production is ca. 40 M]~l<g_1 [15], while
the most common biodegradable plastic used to replace it, is PLA with ~19 MJ-kg~!. A
simple simulation in Figure A1l shows that when biodegradable plastic share increases, the
high heating value of RDF decreases from 28 to 18 MJ-kg~!.

1.3. The RDF Quality Importance

Refused-derived fuel (RDF), also known as solid recovered fuel (SRF), is mainly made
from MSW. The RDF can also be made from other waste such as used tires, sewage sludges,
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textiles, wood, and others. The main properties of RDF decisive of its quality are calorific
value and ash content. The higher the calorific value and lower ash content, the better
quality of RDEF. The calorific value of RDF depends on the share of RDF components and
can differ from 11 M]~kg_1 [16] to 36 M]-kg_1 [17]. From a calorific point of view, the most
valuable materials are plastics such as PP and PE ~46 MJ-kg~!, PS ~41 MJ-kg~!, and PET
~26 MJ-kg~! [18], whereas organic waste, paper, and fabrics lead to a decrease in RDF
energetic potential [19]; however, this increases the renewable energy availability. Organic
waste such as kitchen and food wastes are also the main source of moisture that further
decreases the energetic potential of RDF [19]. Similarly, the ash content of RDF depends on
materials share, and the ash amount in plastic wastes is much lower than in other waste.

The high-quality RDF is needed for specialized incineration plants and for cement
plants where RDF replaces coal and provides cleaner and partly renewable energy. In
particular, cement plants need high calorific value RDF to keep the cement production
process stable and safe for the environment. During waste incineration (also applies to
RDEF), there is a need to keep the temperature of exhaust gases above 850 °C for at least 2 s
to eliminate the formation of harmful compounds. In the case of a cement plant, the waste
needs to generate higher temperatures for clinker burning, and when the RDF calorific
value is not high enough, the required temperature will not be obtained [20].

The RDF is usually produced in the mechanical-biological treatment plant (MBT),
where MSW are valorized by various mechanical and biological methods. Mechanical
methods include material separation, screening, and grinding [21]. These methods are
applied to increase calorific value, increase homogeneity, and decrease ash and other
pollutants (Hg, Cl) content. On the other hand, a biological method such as bio-drying
is used to remove water from MSW. If RDF, produced in the MBT plant, does not meet
the required quality, it can be upgraded in the future by mixing other more energetic
industrial materials, by the densification process (pelletization), or by thermal processing
such as torrefaction or carbonization in low temperatures [21,22]. Thermal processing in
conventional pyrolysis temperatures is not applicable, as most plastics are concerting into
oil and gas instead of solid carbonized fuel; as result, the calorific value of solid carbonized
fuel starts to decrease [23]. Furthermore, mixing, densification, and thermal processing
can be combined to maximize the quality of RDF. Here, it is important to note that each of
the mentioned processes requires energy, and the legitimacy of the use of these methods
depends on a specific situation.

While conventional plastics PP, PE, and PET are usually subjected to mechanical
recycling after separate collection, biodegradable plastics recycling has not been developed
yet. Therefore, the decreasing share of conventional plastics and increasing share of
bioplastics in RDF induces a need for research on the torrefaction of these biodegradable
materials, as a perspective for CSF production from MSW in the future.

1.4. Study Aim

In this work, PLA wastes, PLA-made cups, and paper-made cups with the addition
of PLA were subjected to thermal processing-torrefaction. The main aim was to check the
legitimacy of low-temperature processing of PLA wastes for fuel parameters improvement.
PLA wastes were processed at 200-300 °C to check the possibilities of thermal upgrading.
As torrefaction and low-temperature pyrolysis of mixed waste turned out to increase the
calorific value of RDF [23], we assumed that similar results will be obtained for PLA wastes.
As result, a decreasing calorific value of MSW and RDF with an increasing biodegradable
plastic share will be overcome. For this reason, the fuel properties of torrefied PLA wastes,
torrefaction kinetics, and theoretical energy required for torrefaction were determined.

1.5. Methods of Thermal Processes Analysis

There are many various methods and techniques for thermal study performance and
thermal process analysis. The most common are studies using small, lab-scale reactors
made for specific situations, or by adopting other equipment such as muffle furnaces or
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autoclaves. These types of equipment allow performing thermal conversion of materials to
produce enough carbonized material used for other analyses such as proximate analysis,
elemental analysis, etc. Such small reactors are in favor of testing new and non-standard
materials as they provide a lot of information about process efficiency and product qual-
ity [24]. On the other hand, these reactors have limited potential for thermal process
reaction analysis. Most of them work similar to a black-box and only the beginning and
the final product is measured, without intermediates. For that reason, thermal analysis
is also performed using thermogravimetric equipment, allowing us to measure changes
in materials mass, occurred reactions, quality, and chemical compositions of intermediate
products. The basic thermogravimetric analysis is TGA that provides information about
mass losses during a time at a defined temperature, and differential scanning calorimetry
(DSC) provides information about energy flow through sample. Additionally, TGA /DSC
equipment can be coupled with other instruments that identify released gasses and their
chemical composition. As result, emissions and evolved pollution during the process can
be quantified and managed [25-27].

