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This research aim to study the use of waste plastic oil from different types of
plastics waste as an alternative fuel in diesel engines. The waste plastic oil that has
been converted into fuel oil by pyrolysis process. The chemical composition and
fuel properties of teste fuels were measured under ASTM standard. The engine
performance, combustion charecteristics and exhaust gas emissions belong with the
vibration behavior of the engine caused by the combustion of waste plastic oil were
investigated. The results showed found that the chemical composition of waste plastic
oil contained most of the chemical compounds in the petroleum fuel. The chemical
compounds of PET belong to gasoline while HDPE and Mixed Plastics have similar
proportions of the chemical compounds to diesel fuel. The fuel properties results of
waste plastic oil, it was found that the kinemetic viscosity, flash point and fire point
were lower than the standards. In addition to other fuel properties such as density,
specific gravity, cetane index, the distillation temperature of the waste plastic oil have
lower than diesel fuel. However, the gross calorific value of PET, HDPE and Mixed
Plastics, which is one of the factors helped to indicate the potential of fuel, found
that it had a high energy content. In addition, tribological of the waste plastic oil, it
was found that the lubricating properties were inferior to diesel fuel. Initially
considering the wear scar diameter and a greater coefficient of friction than diesel fuel.

The engine performance, combustion characteristics and exhaust gas emissions
were analyzed and compared with diesel fuel operation. The experimental results
found that the use of HDPE and Mixed Plastics led to an increase in brake specific fuel
consumption (BSFC) and brake thermal efficiency (BTE). However, the use of PET was
lower BTE than those of diesel fuel for all engine loads. Moreover, the experimental
results of combustion characteristics show that use of PET, HDPE and Mixed Plastics,
the maximum cylinder pressure and maximum heat release rate decrease, which result
in an increase in HC, CO, NOy and smoke emissions. In addition, the difference of PM-
loaded filter weight obtained with test fuels. It is clear that the combustion of PET,
HDPE and Mixed Plastics produced higher PM content compared to diesel fuel. This
increase in PM emissions is in an agreement with the increase in smoke emissions

caused by the combustion of PET, HDPE and Mixed Plastics with respect to diesel fuel.



the size of the wear scar diameter. It was showed that PET, HDPE, and Mixed Plastics
have a poor lubricating properties when compared with diesel fuel.

The use of waste plastic oil used in diesel engine for all engine load condition
showed the 1.28-24.95% higher brake-specific fuel consumption (BSFC) and the
0.01-1.21% higher brake thermal efficiency (BTE) than diesel fuel for HDPE and Mixed
Plastics, whereas in the case of PET, BTE which is lower than diesel fuel by 0.08-1.03%.
While the combustion characteristics of the engine indicate that the use of three waste
plastic oil samples resulted in lower in-cylinder pressure (ICP) and rate of heat release
(RoHR) as compared to diesel fuel. However, PET was found to have higher RoHR than
diesel fuel. Furthermore, it can be noticed that the combustion of HDPE and Mixed
Plastics starts in advance compared to diesel fuel. The longer ignition delay at the
start of combustion was obtained with PET resulting in a higher peak of RoHR
compared to diesel fuel at full engine load. In addition, three waste plastic oil samples
have lower combustion stability than diesel fuel. This is determined by a high
coefficient of maximum pressure variation (COVemay). The use of waste plastic oil has
led to an increase in the NOy, CO, HC, and smoke emissions, whereas in the case of
PET, it has found lower NOx emissions than HDPE, Mixed Plastics and diesel fuel. In
addition, in the analysis of particulate matter (PM), it was found that the combustion
of PET, HDPE, and Mixed Plastics produced higher PM content compared to diesel fuel.
The temperature to reach the maximum soot oxidation rate was lower with PET, HDPE
and Mixed Plastics combustion, which implied that the energy used to oxidize soot
was lower and soot was easier to decompose. The vibration analysis of a diesel engine
using waste plastic oil indicate that engine operation using PET, HDPE and Mixed
Plastics as fuel*has a higher vibration magnitude than engine“operation from diesel
fuel. However, the vibration magnitude due to combustion-tends to decrease with an
increase in engine load.

As the results indicate that type of plastic waste has an impact on the fuel
properties and engine charecteristics. However, waste plastic oil can be considered as

one of the potentials as an alternative fuel for diesel engines.
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2.1 uni
4 a v a o A Y a = A
MnanumMsaimndawaznisidnarainmilaniluwilduiivau lngianzeg1ags
nandugianwatafnduasiedt esainilutaniduivminun auBanguas liiaaiy
nusasall 31A190 wazausandalaluliuianin waraindenatedundnduginds
Y IS o w o £ 1 2/ aa o v :’/ S IS
mdnfiunumddguazgnianldnuegiinitanduiiinlszdnu audt a.a 1950 finns
a a @ a = a = § & 1A a a4 a & o [
waenarainnilaniiuuintulagaieds 10 WesiGuddelU wanainiindndudmsuldly

'
=

TAnUszirfulaediulngidutsnavldadafaudfauasiongnsldeuidu daandeya
¥ A, 2018 wud Mlandivdunanisldwataingsda 335 Wudusiu Fsmamsaiinniely
U A.A. 2050 vegwa1afinndn 12 Hudusiu QﬂﬁuamagiqumazmﬂauLLazUuL’ﬁau
daaundon dawalvimlanezdesszavdymiduaanndenainveznanain lnsany
ogdwszineafifszuuinnisvezyaresiibifiussansam (esanmanafinvatgUssiam
THnanlunsgesaansfienuiuiagnarainuisussnnliianansodesaaslfiosmusssuwa
(Singh, M. V., 2019; Tulashie, S. K. et al., 2019) uaﬂmﬂﬁu nanaAndaausawandinateLdu
lulasnanadniidawansznuseszuudnglddnde sgrslsfnu wumslunisudledgmiain
vorwaraRntuiioguansds erfitu msaanisld msnduanldlvel wasnsiluda saud
msthvgznanadndaaserluiilumimnunsgiuifinisaiug euussuidundaany
auSeunldiulugiune 9 winsedladymnusuaneindnududsiviinadves
dlesufusnsnsudanaznisldvsgnarain Feinddoainnisalityunmuveenanadn
hlanfivndualdlmdiivsmaniio 9 Wesduswidy Tnsdulnajzazasluuvasilanay
wioandsludawandotuuunuazlunzia (Geyer, R. et al, 2017)
dmusunalnedsgninliiogsusu 6 vossemafinevssnatafnunniigalulan
59991nUsemadu dulathde WaUTUd Nuauiy wavesaant Jambeck, J. R. et al., 2015)
Tutrmanenmsseiiunussmelngldfinsivesvarainuisdssinnandanen ey
ndulusiunszuumssladadudananadndmiuiduingivlulssnundananadin dadu
dunileiitisutdyminudunndounnvezlssnnnatadin uin1sdan1sseisnsinan
Hefignsduiitos Tnumaund w.e. 2552-2561 wuin fUsiaezyaresiigniidnegie
gndesieray 5.97-10.85 wazUiuaezyanosfigniunlivssloviifissienas 3.86-9.76