2. Materials and Methods
2.1. Materials

The samples of biodegradable materials for the experiment were prepared from
commercially available one-use cups. Paper (PAP) served as reference material and was
obtained from cups that were made of 99% of paper, and 1% of PLA. The PLA material
was obtained from cups made of 100% PLA plastic. The paper cups were ground using
a laboratory knife mill (Testchem, model LMN-100, Psz6éw, Poland), through a 3 mm
sieve, while the PLA cups were cut manually into pieces of ~1 cm? as the PLA was
melting and blocked the mill. Then, the crumbled material was subjected to a torrefaction
process. Samples of raw and torrefied materials were stored in plastic containers at room
temperature (~20 °C).

2.2. Methods

Before the experiment, raw, crumbled materials were dried at 105 °C using a laboratory
dryer (WAMED, KBC-65W, Warsaw, Poland) until a constant mass was obtained. These dry
materials were used for CSF production. After that, the materials and produced CSFs were
subjected to proximate analysis and higher heating value (HHV) determination analysis.
Next, dry raw samples of raw materials were subjected to thermogravimetric analysis
(TGA) for kinetic parameters determination and differential scanning calorimetry analysis
(DSC) for determination of endo and exothermal reaction presence. Next, data from the CSF
production process and proximate analysis were used to build regression models that show
and describe quantitatively the effect of process temperature and time on CSF properties.

2.2.1. Torrefaction Process—CSF Production

The CSF was produced at different temperatures of 200-300 °C in intervals of 20 °C
and kept for 20, 40, and 60 minutes each. For the torrefaction procedure, 10 g of dry
samples were placed in ceramic crucibles. These crucibles were placed into the chamber
of the muffle furnace (Snol 8.1/1100, Utena, Lithuania), which was purged with CO, gas
to create an inert atmosphere before the samples were heated to the setpoint temperature.
During the torrefaction process, CO, gas was continuously supplied to the chamber to
prevent sample ignition. The CO; flow was shut off after the treatment period and when
the temperature of the chamber declined to <150 °C. The mass of samples before and after
the process was used to calculate mass yield following Equation (1). Then, using the results
of HHYV, the energy densification ratio was calculated (Equation (2)), and then the energy
yield of CSF was determined according to Equation (3).

My =" 100 )
my
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where MY is the mass yield, %; my, is the mass of material after torrefaction, g (CSF); and
m, is the mass of material before torrefaction, g.

_ HHY,

EDr =
"= HAV,

@

Where EDry. is the energy densification ratio; HHV),. is the high heating value of
material after torrefaction (J-g~1) (CSF); and m, is the high heating value of material before
torrefaction (J-g~1).

EY = MY-EDr 3)

where EY is the energy yield, %; MY. is the mass yield, %; and EDr is the energy densifica-
tion ratio.

2.2.2. Proximate Analysis and HHV Determination

For all samples, the proximate analysis was performed. The moisture content (MC)
was determined by the drying method at 105 °C using a laboratory dryer (WAMED,
KBC-65W, Warsaw, Poland) according to PN-EN 14346:2011 standard [28]. The volatile
matter (VM) was measured by a thermogravimetric method using a tubular furnace
(Czylok, RST 40 x 200/100, Jastrzebie-Zdroj, Poland), according to [29]. The ash content
(AC) was measured by sample incineration in a muffle furnace (Snol 8.1/1100, Utena,
Lithuania) according to PN-Z-15008-04:1993 standard [30], and fixed carbon was measured
by difference. Additionally, samples were tested for volatile solids content (VS) and
combustible part content (CP) using the muffle furnace (Snol 8.1/1100, Utena, Lithuania)
according to PN-EN 15169:2011 [31] and PN-Z-15008-04:1993 [30] standards, respectively.
All samples were tested for high heating value using a calorimeter (IKA, C200, Staufen,
Germany), according to PN EN ISO 18125:2017-07 [32]. To ensure repeatability, each
experiment was triplicated.

2.2.3. Statistical Analyses

Results of CSF production and proximate analysis were subjected to regression anal-
yses to provide empirical equations. These equations are used to describe the following
properties of CSF: MY, EDr, EY, VM, AC, FC, VS, CP, and HHV depending on process
temperature and time. The regression was performed according to previous work [19]. In
brief, experimental data were subjected to four regression models: (I) linear equation, (II)
second-order polynomial equation, (III) factorial regression equation, and (IV) response
surface regression equation. Then, determination coefficient (R?) and Akaike value (AIC)
were calculated for each model. Next, models with the greatest R? and the lowest AIC
value were chosen as the best fit to experimental data; the other models were rejected.
In the case chosen model had some insignificant regression coefficients (an), they were
removed, and regression analysis was performed again.

To check if process conditions have an impact on fuel properties, ANOVA was per-
formed, with a post hoc Tukey test to test the pairwise significance (p < 0.05).

2.2.4. Thermal Analysis

The dry samples were subjected to TG/DTG/DSC thermal analysis using a simultane-
ous thermal analyzer (Netzsch, 449 F1 Jupiter, Selb, Germany). Term TG/DTG/DSC stands
for thermogravimetry/difference thermogravimetry/differential scanning calorimetry.
TG/DTG results present how material decomposes in the function of temperature, while
the DSC results show transformations and reactions occurring at a particular temperature.

The sample was placed into a corundum crucible. The mixture of nitrogen and
argon 4:1 was used as an inert gas. The sample was heated 10 °C-min~! from 30-800 °C.
As a reference, an empty crucible was used. TGA/DTG/DSC analyzer automatically
recalculated DSC data to mW-mg~! and determined DTG from TG.
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The TG data was used to determine kinetic parameters according to the Coats-Redfern
(CR) method. The CR’s kinetic triplet is activation energy (Ea), pre-exponential factor
(A), and order of reaction (n). The methodology of CR determination was presented
elsewhere [24].

2.2.5. Theoretical Mass and Energy Balance of the Torrefaction Process

Using part of the data from analyses that have been mentioned in the earlier para-
graphs, theoretical energy balance for the torrefaction of PLA and paper waste was calcu-
lated. The calculations refer to the production of 1 g of CSF and include the determination
of the:

Mass of substrate used to produce 1 g of CSF;

Energy contained in the raw material used to produce 1 g of CSF;

External energy provided to the reactor to heat the proper amount of substrate to
setup temperature, to produce 1 g of CSF;

Energy contained in 1 g of CSF;

Mass of gas generated during the production of 1 g of CSF;

Energy contained in gas after production of 1 g of CSE.

For calculations, data of MY, HHV, and DSC results were used. The scheme of energy
balance determination is shown in Figure 1. The green squares represent the order of
calculations, the grey squares represent experimental/calculated data used for energy
balance determination, and the blue squares stand for input and output data results.

Mass and Energy
contained in
generated gas

Mass and energy Process
of substrate used conditions:
for CSF 200-300°C
production 20-60 min

Mass and energy
contained in
produced CSF

External energy
needed to heat
up substrate to
setpoint
temperature

Figure 1. Scheme of mass and energy balance determination.

In step I, the mass yield of CSF production was used to determine the mass of substrate
to produce 1 g of CSF by Equation (4), which allowed us to calculate the energy contained
in the substrate used to produce 1 g of CSF by Equation (5).

_ Mrcsr

M = MYcsr

4)
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where: M;—mass of substrate used to produce the required amount of CSF, (here 1 g), g;
Mrcgp—required mass of CSF, (here 1 g), g; and MYcsr—mass yield of CSF production, %
(Equation (1)).

Es = Ms-HHYV; (5)

where: E;—energy contained in the substrate used to produce CSEF, J; Ms—mass of substrate
used to produce CSF, g; and HHV,—high heating value of substrate, J-g~!.

For step 1I, the results from DSC were used as input in the form of a power flow
by the sample during heating. The DSC was converted from mW-mg~! to ] mg~! by
the multiplication by time in seconds, providing information about the energy in J used
to increase the temperature for 1 g of substrate. The energy demand to heat to setpoint
temperature and mass of substrate demand produce CSF per g were used to calculate the
demand of external energy to produce 1 g of CSF.

For step 111, it is assumed, that the energy contained in 1 g of CSF equals the HHYV,
which was determined by the experiment.

In step IV, the energy contained in the gas was calculated indirectly. The energy in
the gas is assumed to be a sum of external energy from step II, and the difference between
energy contained in substrate and energy contained in CSF obtained from torrefaction,
following Equation (6).

Egas = Eexternal T Esubstrate — Ecsr (6)

where: Eg;s—energy contained in the gas, J; E,yernq—external energy provided to the-
reactor to heat the substrate to setup temperature, J; Eg; pstr0te—€nergy contained in the
substrate used to produce CSE, J; and Ecgr—energy contained in produced CSF, J.

To keep calculations as simple as possible, the calculations were performed follow-
ing assumptions:
Moisture content in substrate = 0%;
External energy is used to provide heat for the process;
No heat losses of the reactor;
The energy contained in the gas is a sum of chemical energy related to the chemical
composition of gas and heat; here it was assumed that CSF is cooled down after the
process, and all heat goes to gas.

3. Results and Discussion
3.1. Torrefaction Process—CSF Production

In Figures 2—4, process temperature and time effect on mass yield, energy densification
ratio, and energy yield of carbonized solid fuel made from PLA and PAP were presented.
The equations for these models were summarized in Table A1l.

The mass yield of CSF made from PLA was almost not affected by process conditions.
Small weight loss was observed in CSF produced at 300 °C in 60 minutes, where the
MY decrease to 92%. For comparison, MY of CSF started to decrease from the lowest
temperatures, at 200 °C and 20 min, the MY had around 80%, which decreased to 40% at
300 °C and 60 min (Figure 2). The reason for the very high MY of CSF made from PLA
is the PLA decomposition resistances in the torrefaction temperatures range. It has been
confirmed later in this work by TG /DTG results, that PLA decomposition began around
290 °C, and peaked at 367 °C (Figure 5a). For comparison, the PAP’s main decomposition
started already around 240 °C and peaked at 326 °C (Figure 5a). Although TG/DTG
results are useful to investigate the thermochemical characteristics of a material, such as
the temperature of decomposition, it is insufficient to determine the mass yield in certain
temperature regimes or reaction times for different reactors due to different geometries,
sample sizes, or thermal properties. Depending on the temperature regime, which has the
main effect on decomposition, the time can result in less or more significant mass losses,
especially in temperature regimes that include the main decomposition reactions and long
residence time [33]. Therefore, empirical models for MY of PLA and PAP samples were
developed (Table A1) to correct the challenges of the experiments.
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Figure 2. Temperature and time effect on the mass yield (MY) of carbonized solid fuel made from (a) PLA, (b) PAP.