Y Y



WU FanedaliusuiudadiuntseliaisunuusuiavesnanuaiinnduluknasUnd

USinaifieforar 24.11-27.93 fauansluguil 2.1 (nsumuaNsadiv, 2562)

—— nsl1duselovd -= m3idmnagragndas
30 o vuzyarositlisunisianisedadligndas  sevssyadasiiinduioue
27.06 2737 3
2555 peng 67T e 2685 27103
25 | 2411 2422 :
=
3
= 20
g
G
15.61
15 | 1428 1455 . 14.13
3 — 1362 B 1350

10

YSunasaezyaelon

2552 2553 2554 2555 2556 2557 2558 2559 2560 2561

U (W)

JUN 2.1 Usinavesyadesyuwu nmsiildldusslevd nsmdnegsgnieuasvezyarion
Alasunisdnnisegnaliignaes w.e. 2552-2561 (NsuAIUANNATY, 2562)

v a

NYoyarBINTUAMUANNATENUIT FUTiuvernaainUsUuvezyanegag i

U 9 Y
a

20 Wefidusd Fewpzwanafinuariusznevlufenanainuinludaloiu (PS) ndlnshdu
(PP) InAtafidunisuiniian (PET) Indhfianaslsa (PVO) Indeiauainumuiuiugs (HDPE)
wavindiefidunnumuiutusi (LDPE) Ingvegnarafniivsusgdmlngiiuvezwaradin
¥%m PP, PET, HDPE way LDPE LﬁaqmﬂLﬁuwaﬂaaﬂﬁﬁ@mauﬁaﬁmmsamiumiﬁﬁmmém
Juvssydneinagndn fusinldludinuszsiiu ogrdlsfinm feaaiunisalnmsuniszuan
voslsainidelafalalsun 2019 (1ain-19) lutlagtuinlidndiuvosusswarainifiudy
N1 36 Wosidud lnswlseaniduvesnaiafinaning 7.04 esidud uwazveznarafingn
29,58 Wosldud dunanadniliarunsathudlefald @aamnssusimuyais an1dy
Na@hn, 2564)

nquinAdemlanlfidaiudedymiindaldinsidouasimu e Isudly
Jymuarniunagmdsnuniadend msunawnunisldndnuildudivualuegiagu
ihfudemasannieata Wesmnwanafndesdusenevveslalasaveuwdussdusznou
ndniiddnsniwluntsiunuussuidundsnutemads dd meluladildlunisudssy

wdsunveznatadnilundsuremddutegiuiioguasds lawn nszuiunis
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N9ANTOU NTLUIUAIINITNAT kaznseuIunIsnILAll TagusaznszuIun1siiven
uazdosfafinstuluduegfuaumnganvestiadesng 4 nszvaunsildsunuieu
wnfigade “nszuaumsinlslada” adunszuaunsligamgiunnanadnauiagevasuivan
voswarainuastinnisuaninvesatenedimesfiduaduanneilioondiau wazndudn
pudruruafueuiiunnmafuauldiundn fusieenunduveunar vosuds wazuia
Tnenansuridldluanusiiureavanionin “wiluvesnarain” vie “uhiulnlslada”
Tnedovesnszurunmsinlsladafio annsnidsuresvideefifiensuauuarlelnsiawdy
osdUsznauluanugvesuddliogluguveamdunudomadd @dnd an1sdn, 2551)
Hagtunszurumsinlsladaludsemalneldinidouasiamnielamsotian
Uszgnaldaulaassludandyd lnonisianldanulunsmiauesUssinnusgnanainuag
gresnsudliudn ondaduifutemdsdmivlflueiossudiynassdadenisdavie
Huuvdsndanlituiniesdnsnaluningmaivnssy Jaguszneunisionvunazlasenig
duasuvesniafzvesUssmalneddnoninluniandnsaud 0.8-16 fusiotu annsoulsgy
Buthfudoimadldds 200-10,400 Anseotu sl arnnan1sitelagldingivdsziam
pvsneuslFudlFnan s ludiu 26249 Wesidud thifudemds 25-75 wWeddus wae
ufia 5-57 Wedidust uarludunsldvgemanainduingiulumsudssuiduidudomaa
ausondnlage 4,000-5,000 ansdeiu @vnInerdewmaluladgsuns, 2558) Usenaufiu
nsdaaiuvesdtnauulevisuazuaungany (@un.) laduasulasinsulsguvegnanasin
Fuiifudemadifugusuiiegredifidnenmlunisianisuey Téun fufigumuiogs
Tuamaviailesvesdaniafivalan Yaninguasvell Saminvauniy wazdenin
Us997uAsTus 1udu %qﬁfﬁ’wé’qm’m5mﬁw:ﬁm%yaLwﬁqmﬂ%xwmaaﬂims’maaujﬁli’uaz
23,900 85 (natunil I5u39ANT wazAMy, 2558; SYal Y LaNyAd wagaAng, 2557)
Mndeyadrafunisinuuagideninimesnarainuuussuidundsnudemasdady
wmanilsinzdaslunsutlatymduduadeuiintuly 3nmedadunisannsfien
w¥sunuvadliudamalogaduiudomaninreada

2.2 Wadhn

wanadn (Plastic) mumawiynsuadusydudinganiu vuieds arsusenaudunid
fduasgituiielfunutagsssund Sadundnsusiildannssuiunmsisuammand
Femsdaaneinniagivleiasesveuiildaninduiu fresssued wazdwiiu sy
viioannsnesuislumaingimaniléin “wanafin’ de Yagduaszvndasusznouves
lelasensuau dedsenevdeluanadn 4 defuduluanaaisenyuszneudesindida
3 wiln Ao A1sueu (O lelasiau (H) wazeendiau (0) n3eenailsindu 9 \ievu Lilels
Qmauﬁ’ﬁ@ﬂué’mﬁlu 7wy lulasiau (N), Wgee3u (F), Aaesu (CL) wasiuzdu (S) Wusuy
wanafndutanideuldauiuegrsunsnarefausefnauiatagiu feldiluussqSosi
yadldmeluthunaznisuenthu suludslunirgrammnssudng o lsisnsnissasialan
Jfiugedusgradoiiios udeddlsfiny narafndufinundetyniduadondieiduiy
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Hosndnsinsdesaasdeddinasunmaisdul lnewarafntuaiuisoutsoeny
2 Ussanvian 9 sanuasantainieenusoun loud meslunatadinuazmeaslugnfananadin
(Callister, W. D. et al., 2011; Smith, W. F. et al., 2004)
221 waslawaadn

weslumanadin (Thermoplastio) ilunaradnyiafianansavinlsivasuimad
Huveamamilavzersasuguieldidelisunmdeu wasilomuieuanamarainuszian
Haenduluudesmuiiy Imawqaﬂﬁuﬁlﬁdamam’aauﬁ’amaLﬂﬁLLazmqmamwmaqwmaaﬂ
desnilassadsluanauvuldnsendeuvuisduassndeiussnivssanlanioud
FagUil 22 FaRaanufAzediiendn “Indweslswdu (Polymerization)” waradnUsziny
weslunanainegviareviia loun Indieiiau Indlnsiiau ndalasu Indefifunsnnian
Tndlhonaelsd warTndaduoiun Wudu Smanafnmariidunanafnfifenldtuunivane
Tuginuseiniu

JUN 2.2 Inssasnsluanavasnesiunanddin

wanadnUssommesmanainanunsndugUlslaemsdntugluasiinanain
grylvmassmanseaufeutazamsudnlUluusinuy Wegnvihlsdusaylduandnsi
fifidnuarguiemudesnis uenani weshmanadnfianuisatnduuldlulldlnenisua
wazvaoudsnufouiotusuiundnfusilnildsn widosidavesnisléaunanadin
Ussianilde ldannsaldeufigunaiadd Wesanoraianistademiedesunssld
fhethatu Mnhan Selimngdmivliussiifearieoudn

2.2.2  wesluwaRewasin

wesluaRananadin (Thermosetting plastic) Wuwana@nfiflnaau A
nunusonnUdsulUasgungiuasnuuiizenadlldd Wenasumandusuuuulaeg
AsgUogsansuayldannsaisnvasuldi dundndusilnidn nanafnuszinniluiana
widenlosiudusrumAnniadeudodwlvinsgnineansldluanalndiues fagud 23
Tnefusadamienszminluanaufsusanniafuanngiliausahndunmasuivarlédn
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a a

el Welasuanuseungungiigeaziianisaatefilagiuszsynitsernaululiiana

v =

waneonuseiian1stndidudidn Fmatafnuszinnesluwafmaiainiiegvaiavia
loun wanduesdadlad Wudnnesianled edunesdanlansdu enTisdu ndgsmu
Indeawmeslidud wazddlau (Wusiu

JUN 2.3 Inssanaluanavasneslugnmananasn

nsudanarafnviinmeslunfasiansisannaiainvliamesiunaiadin
#o ludunouusniesiliAnufisendwelswduiiosnsd dnadouleduanafiniu
thadntiosuardianusonasummandeldfuanudou Tsannsotusuneliamiudunas
oaumgiigeld endnAnsitigusismusiosnisudlinaguuniiliuszana 200-300 °C wilely
Ielassaanuuiuniadosuazudauss annsnthwdnfusioenainuuulaglifesseliu
Hosnuandusirudsinegmeluisifant fafunisldanudeulunssuiunismdananain
weslugafanduriliaguisty drsainnssuannissdanarafnmesTunatadnfinisl
mudeuszyilinanadniunazvasimar wanadnmesluesiieldiuaialiaunsa
dnwunsaeuuarnandundnduiniviesiafalaon wazdiinnuiounniiuluae
ildinanafniinnisaanesiavizelud

2.3 aszuumsinlslads

nszuaun1stnlslada (Pyrolysis process) tHunsyuiunisaans@ivesalsusynau
videingAusng 9 Menuieuiigumgiuszana 300-900 °C aneldanizlieandiaunie
fimangiauagiounn (Rehan, M. et al., 2017) Iuﬂiiﬁﬁ’mqﬁuﬁLﬂuwaﬂaaﬂﬁuﬂsxmumaﬁ
wfnsanannssviunsdeunduvemediued uanstunouvesnszuiunisinlslada
Faguit 2.4 Sunsuusniduniswieuingivlaonisda/duiagiuduiudn q Wetanldly
dauit 1 Fadudiwvesdslunisteuingiveng q fagldlunszuiunisdmivandoves
waradnaslueIesufnsainvuszuula @i 2) Afgunsailiaiuieunasyaniun
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W Tiees WU Auiy gyl wagdnsinstimiuieu 1Judu Tneinsesufnsalazydes
anufouriievaumanadin Wonunszuunsdnanufailuasenainiedesufnniaysiny
Ugdwil 3 fle dvsuaiesmuwiuilewdsuanuzvesndndusindunfdlnduveana
viadamdanan uarlnadgfatniivludind 4 Tasvhlunaadasindndldannszsuiunms
annsouvseanidu 3 vile loun wansasiiduuia vounar wazveuds Fsdadruves
wanfusildtuogifuanigvesnszuiumnasUssamves Tngiuililunszuiunis

Waste plastic

Hopper < PR Y 4
B o *Z',;:) Nitrogen (N2)

Thermocouple [ % 3 LS ‘
sv I /4 ‘
PID controller (e .’“\ Uncondensed

Plastic vapors SH

i
Insulation 2 @ r

o

iWaste plastic ollI
Heating coil Hot water - :
out Collecting tank

JUN 2.4 nskaninduainvesnanadinmienssuiulnlslada (Damodharan, D. et al,, 2018)

ogalsfinu nszviunsvedlnlsladaosnansusifidesnisundign Ao veavad
Ghifudomas) luvasiieaiunssuiunsinlslada tuinarlhinuialode tuluszning
nszUIUNTT U lelasiaudalna (H.S) wosluiile (NHs) datmes (SOy) wazlulnsiausenlas
(NOy) fatiu nistrdaufaloidenieuldeseangduandenisiianudidyduagieds
(Ghosh, P. et al., 2020; D. Damodharan et al,, 2018) usna1ni nszviunsinlslada
wuseonlallu 3 Uszianuan 9 laun lnlsladauuudn Inlsla@auwuuida wazlnlslada
WUUEn Seanansassueldlaedaausi