(@)

|
>1
<1 |

(b)

A
£

A AV

1
1
1

Figure 3. Temperature and time effect on the energy densification ratio (EDr) of carbonized solid fuel made from (a) PLA

and (b) PAP.

Figure 2 shows the process temperature and time effects on the energy densification
ratio (EDr). The EDr shows how much more energy is contained in the CSF in comparison
to unprocessed material. When EDr is equal to 1, no effect of a process for energy improve-
ment is observed. When EDr is lower than 1, it means that there is less energy in CSF than
it was initially in a substrate, and when EDr is higher than 1, it means that there is more
energy in CSF than it was in a substrate. In this study, no statistically significant (p > 0.05)
effect of torrefaction on EDr of PLA could be observed. However, a small effect of CSF
made from paper could be observed. Here, EDr increased at a statistically significant level
(p < 0.05) at setpoint temperatures higher than 280 °C.

The studied material was characterized by low enhancement in EDr. Typically, pro-
cessed biomass is characterized by EDr from 1.2 to 1.4 [34]. The EDr increase was a result
of the increase in HHV. The calorific value increase was probably a result of higher deoxy-
genation in comparison to the less intense decarbonization of material. When torrefaction
temperature increases, the relative oxygen content decreases, in favor of relative carbon
content which leads to an increase in HHV of CSF [35]. In the case of PLA, the process
was below decomposed temperature so proper deoxygenation could not take place, while
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the PAP probably did not release enough oxygen compared to carbon to significantly
increase HHV.

oy’ KA
oy’ R
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Figure 4. Temperature and time effect on the energy yield (EY) of carbonized solid fuel made from (a) PLA and (b) PAP.
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Figure 5. Thermal analysis results, (a) TG/DTG, (b) DSC.

The energy yield (EY) shows how much energy that is contained in the substrate
remains in the CSF after the process. With the increasing process temperature and time,
the solid mass of substrate decreases as more gases and later also liquids are formed. Each
of the products needs some chemical energy for its formation, which results in a decrease
in the EY of CSF. Therefore, carbon and oxygen migration is an important factor during
torrefaction [35]. The EY of CSF made from PLA was not affected by the process conditions
for experimental conditions that were lower than 300 °C and 40 min (Figure 4). Under
these conditions, MY remained constant and at lower temperatures, no significant changes
in the HHYV of torrefied PLA could be found. Therefore, the trend for EY was similar to MY.
In the case of PAP, an EY decrease at temperatures higher than 280 °C was found, which
resulted in a carbon migration to gas and liquid products [35,36].
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3.2. Proximate Analysis and HHV Results

The samples of materials used to produce CSF were also analyzed for volatile matter
(VM), ash content (AC), fixed carbon (FC), volatile solids (VS), combustibles parts (CP),
and high heating value (HHV). The PLA materials had 100%, 0%, 0%, 100%, and 100% of
VM, AC, FC, VS, and CP, respectively, while the PAP material had 88.2%, 3.6%, 8.2%, 96.3%,
and 96.4% of VM, AC, FC, VS, and CP, respectively. The HHV of PLA and PAP were 19,420
and 17,525 ]-g~ !, respectively (Table 1).

Table 1. Results of proximate analysis and calorific value of CSF, as dry basis.

Material Temp., °C Time, min VM, % FC, % AC, % VS, % CP, % HHYV, J- g*l
- - 100.0 0.0 0.0 100.0 100.0 19,420
20 100.0 0.0 0.0 100.0 100.0 19,675
200 40 100.0 0.0 0.0 100.0 100.0 19,598
60 100.0 0.0 0.0 100.0 100.0 19,512
20 100.0 0.0 0.0 100.0 100.0 19,631
220 40 100.0 0.0 0.0 100.0 100.0 19,799
60 100.0 0.0 0.0 100.0 100.0 19,613
20 100.0 0.0 0.0 100.0 100.0 19,703
240 40 100.0 0.0 0.0 100.0 100.0 19,654
PLA 60 100.0 0.0 0.0 100.0 100.0 19,682
20 100.0 0.0 0.0 100.0 100.0 19,399
260 40 100.0 0.0 0.0 100.0 100.0 19,372
60 100.0 0.0 0.0 100.0 100.0 19,592
20 100.0 0.0 0.0 100.0 100.0 19,529
280 40 100.0 0.0 0.0 100.0 100.0 19,510
60 100.0 0.0 0.0 100.0 100.0 19,410
20 100.0 0.0 0.0 100.0 100.0 19,346
300 40 100.0 0.0 0.0 100.0 100.0 19,294
60 100.0 0.0 0.0 100.0 100.0 19,571
- - 88.2 8.2 3.6 96.3 96.4 17,525
20 86.6 9.9 34 96.6 96.6 17,889
200 40 86.2 10.1 3.6 96.3 96.4 17,283
60 86.7 9.8 3.5 96.5 96.5 17,653
20 88.0 8.6 34 96.5 96.6 17,185
220 40 86.7 10.0 33 96.4 96.7 17,504
60 86.4 10.1 3.5 96.4 96.5 17,368
20 85.5 10.9 3.5 96.3 96.5 17,446
240 40 84.7 11.8 3.6 96.2 96.4 17,366
PAP 60 84.8 11.7 3.5 96.2 96.5 17,434
20 86.2 10.2 3.6 96.1 96.4 17,163
260 40 84.0 124 3.6 96.0 96.4 17,389
60 81.9 14.1 4.0 95.7 96.0 17,220
20 83.6 12.7 37 96.3 96.3 17,352
280 40 67.9 26.0 6.1 93.7 93.9 19,048
60 66.9 26.2 7.0 92.8 93.0 19,146
20 69.3 24.8 5.9 93.9 94.1 18,758
300 40 60.8 315 7.7 91.8 92.3 19,520
60 55.7 34.6 9.7 89.9 90.3 19,346