1. nlslafauuud (Slow pyrolysis) e nszuaunisinlsladaniisnsnsiianuseu
dm3unszurunslitiu 10 °C/min gaumgdnldlunisyind§Asereglugas 400-600 °C
Fandnsaaidnlnafildasfuvesds hiufusard il varusduanfudomainan
IGEGG

2. InlslaZauuuds (Fast pyrolysis) fie nszuiunsinlsladanisnsnslfanudou
dmsunszuaumseglutas 10-100 °C/min gaumiililunsiiseeeluias 600-650 °C
nandrildaulnaandudomannaiuszuna 50-60% voeudaUszanas 25-30% way

wAAUSTU 15-20%
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Ao

3. lnlslagauuuiSaunn (Flash pyrolysis) Ae nsguiunsinlsladanisnsinisl
ANuFoudnIUNsEUINAITIINNTI 100 °C/min gaumafifldlunisin§AzengumgRald
8409 1,000 °C nanSeivanilaas duudauasidemannan

fiail Yafendniifnadoquainvesndnsasildainnisnszurunisinlsloda
fiFeafiansasznouluse vinveardesufnsal nanlunmsijizen sumgiiuasanudu
TumsiUiAsen viavesiusalfiten sasnmslianuiou wasviavesingiu deesunsld
Fail (Yagoob, H. et al., 2021)

23.1  viaveuniasufnsel

w3esufingnl (Reacton) iluesduszneundnvesszutlunszuaumslnlslada
waztfudulunsviufAter Jeansautseenmudnvuznisianuldidu 2 vde 16
iresUfnsalluuiuansiuaiadosfnsaiuuuigdled

1. 1n3esUfnsaluuuiunneil (Fixed-bed reacton) Luin3osujnsaifdl
wannsiaude Weldsuingiudginiesujnsalingiufendneglifinmsindoudiuaz
deldanudeuingivaziinufiseregansluiaiesufnsel auldndnsmsinduveaway
sevhaufauaglesvine dslnasenainszuulneufaniseausunelundesuinsainie
mﬂmi@mﬁw%uq@mmﬁ LansfagURl 2.5 fnifedruvindenldieiosufnsaivini
deannfimuiglunisesnuuuszuy mngdmiuliluszdunimeassduiesfoinng
wazdregtonisaunuilafedng 9 edaslsiinu wdesfnsalviadiidedefisnduded
nsadiaiesfnsainnefandaatanszuaunts et wan fusiiiduresudeoon
Mnedesufnsal fedu sruuresnandninduluguuuisiedemielideideayiiiuy
(Gou Tuuemsena wazAg, 2560; Fogler, H. S., 2005)

I Retentate

Packed bed with

support and
catalyst \

Permeate
—

]
Membrane

gﬂﬁ 2.5 Lﬂ%ﬂﬂg’jﬂizﬁuwwmmﬁ (Michele Ongis, 2020)
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2. \ansufnsniuuumgdladiun (Fluidized Bed Reactors) Wuipiaaufjnsal
ffindnnisinaude WedeuingiudrginiosufnsallagaziinAaiiwiogiudsves
wdesUfnsal ileldfuaufeutaghvasiinnisunndifeonuauazivaiouniely
w3esUFnsaiuuududau udenndundndarifidurennauasufiaaggnuensenain
\30sUfnanl wanedasuil 2.6 lnsia3osufnssivdndinanzdmsunisndnvuinlg
Luaw1ﬂm:uﬁasaﬁwimmmamuléﬂ,uﬂimmmﬂLLauﬂaIMLﬂmﬂawuﬂmﬂwmmswﬁmam
uananil defvesaiesufnsaiuvugdladiundmiunssuiunsndandsuidoimnss
NnvsznanaAnie (1) fmgaiuiAnnissusifuduednsioinmsindeuiivuudutunely
iwsesUfnsal viliAansaemeanuieunaziinmsuandaldd Aanisnszaesvesgamad
§vidsdenaldfireianisarvauszuy () Sreamgiildlunisiiaudeudisrin
isesFnsalviindu 9 (3) msifimangaumgiinsluniesfnsalanunsarildednasinig
iesanmsiedeusivesveandensluedosujnsaidumilousnmluvaziinnisindeud
(@) szuvianuBaneugs Geannsaldufaniuazgrsgumgiiivainuats Snisdaazaan
TumsuSunanfisagivegnelurdestingsl uay (5) Mnanlunsdestiguiesdamnzan
dmdunsasuiislulssouruadnluaniauelng Gy Tuusasega wazauy, 2560;

Li, A. M. et al., 1999)

Permeate

I Retentate

Membrane —|

Bubbles

B
O
Q
N
&

U7 2.6 insesufnsaluuungdladiun (Michele Ongis, 2020)

23.2 naildlunszuiuns
nafildlunszuaunis (Residence time) e szoziianvesingAuiioglu
w3esufngnl Fadudnuistladeiifidvinasendndneifldainnszurunsinlslada danm
fl#lunsruaunsdmiunsruiumsinlsledaduinistnued uandrstudueg fudseinn

voensyurunsinlslada lnglulnlsladauvuiiinadinainssgnimunanssesaduda
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1
v A

vosingRuAuiuififouvesaiosufnsal uarlulnlsladauuuinszey nadausEuunlK

o a

m’m5ammmuau§amimmammsmaaﬂmmmaa‘dgﬂim L’Jmﬂsﬂumzmumiwmumu

q
a v A

%aiwwamﬂm%mmmLaﬁasmqmm%aumn%u TangluurazUsslnnueInszuIunIg
o

Inlsladavzilinandisnaiu Jung, C., & Fontana, A., 2006) Fsannsnaguladsmsned 2.1

AN599 2.1 AN g lunseuiumMsveanssuIunsinlsladaunasussnm

USTANNIZUIUMS nanildlunszuauns HARA TS
Inlslagauuutn 11nA31 30 U9 wia voamian Lazveeude
nlslagauuusn 10-20 AU WA VDLUAT LATUBILD
Inlslagauuusiunn 18N 1 37 wia Yeamian Lazvadude

2.33  uupiuasAanuAuNsinugnTen

qmmﬁiumsﬁmgjﬁ%mLfluﬂﬂ%’wﬁaﬁﬁmaﬂiwwiamiwamfwﬁm%aL‘WEQ
NnvezwaaindienszuIunslnlslada dslunszuiunsinlsladassldanmyiviunansneiu
Juogifutssavuasingiu esmngamglinmsaaeivesmanainusasUssinasiigumngd
ﬁ@hﬂﬁué’mamsﬁaaﬂaiumiwﬁ 2.2 Waiiluauideues Ghosh, P. et al. (2020) Tép8un87
“ammﬁiumiﬁm@ﬁ%mﬁmﬁ?umﬁmﬁm%ﬁaﬂmﬁﬁlﬁa s fudomdanan Tuvnefigungd
‘Lumamﬁgﬂsmmavlmmamnm%mﬂmma” WONINY ammﬂumwwﬂgmmmaawama
autfmadoimdewdnfariidulamaanar sndagrngu nsldgumgilunisi
UFA3eis (500 °0) avdsnalildidoumaunaniifinrumias Tumensstudialuanig
nsldgamgfifias Grnndt 700 °0) asilsldidomaanariiiaumiagsuasiinnisnos
veserlaunindluiiudomdavaifsuiefuamnnsgmsifaujizemaegd
(Nizami, A. et al,, 2015) feifu gamgiitadutladendafisidudosfiarsanielildnansusi
L%JaL‘W%qmmﬁﬁ@mmwém%’uﬁmﬂ%’ﬂmmdqWé’mm%aL‘wﬁwmLﬁaﬂ

15799 2.2 gauniimsaangiivesnarainmisinailameslunsiiumsn

UIZLNNVBINANERAN Yrsgamniimsaasn (°C) 814989
Inwalwinau (PP) 240-425 Miandad, R. et al, (2017)
naalasu (PS) 350-480 Lee, K-H. et al. (2007)
Inalevidu (PE) 270-510 Miandad, R. et al, (2017)
naeiaumsnniean (PET) 400-550 Miandad, R. et al, (2019)
nalflanaslsa (PVO) 203461 Fathy, E. s. et al, (2018)

anuaulunisyiujisenduladenludeusviinisusuasu deanmai
nszvaunsinlsladalaediulugasdonldnrudulunisinujisenenuduusseiniavse
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mwdufigenindntes ogslsin aududsfoiniiunumddalunszuiunsinlslada
Hosnazdsnasiogaifonteswedwesuaznanainagldnannnivlueiesufnanl Fanneld
Audugsaitentasnaainazfindy SamneeniringAvasgnlnlsladifiuifuunui
wnaneidulefigamnilumsijisendetu uenanigemuin madiuaudulunish
ﬂgjﬁ%mdawaiﬁﬂ‘%mmaam%mﬁm%uﬁmﬁuﬁmmzaﬂﬂ‘%mmaamamﬁm%ﬁﬂm?g@maqma’;
(Murata, K. et al, 2004)
2.3.4  vlavasuiefizen

Fusauizen (Catalyst) Wuansiiuadlulufisonieseliufazemand
vommodwesAnlfiluievilvsnanaAauffsefaldifuty Snviediinadeusyansam
yoenszUILNg Inefussufizenazluanndsnunseduuesufiselinas uindsnuves
anshaduLazesasHAnsudinsd aiiseuisenanunsautseanidu 2 Ussian fe
(1) faiseufATenidedo (Homogeneous catalyst) Tnasussufisendifuiedientude
Jusnsaujaserdiegluigniaiderfufuarsdfunioarsninfue (Tagauiilily
nszvaumsinlslada) Tnedlngudiasuasaraneidinssuiseuasansdsiuazans
oglfeify 1y osgiidlenlnsraslsd (ALCL) iufissufisefidudoderiuiinuvesiia
flddmsulnlslagavesinaloiaiiu (Stelmachowski, M., 2010) uae (2) FussufAsenie
way (Heterogeneous catalyst) iudusaujasendiusendnnindssufasendeiieon
Lﬁmmﬂ&f’aLﬁ'{ﬁJﬁﬁ%mﬁayﬂui’gmﬂﬁmﬂﬁmﬁuﬁuawséﬁu’aﬁw%mimﬁmﬁmsﬁ IGEGRFEE
weneannHansusuazindumldlvadld fesssufasendonauiidenldlunszuiums
wislaa loun Tlelad (Zeolite) waz@@n1-ergiiun (Silica-Alumnina) {usiu (Aguado, J. et al,
2006; Kalargaris, 1., 2017)

nsmuAueamaiivenszuIumslnlsladalinsiuasnsifindasaujisen
vlnansuaildiduldlelnsasvouiiduas suAtedumidslsualdifuidisajise
vnlinanunsoifiunnuaiosvesdn susidemdanaiils warllaniimadomnadndifes
ihiudewmadunguirsiufiwanietiduufaledu (Anuar Sharuddin, S. D. et al,, 2016)
uananil daudsufisesadutladenieiivisrindaiovu anguugiivazinanlunieii
U Asen é‘ﬂﬁgqé'ammmszh&m'/“\iuﬂamwwwamﬁmmazLﬁmmmm%ﬁlm%@m%waamamﬁwﬁ
(Wewmduva) udegslsiniu msldiissufaselunszuviunisinlsladadmansenuse
audhimudendwendemdsnardsdrifinuuazainuturendendunaianas
swdensdinisldgleladfidrwinlvigalvam anuvuiwidy vl wagyiaveqaLson
anaq (Oyeleke, O. O, et al., 2021) weNNtl 9nNanISEYes Singh, R. K. et al. (2020)
wuin wanfusidemasnarildannszurunisinisladalagldlddssufasenedu
lalasasuouniin (Heavy hydrocarbon) iummzﬁmﬂ%ﬁaLﬁ'qﬂgjﬁ%maﬂé’mémﬁm%ﬁaméq
wiandulalasarsueuiun (Lighter hydrocarbon)