For PLA samples, an unexpected result was found for FC and AC, 0%, while VM, VS,
and CP were 100%. The same results were obtained for all CSF made from PLA (Table 1).
Moreover, the Tukey test shows that there were no significant changes between the HHV
of CSF made from PLA. Therefore, it can be stated that torrefaction does not affect PLA
fuel properties. These unexpected results can be explained in two ways: (I) The amount
of ash (minerals) in PLA was too small to be detected by equipment that was used, or (II)
there were no minerals in the PLA material at all. In case of a lack of minerals (case II),
the results would be correct, as all organic matter was incinerated /devoltalized during
experiments. In the other case (I), a correction for the undetected mass would have to be



Materials 2021, 14, 7051

11 of 18

performed. However, the error of the undetected mass is £0.1 mg at an input of 1 g and
therefore negligible.

In the literature, both cases can be found for PLA. In favor of assumption (II) were
results from Camacho-Murioz et al. [37] that showed 100% of vs. in a PLA sample. However,
Jing et al. [38] showed that PLA is a type of thermally degradable material that burns at a
relatively rapid heat release rate with negligible chars, suggesting that at least some FC
should remain.

For CSF made of PAP, a decrease in VM with increasing temperature and time was
observed. With increasing process temperature and time from 200 °C and 20 min to 300 °C
and 60 min, the VM decreases from 86.6% to 55.7%, while FC and AC increase from
9.9% to 34.6%, and from 3.4% to 9.7%, respectively (Table 1). The observed decrease in
VM is related to the devoltalization of materials. On a molecular level, large cellulose
molecules in PAP are broken into smaller ones until they are small enough to be removed
by convection [39]. Depending on the chemical composition, more or fewer of such small
molecules are released and, as a result, different values of VM can be observed. Unlike VM,
the AC and FC content increase mainly as a result of the loss in VM. Unlike AC, which
is related to the mineral present in the sample, additional FC can be produced during
secondary reactions [40]. Nevertheless, for biomass, the presence of components such as
hemicellulose and cellulose is the main contributor of VM production, while lignin is the
same for FC production [41].

Both tested materials were characterized by a relatively high level of VM, and low
and zero content of FC (PAP and PLA, respectively). For comparison, wood biomass has
86% of VM, 15% of FC, and 0.4% of AC [42], torrefied wood at 300 °C in 30 min has 71%
of VM, 29% of FC, and 0.4% of AC [43], while high-rank bituminous (coal) has 27.6% of
VM, 65% of FC, and 7.4% of AC [44]. It is clear that fuel properties of torrefied paper and
biodegradable plastic are not close to conventional solid fuels. Nevertheless, the positive
aspect of PLA material is its zero-ash content, which decreases the costs for managing
the ash.

The high heating value of 19.4 MJ-kg ! for PLA is more than twice lower than that of
conventional plastics such as polyethylene [45]. Moreover, torrefaction does not increase
the HHV of PLA (Table 1). On the other hand, torrefaction was found to be suitable for PAP.
The HHV of PAP increased from 17.5 MJ-kg ! to 19.5 MJ-kg ! in CSF produced at 300 °C;
40 min. Though these values seem to suffice when they are compared to energetic biomasses
(HHV ~ 18 MJ-kg 1) [46], they are still small in comparison with coals 30 MJ-kg ! [47] or
conventional plastics 40 M]-kg’l [45].