2.3.5  aasnislianuiou

§ns1n15T¥Auseu (Heating rate) iuiladenilsfiianudifysousunu

LareadUsznauvendndasilunszuiunisinlslada Tnonisifiudninislvaiuiou
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¥

dsnalyindnsarinduvesvauazvesudaiuuliiuanas uonanilivasgamgififiaisan
Aoy sansaeinduniadllaunsomuuiulaiunlinfiviunusnsinsitauieu
Tnoufasenannduszneuludae Telasiau (Hy), Sy (CHy), Ardueulaseanlas (CO,)
wazaduououenled (CO) Feuadldarnsuideves Sarkar, J. K, & Wang, Q., (2020)
FleAnvmansznuanmsUasuulasnsinistianudeu 1eua 10, 20, 30 waz 40 °C/min
aeldieulvvesnsiufzeniionmgil 900 °C fauanswanisdnulugud 2.7

60 —
—m— 0UTIN N —o— Wolnauua) —A— uid
50 | ‘\‘\&‘
<
e 40 7
=
=
& 30 A
&=
[{¢
o<
£ D] l=—-—=a\/:’/‘_.
&
e
10 1
O T T 1 1
0 10 20 30 40 50

a3In1siANS U (°C/min)

U 2.7 insesufnsaluuungdladiun (Michele Ongis, 2020)

il AnuansAnwIuagIduves Safdari, M-S. et al. (2019) lauansdoya
Y3803 slnusaukazguniiivinzanvesnseuaunsinlsladalundaz Usvian
Y = A gy v Y a ° a
Aenn5199 2.3 wieldiluteyaluldiasanuaznisivunaniizvesnssuiunisinlslada
dmSunUssundanuidemannningiusiig o

AN 2.3 DRTINSIAANNS DUl UNTZUIUNITVRINTEUILNS IS ladausasUseny

UsTMNszuIuNg ansmstianuiou (°C/s) gaumnil (°0)
Tnlslagawuutn 0.1-1.0 300-500
Inlslafawuuisa 1-100 500-900

Inlslaganuuisiuin 17nn31 1,000 500-900
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2.3.6 YUAVININOAU

q
a [

slnvesingiu (Types of feedstocks) 1ulladeftimuddglusegnsis

q
a

dnfunsulssvrssnanainidundsnudomaonssuiumsinlslada iesanwanadin
lTuudazainazdgadnvazianiziunndatu Wotlussuidundsudomdsaus
matenasresninsaeiiléFedanuunndieiu uasSuaimefidamansenudonisily
T dudifudomadlueiessud aneuifeludimmsseiiiiuandnideialan
lovhnisfnwuazidenisldvesnanainyingig o Lﬂui’mqauﬁm%mamL?JW%’NWL%@LW%Q
Tnoran1s3dednilnguadliin msléwaraindsdafuingivlunmaussudundsay
Fewndsiinadoamuninuazanifniatomdeniiulédn Snvadiinardedndiuves
wansaueiildannsldnarainulianiie 9 fausingiiuluauideues Miandad, R. et al,
(2017) AildAnwidvEnavosnslinaradnudn PS, PP uay PE Taufswanafnuansening
wara@nyfia PS/PP, PS/PE, PS/PP/PE wag PS/PP/PE/PET 1luingauluniswdsguilu
ihiudemasiidsmadendnsusiaunmuarauifmadomdmomandusiild fuandy
SUTl 2.8 wenannil audimadondsemaniuridarumianainsoglutag 1.92-2.09 cst,
AMLALBET 910-920 ke/m’, alvammegil -11 1 -60 °C audssangh -15 fis -65 °C
Uty 28.10-30.20 °C waveAuSeudowasegil 41.40-41.80 Mi/kg

i
Y

mgannnil gATedsanuaulalunisfnyinaridenansenuainnisly

Y
a1 LY

vegnanainylingng o Nldeanninuagauiinisdonds suudwansenuiiinduse

a

< ¢ =~ vz & a ) - s <
ﬁlliiauzsummimﬂumLLaszaWT-}VLEJLﬁEJﬁ]’]ﬂﬂWﬂ“UL‘LJUL“UEJL‘Wﬁﬂ‘waﬂﬁlumiawumm?ja%uwmﬂ

ILLiquid oil ® Char ® Gases "Wax

0
>
80.8%

=
&
o
©

(%)

2
<
8

s

Y

2
o
3

54.0%
51.2%
— 49.0%
47.1%
40.0%
42.0%

dnaEuv0INan TN
38.3%

| 25.0%

18.0%

7.7%
3.9%

PP PE PS/PP PS/PE PP/PE PS/PP/PE  PS/PP/PE/PET
wliavaaingdiu (wanadin)

JUN 2.8 dndiuvemdnduainlaainnisidnaradinyiagig 9 (Miandad, R. et al, 2017)
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24 wquiugrueossudaiea

\Aeseud aneds indesinsudogunsaifiannsnidsundsradiliannidemas
I Hundanuandou Tnemswilwivesenmatuidomdudiudeudundnuna Tnednlng
waglusUvosnanyuraunatashids wisssudanufoundoiniossudunlvsidanisg
wuseendu 2 Ussiavndn 4 fie inSesuddumunieuenuaziassseusduniunnely

1. wieswsuidunumeouen Wueteseudiinaunividemansueniaioseud
Tngtiomaanmamilwsivesemaiuidomddidomeuioulugiwesmaviniiass
Felnfuansviaudniundnids fafu arsiousasansiiensunivndidadureslua
ﬂuawﬁmazgﬂLL&lﬂaaﬂmﬂf"fu'ImJNﬁaﬁwmm%’aumiﬁLﬁmmil,miwﬁﬁﬂzié’uﬁaﬁ’u%umu
fAmnsIAdeuTIveAT oI

2. indessuddununigly uedeseudiiinaalndidomdsmelufiedeseusd
TasthiowannnswlndvesenatuidemdslUlfiduasinudwmiudasdlaenss
wpsuFdunUneludueiosudamuou Judamdmueiludemadndundsnuna
Tnsdnilunjegluzvasnavyurasnandsinga luduusnidemdsasruatondsuoontlawes
melurdosoud udrmeruiounietdesndsnu ndwnumuiouiasgniiugamai
wazarudurasuialuiniossud udufariudugedfazndndunalnvonaiossudidu
mawdasmsveneivesuialasendedudausing 4 vensdoseudlfiunsmunandamios
mandeuiszgnideuseiituiResvidessuudsias ledwiundsnunalugUveanisvyy
Wl numumnuszasdtugning danlvauduedsuddunineluandueiessuigngy
fladuii Surdouiiaduiidluinegmelunszuenguueasdeseus enfiltu inTeseudfioa