3.3. Thermal Analysis Results

Figure 5a shows the TG/DTG results. The PLA mass was almost constant up to
around 290 °C, where thermal decomposition started. The PLA decomposed totally in one
step at temperatures of ~300—400 °C, with the maximum peak at 367 °C. Backes et al. [48]
show that PLA composition (additive presence) affects thermal degradation, and some
components reduce the activation energy of initiation of thermo-degradation reactions.
As a result, the decomposition onset temperature and maximum peak can differ up to
40 °C depending on the processed PLA [48]. Additionally, maximum decomposition
peaks occur at 353-385 °C [48]. The DSC analysis results are shown in Figure 5b. The
analysis shows that during PLA pyrolysis several reactions related to polymer phase
transition occurred. The first phase transition at 64 °C is the glass transition of PLA. At
149 °C, the endothermal melting transformation was observed and finally, at 372 °C, the
main endothermal decomposition peak was found. These findings agreed well with the
result of Sousa et al. [49]. The results show that, for some reason, the DSC decomposition
peak was shifted in comparison to DTG at about 5 °C (Figure 5a,b). Nevertheless, these
findings explain that torrefaction could not significantly change the properties of PLA, as
the temperature was too low for efficient devolatilization.
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For PAP, three peaks were observed by DTG. First at 80 °C, second at 326 °C, and third
at 550 °C with 1.3%, 74.6%, and 5.4% mass change (Figure 5a, grey curve), respectively. The
first and third peaks are almost not visible in Figure 5a. The first peak is related to residual
water evaporation, while the second peak is probably related to cellulose decomposition.
This is due to the fact that white paper is made mainly from cellulose, (85-99%) with the
addition of lignin of 0-15% [50]. Nevertheless, reprocessed paper (e.g., newspaper) has less
cellulose (40-55%), more lignin (18-30%), and comparable content hemicellulose (25-40%)
in comparison to white paper [50]. Additionally, the previously mentioned substances
could affect the PAP sample decomposition. Typically, the hemicellulose, cellulose, and
lignin decompose at 225-325 °C, 305-375 °C, and 250-500 °C, respectively [51]. According
to Porshnov et al. [52], the temperature range of 250-300 °C is a characteristic interval
for hemicellulose decomposition, 300-350 °C for cellulose decomposition, while above
400 °C the residue of lignocellulosic substances decomposed at a very slow rate. Lignin
decomposition reactions were reported to occur at up to 900 °C [52]. Therefore, it is
highly probable that PAP’s third peak is related to lignin decomposition. The DSC results
showed that, during PAP pyrolysis, four endothermal transformations occurred. The first
transformation at 91.4 °C was probably related to residual moisture removal [53], and
the following transformations were related to the decomposition of elements of the PAP
sample. Similar results were obtained by Yang et al. [53], who tested clean cellulose and
found the main endothermal peak related to decomposition at 355 °C. In this study, this
peak was found at 329.6 °C (Figure 5b) and, similarly to the PLA, the DSC peak of PAP
was shifted in comparison to DTG at about 3.6 °C.

The kinetic parameters were determined at 3 = 10 °C-min ! using the Coats-Redfern
method. The kinetic triplets were determined for the whole process (30-800 °C) and the
main peaks observed at TG/DTG plots (Figure 5a). The whole decomposition process
for PAP and PLA were described by a reaction order of 1.56 and 2.02, respectively, and
relative low activation energy of 33.11 kJ-(mol-K) !, and 46.24 k]J-(mol-K) !, respectively
(Table 2). Here, it is worth noting that, for PLA, the determination coefficient was low,
at 0.66, which was a result of the one-stage decomposition process, which occurred at
290-400 °C. Additionally, other kinetic triplets were determined with high determination
coefficients (Table 2). The main PLA decomposition reaction was described by a reaction
order of 0.42 and 160.05 kJ-(mol-K) ! activation energy, while PAP exhibited an order of
2.12, and 122.55 kJ-(mol-K) ! (Table 2). The first peak for PAP was omitted, as it was only
residual water evaporation. It is worth noting that the suspected lignin decomposition at
the third peak of the PAP sample had the highest activation energy of 173.05 kJ-(mol-K~1),
which was about 51 kJ-(mol-K)~! larger than the main decomposition of cellulose. This
finding is contrary to Noszczyk et al. [54] who studied several types of biomass materials
and noticed that the cellulose content had a significant impact on the E,, and the high-
est E; was observed at the second stage of reaction, which was related to the cellulose
decomposition [54].

Table 2. Kinetic triplets determined at 3 = 10 °C-min~! using Coats-Redfern method.

Material Note Temperature, °C n Ea, kJ-(mol-K)—1 A, s71 R?
PLA Whole process 30-800 2.02 46.24 291 x 10 0.66
Main decomposition peak 290400 0.42 160.05 2.37 x 1010 0.96

Whole process 30-800 1.56 33.11 5.88 x 107! 0.89

PAP Main decomposition peak 240400 212 122.55 1.74 x 108 0.96
Third decomposition peak 668-760 3.00 173.05 4.90 x 1010 0.91

3.4. Theoretical Mass and Energy Balance of the Torrefaction Process

Table 3 summarizes the theoretical mass and energy balance to produce 1 g CSF s
given. The table compares the temperature and time. The third and fourth headings
present the input mass needed to produce 1 g of CSF, and the chemical energy contained in
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this material. The fifth heading presents external heat provided to the torrefaction process.
The sixth heading shows energy contained in 1 g of CSF. The seventh heading present a
mass of gas released from the substrate during torrefaction, and the last heading show
energy contained in this gas. The energy in gas was calculated as a sum of external energy
provided to conduct a process and energy of substrate that was not converted into CSE.

Table 3. Torrefaction mass and energy balance for production of 1 g of CSF from PLA and Paper wastes.