wdesudiea [Wuadsssuddumunielusianisgnimuitulag snedv fiwa
(Rudolf Diesel) dsldudnnisinausnensynszidalagamdeuainnisdneinialuluiana
feamuuduivlunszuangu Weluanagndudaiazfiendsnuauieutu uazia
dnfudomdaiielfiinnsmnlnifaifeifondnogmiaein “laTossudqnssdadae
n159m (Compression ignition engine)” ﬁgqﬁm%"msmﬁﬁLsnaiﬁﬁﬁwuﬂﬁﬁﬂﬁzam%quqsﬁu
laiiasdudutag M usadn wagmadsevdademas Tudgtuldfinmsdiaiessudiiea
LUlHeg19n7199190u91UUTEANAN 9 WU AIANITANUIANYIUET NIABAGINNTTN LAY
manuasnsss Hudu sedluinendnusidutazndnisamueiosudifivn Taduedosweud
flazgminanldaudmiuneaevanssnuzveeiowud AadnuurnsEning uazuafivleids
sufmginssunsduiiistuainnisvhausesaiessudideldiiudemaannues wanain
Ussaneng 4 faagnanddluuni 4

241  vdnmsinudasfuvaaisswsudiiea

P3spudfisaviaindssuignsndasenssadiuiauieindnsediile

odanilsdie Yndns 4 damg viepdng 2 Sz enfulemzuauuuiiiinsoenuuuldy
fewanedauviity ImammzﬁLﬂ%’lawwﬁt,uuqﬂgjuﬁwmﬁ?uqﬂgjuwm?{auﬁﬂé’uiﬂﬂé’um
Tunszuangu wazdnevonfndiuinuguludanandouies Ssnsndeudindulunduani
aggnuldsuluidunsmyuveananterios Wegnauindeuiludiumisuugaviosumis
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Audn18uY (Top dead center, TDC) nlviuSuansluvieswlndiiddegnandausen

a

U3unsiidn “U3innsdn (Clearance volume, Vo) uariilegnguindeufiogiumisansgn
VI wvaAudnea19 (Bottom dead center, BDC) ﬁﬂﬁﬂ%mmﬂuﬁaqmlwﬁﬁmmmﬁqﬂ
FaiFenuinesii “Usinssau (Total volume, V) Tasusinasfinanalnegnguszmning
USumsnuuazUsnnmsene “Usumninszdn (Displacement volume or Swept volume, Vy)”
Fe8msndruseninsliunsgeganazUiunnsiigaiienit “sns1dun1sda (Compression
ratio, r.)” fanansluannsi 2.1 druszerseviiumiqudmeuuiazaudnoansie szoy
Fnu3eYedn (Stroke) vadgnay LLamswazLﬁaméﬁ’quﬁ 2.9 (Heywood, John B., 1988)

U7l 2.9 nalpvreunTessuduuugngu (ATeseudanszilnmienison)

€aN

V. +V
r=—<4—< (2.1)
VC
89 rc AB OMNIIEIUNITON
Ve Ao Usumsem (cm?)
Vy Aa Usu1msnsedm (cm?)

242  AININIVINNUVBAUATDWUARLYA 4 Fane
Heywood, John B., (1988) uag Pulkrabek, W. W., (2004) laasuiefiainins
N137N91UYBUATBIBUAAWA 4 Tevae lulsaznIzuanguYaLAIosuizaasldTnie
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N15AFOUNVBIGNAU 4 F99Ie MSOMNAITOWIEIMYU 2 ToU FIlATanazinae 1 Janieuu
auysal viselviasu 1 Jgdnsmsviinu aunseesuielalagdauydsil

1. szgn (Intake stroke) dumzgaanaulndounNAugaeu (TDO) T
Fagudnieane BDC) varndulefiUauazauledeUn Wunsveneunnsieaninduas
MIANAINAUAINIIUTIEINTA 9INANIEUBNIINAUlraLingnIzUanNau AUNTENIgNaY
\AReUNNFUdaea1e (BDC) Aaguit 2.10 (n)

2. 9gdn (Compression stroke) JnzdnaulefaziUadiaindounagued
M18a19 (BDO) ganguiadeudludiaudaieuu (TDO) luvueiaulefuazduledeUnaiin
laflaggnanUsuinsneanuduuazoungiigedu (esainauledldaiuisalalaviui

:.’/ % a a a Qy aa a (% 6 !
wszaviunsdalensuiiodulefUnatinvdgudaivans (BDC) Insainmeanielunsyuan

= s U Y A A = 1 o Y 1Y)
gUVBALATRIUARIRLNERMERUTIRTUSEIN 1:17-1:23 Falutiegavinevesdamesn
wenasazgninluazeswlesidigiourlnduasnauiveiniafou ilideindin
mMasemediegesInsaran vy unssusiuresnseuiunmsiug dsgun 2.10 ()

3. M3wug (Combustion) M5t UBIEIUNANTENIINTBLNE IUAE
a1nafindulugiafdunougnguinfioufsgudaisuy (bTDC) n1slndiinduegng

2 A ¢ = o o Y = Y
WuAnaudatguu (T0C) Falunswnlndifiaduduasi (Constant pressure) JudUan
N133AeINEY waranguinfeunasdaudaiudis (TDC) deguin 2.10 (A) nswnludinelv
Anniswasuwlasdudsznavnialinasiluleds wasiiivgaumgiluiesnlvndlvgs
wnFudanalinuauveialuiountndgmiulaig

4. Jamgnaamiedaimizvengn (Power stroke) davizindansadanae
vereiilutisnaulefuazduledeUaaivuazainnszvaunisunivdveatonas vidliin
Ausuasluiesi lnddugnauliafeunasaindunisgugaeuu (TDO) ludaudnigans
(BDQ) Faludameiiasosaudbimdaazunisvenefivesasioun nddmalrniueiu
wazaamiluvsanivndanas degun 2.10 (1)

5. msssuelode (Exhaust blowdown) Fuamevesiwneindilasiuleds
waiiesruiglodemnudunazemngiilunsevengudsilrigannidaisuiisuiu
ussEINIANgUennIzuangu mennilleidediulngfedlunszueanauszaigeanain
nszvenguitkAgngudnafeuniasulifisaudaiedans (BDC) fagui 2.10 (@) ¥y
loideniiowiiadl (Enthalpy) awihliszdnsamidsninuseuvesinginsanas Metin1silngu
lodaneudsguidneaudazdanadoUsz@nsnmidennusou uwideaudnduienin
nsssueladeiideidiam