Energy Contained in Mass of Gas Energy Contained
. Ul\;[: jstg i,f::i?:;e the Raw Material NE::ieerg;:})E’I;gagg; e Energy Contained Generated during the in Gas after
Teomp., Time, f CSE 8 Used to Produce1g 1e of CSE ] * in 1 g of CSE, J ** Production of 1 g of Production of 1 g of
C min o ' 8 of CSE, | go 7] CSE g CSE, J ***
PLA PAP PLA PAP PLA PAP PLA PAP PLA PAP PLA PAP
20 1.004 1.054 19,500 18,475 86 328 19,675 17,889 0.004 0.054 -89 914
200 40 1.006 1.048 19,540 18,367 86 328 19,598 17,283 0.006 0.048 27 1412
60 1.006 1.055 19,538 18,482 86 328 19,512 17,653 0.006 0.055 112 1157
20 1.003 1.074 19,483 18,817 133 425 19,631 17,185 0.003 0.074 -15 2056
220 40 1.004 1.053 19,505 18,459 133 425 19,799 17,504 0.004 0.053 —161 1380
60 1.007 1.060 19,552 18,582 133 425 19,613 17,368 0.007 0.060 72 1639
20 1.005 1.053 19,512 18,454 194 536 19,703 17,446 0.005 0.053 3 1543
240 40 1.007 1.078 19,562 18,886 194 536 19,654 17,366 0.007 0.078 101 2056
60 1.013 1.096 19,676 19,207 194 536 19,682 17,434 0.013 0.096 188 2309
20 1.010 1.066 19,608 18,683 267 663 19,399 17,163 0.010 0.066 477 2184
260 40 1.011 1.102 19,642 19,308 267 663 19,372 17,389 0.011 0.102 537 2583
60 1.007 1.170 19,562 20,499 267 663 19,592 17,220 0.007 0.170 237 3942
20 1.014 1.131 19,685 19,822 355 803 19,529 17,352 0.014 0.131 510 3273
280 40 1.025 1.357 19,909 23,778 355 803 19,510 19,048 0.025 0.357 754 5534
60 1.022 1.550 19,839 27,163 355 803 19,410 19,146 0.022 0.550 784 8820
20 1.012 1.288 19,646 22,571 458 940 19,346 18,758 0.012 0.288 758 4753
300 40 1.043 2.357 20,247 41,303 458 940 19,294 19,520 0.043 1.357 1,410 22,722
60 1.227 2.485 23,833 43,551 458 940 19,571 19,346 0.227 1.485 4,719 25,144

* value determined using DSC analysis result. ** value determined using calorimetric analysis result (HHV). *** value is the sum of chemical
energy contained in gas and heat from external energy, assuming that no external energy stays in CSF.

The result shows that more PAP than PLA substrate is needed to produce 1 g of CSE. In
the case of 300 °C at 60 min, the double mass of PAP is needed compared to PLA (Table 3).
The reason for this large input substrate demand originates from the low mass yield of PAP
torrefaction (Figure 2b). As a result, much more chemical energy contained in PAP is put
into the process to produce 1 g of CSF (23,833 ] for PLA vs. 43,551 ] for PAP). Additionally,
the DSC results showed that more energy was needed to heat PAP than PLA to 300 °C,
(458 J- g_lcgp vs. 940 ]-g_lcgp) (Table 3). This is caused probably by the mostly higher
specific heat value (Sp) of PAP in comparison to PLA. Depending on chemical composition,
Sp of PAP varies from 1150 to 1650 ]~(g-K)’1 [55] while, for PLA, the value varies from
1180 to 1210 ]-(g'K)_1 [56]. On the other hand, PLA has a higher thermal conductivity,
0.12-0.15 W-(m-K)~! than PAP 0.08-0.11 W-(m-K)~! [55,56].

During torrefaction, torrgas are produced. The analysis showed that a small mass
of torrgas is produced from PLA and, depending on process conditions, these vary from
0.004 g-g~ ! csF to 0.227 g-g ! csp. As the production of 1 g of CSF from PAP needs far more
substrate, much more torrgas is produced and varies from 0.054 g-g o to 1.485 g-g ! csr
(Table 3). As a result, during torrefaction at 300 °C, for each gram of produced CSF, around
1.5 g of torrgas is generated, and these torrgas contain more energy than produced CSF,
while for PLA it is only 0.23 g of torrgas with around four times less energy than produced
CSF (Table 3).

When energy contained in torrgas is higher than the external energy needed to produce
CSE, it theoretically can be assumed that the process is self-sufficient. This is true when
torrgas are incinerated to provide heat for a substrate. With that assumption can be stated
that PLA torrefaction can be self-sufficient at process temperatures higher than 300 °C and
40 min, while PAP is similar from 200 °C and 20 min (Table 3). Nevertheless, these results
do not include heat losses, process efficiency, and energy needed for water evaporation
that is in the real feedstock. Due to many different approaches to reactors design, it is hard
to assume any heat losses and process efficiency. However, the contribution of water can
be calculated and added to the results obtained in this study. To remove 1% of the water
from solid fuel, at least 22.57 J (2257 J- glezo is the latent heat of water evaporation at
100 °C) is needed, as well as the energy needed to heat this water to 100 °C [57]. For this
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reason, the herein presented calculations serve as a starting point that has to be adapted for
a particular reactor system and different feedstocks.

4. Summary

The results of this study showed that PLA’s fuel properties cannot be improved
by torrefaction, as no calorific values increase were observed with increasing process
temperature and time. The reason is that PLA hardly decomposes, with negligible charring
effects at torrefaction temperatures. On the other hand, PAP’s fuel properties can be
improved up to 10% by applying temperatures higher than 280 °C, which is probably
caused by a partial cellulose decomposition. Additionally, the kinetic analysis revealed
that PLA is decomposed in a one-stage process, that takes place at ~290—-400 °C, with Ea
of 160.05 kJ-(mol-K)~!, while PAP is decomposed in a two-stage process, at ~240-400 °C,
and ~668-760 °C, with Ea of 122.55 kJ-(mol-K) ! and 173.05 kJ-(mol-K) 1, respectively.
Moreover, the calculations showed that PLA torrefaction cannot be self-sufficient for CSF
production and external energy is required, while CSF production from PAP proves to be
self-sufficient under assumptions of no heat loss.

These results provide the first step towards an understanding of the PLA torrefaction
process, but further research is needed to investigate higher temperatures of thermal PLA
processing embracing gaseous and liquid products rather than solids, as PLA decomposes
entirely into volatile components. Moreover, future studies should focus on PLA co-
pyrolysis with conventional plastic, as a separation in waste management facilities is
currently not possible from the MSW stream. Such a separation may be possible for
separately collected and clean plastic wastes, but will fail in the case of plastics with
organic adhesions, which are typical for plastic in MSW.

Regarding waste management scenarios, our study showed that the thermal properties
of PLA qualify this material neither as a fuel surrogate in waste incinerators nor for an
improvement by torrefaction process when we compare PLA with conventional high
energy plastics. Therefore, a successive substitution of high caloric plastics by PLA may be
reasonable when the end-of-life-scenario for the material is composting, but will raise the
demand of conventional fuel when its thermally treated.
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Glossary

PLA polylactic acid

PAP paper

CSF carbonized solid fuel
EU European Union

HD-PE high-density polyethylene
PET polyethylene terephthalate
LD-PE  low-density polyethylene
RDF refuse-derived fuel

MSW  municipal solid waste

SRF solid recovered fuel

MBT mechanical-biological treatment plant for waste
PP Polypropylene

PE Polyethylene

PS Polystyrene

HHV higher heating value

TGA thermogravimetric analysis
DsC differential scanning calorimetry analysis
MY mass yield

EDr energy densification ratio

EY energy yield

MC moisture content

VM volatile matter

AC ash content

\E volatile solids content

CP combustible part content

R? determination coefficient

AIC Akaike value

an regression coefficients,

DTG differential thermogravimetry
CR Coats—Redfern method

Ea activation energy

A pre-exponential factor

n order of reaction

Sp specific heat value
Appendix A

In Figure A1, the predictions of RDFs HHV depending on biodegradable plastic share
in conventional plastic was presented. The calculation was completed using data from pre-
vious work [58]. Predictions were made based on the following assumptions: RDF compo-
nents (component name, component share, components HHV): carton, 10%, 14.6 M]-kg’1 ;
fabric 10%, 17.6 M]~1<g_1 ; kitchen waste 5%, 16,4 M]~kg_1 ; paper 10%, 13.8 M]~kg_1 ; plastic
50%, 38.5 MJ-kg~!; rubber 5%, 31 MJ-kg~!; tetrapack 5%, 21.6 MJ-kg~!; and wood 5%,
18.7 M]~l<g’1 [58]. The HHV of biodegradable plastic 19 M]-kg’l [this study].

In Table Al, torrefaction temperature and time effect on process yields and fuel
properties are summarized. Presented equations are valid for CSF properties determination
at T =200-300 °C and t = 20-60 min. The R? stands for the determination coefficient. The
higher = better.
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Figure A1. Effect of biodegradable plastic share in conventional plastic on RDF quality.

Table A1l. Empirical equations for determination of torrefaction process and fuel properties of CSF produced from PLA and
PAP; the equations boundary, T = 200-300 °C, t = 20-60 min.

Material Equation R?
MY(Tt), % = 0.759 x T — 0.00139 x T2 + 0.678 x t — 0.00303 x T X t 0.55
EDr(T,t), % = 0.975 + 0.000545 x T — 0.00000160 x T2 — 0.00101 x t + 0.00000220 x tZ + 0.00000340 x T x t 0.13
EY(T,t), % = 0.792 x T — 0.00151 x T2 + 0.596 x t — 0.00270 x T X t 0.58
VM, % =100 1.00
PLA FC,% =0 1.00
AC,% =0 1.00
VS, % =100 1.00
CP, % =100 1.00
HHV,J.g~! = 19549 + 140 1.00
MY(T,t), % = — 340.901 + 3.558 x T — 0.00712 x T2 +2.079 x t — 0.00952 x T X t 0.86
EDr(T,t), % = 2.404 — 0.0119 x T + 0.0000243 x T2 — 0.00189 x t — 0.0000268 x t2 + 0.0000184 x T x t 0.77
EY(T,t), % = — 260.469 + 2.876 x T — 0.00570 x T2 + 1.946 x t — 0.00889 x T x t 0.78
VM(T,t), % = -153.308 + 2.021 x T — 0.00418 x T2 +0.899 x t — 0.00421 x T x t 0.92
PAP FC(T,t), % = 184.153 — 1.583 x T + 0.00336 x T2 — 0.00609 x t2 + 0.00245 x T X t 0.90
AC(T,t), % = 53.879 — 0.409 x T + 0.000815 x T2 — 0.232 x t + 0.00105 x T x t 0.94
VS, % =47.732 +0.396 x T — 0.000790 x T2 +0.239 x t — 0.00109 x T x t 0.94
CP(T,t), % = 46.120 + 0.409 x T — 0.000815 x T2 +0.232 x t — 0.00105 x T x t 0.94
HHV(Tt), J-g~! =39,926.103 — 198.210 x T + 0.425 x T2 + 0.0447 x T x t 0.77
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