6. Femeanglaids (Exhaust stroke) Jumzaeladailuiafignguiniowd
= 6 1 o < 14 = % (I) d‘ Y a % L%
feaudaieans (BDO) lunszuangududuludlslaideainuduainlnaidesiuninuau

- A P4 ¢ i 4 Aa Y =
U384 LlegnauiAfaunduanaugaiuan (BDC) luvusndulefUauazduleide

Uneg lodeazgnldeanainnssuenguaumiennaaileslsunsdn (Clearance volume)
fAaguTl 2.10 () Wegnguisaudneuu (TDC) neugnguaierudmevuaulefazisuide way
a A [ L4 [ a v o v v ! ! 2 = a
Ungaindsaudaisuu @TDO) WWunisisuduidamizwsnvesiginssdely dwauleideasisy
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Unnouaudmeuvy waslnadvndagudmevuanios Fnnouwaznaegudnsuuantasy
lugrsdemzaarinevesdamzaiglods uazrrasuduvesdamnegeindudnnaulefwas
lodeilnagieiu Susundieiiinn “yududeumdsy (Valve overlap)”

[

gﬂﬁ 2.10 1) NIMSUTBLASessuRYa 4 Simy (Heywood, John B., 1988)

243  nszurunsnindivesaiaseudiva
nszuumsnlviveaaiesudtivalunssuaunsiifinnududou
2.4.3.1 anusulunszuenguy
Ausilunszuengu (in-cylinder pressure, ICP) fg Anuduiiinty
ﬂﬂﬂiUﬂiz‘U@ﬂ@jULU%UULﬁHUﬁU@Qﬁ’]LWﬁW‘ﬁ@LM%EJW]I’N 9 Tug9994mEN 150 ALAYIINIY
mMsmevesigdnsmaiiuvennieseud dudutladuddnlunmsfnunnudnuusnisinll
waztfuisimuzdmiunisindnsinisdanvaesndsnumiuiouvosndsnuaiily
ihiudomds annsadaldfenisadmsuaineoianududietanuduiiianigly
ounlnl nednwurresnnudulunssvonguutseaniu 2 diu fe Arwduiiinty
Howmnmsanasmesiinaslunssuonguludonegnsde uazanuduiiinduannisuil
voudoindanandlddeguil 211 anduldd nsdiiedossudlifinnmnivdvoademasns
wansdnwazaufulunszuenguiaduds: @) nande eUIunsnszuenguues
.iassudiAnnisanasiinaliaudulunszuenguasiuludonznsdaaugnauiadeud
fa TDC uaziinnsanasvasaudulunsruanguludsngnisane wall nadiiiessudd
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mawlvsivesdeimdsasniiuldausundgnaunduadoudiisgn TDC eunign B
arwiilunsruenguargaiuegusiniiauiosnnmamilnivendomds waziinnisanas
vosanuduilawndosudidngfamenmsmonazdnanawindvesdomasanas fauans
AULWAFUTAY (o)

1
1
1
1
1
1
50 i
1
1
1
@ 807
=
2 :
2 30 i Annawmn v
b 1
< 1
poe 1
& i
20 T 1
1
1
1
i
10 1 I Y - .
! ~_ lfinsenlngd
| T~
O I I I ]
-120 -60 TDC 60 120

paraTaLAIE (°CA)
U 2.11 mwdlunszuenguusaniessusiqnsziiadnenissa (Stone, R, 2012)

waN3INI NdnwazvesaNsulunsEuanauuansiegun 2.11
1 1 o P Y & [ % ! 1 o 1 I 1

A1N190UUITNITTINIUYenAT et udlaidu 4 szee laun (1) Yasiuniegn A-B 10uag
AMUAIEINTYNTELTA (Funiagn A Ao Msisudureins@ntidudeindsdrgrioanning)
(2) F2EUIUgA B-C Faenstibndodnesinsa (3) 3aadaunisga CD 9a3n1sningd
ANAUAY Wag (4) A1uniegn D aduganisw gl il nd1ilagasideniianseuiunis
minTulacal

1. syeedl 15UAUAINgA A Weviaasudarduiendadnluly
Wosnmgurdslsiiinniswlvdaudian B %qsvavﬁmﬁaﬂfjfl “939819IN59A 52N (Ignition
delay)” srordaudulufeanilnday awuwaa 9 LWINY aﬂaummmaauwﬁuu
lesnenie umumamaqmmaﬂawmawml,mlwmaaﬂLam uazdloavonsntudeimas
figndnfiiinadiinnmenazuisdruazseiedulensesazunlngd

=i d' TS a 2/ ' < o v/

2. szeedl 2 delerndusudaliuaziinniswivdegesimsa il
nenusunglusasnlringaiuiiilaginga B ludwa C szagiliSenin “dranisinlngd
98139530157 (Rapid combustion period)”
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3. szeedl 3 6oa1nyn C untuaindmdaldlamnludsinduinduy
szjaLwaaﬁgﬂamaanmmﬂmaﬂammamma YiAnnsn sty AINTULIIVRINT N

IWU’NUQU%UQSﬂUE]G]i’Wﬂ’]iQﬂU’]?LI‘L!L’UE)L‘Wﬁ\‘lﬂizﬂE)‘Uﬂ‘Uﬂ’]iLLWiﬂiSQWEJGUE]\‘i@@ﬂ‘ULQUVIL‘Viﬁ’e]ﬁ]%

Y

seegyn C lUgn D TSN “Gai'mﬂ’mmiwmigﬂmuqu (Controlled combustion period)”
%aéjuqmaaﬁﬁ;m D w%famﬁ'uéjuqﬂmﬁmﬁwﬁuﬁamaa fai'mm'ussgmmnmlwﬁﬁmmé’fumaqﬁu
visonaivsonasfile
4. s3e?l 4 nés9nge D gnisendn “dramdsmsinnlug (Period of
after buming)” udsniidaveedntniudeimdad: iudemasiidmandoogluess
sy rusituentiauiivasvdesguduiansunivgse nmawlwdilugistaslivnnguu
dunsmmzdunanfoduiuiignguedeuiios Viiaslufeasnlniiasseioniratiuh
anusuluiesnlvlianas
2.4.3.2 dasnsuanUdeeanuou
dnsmsUasudesauseu (Rate of heat release, ROHR) iumdnnis
gy °mfﬂﬁuaﬁmaniﬁﬂgmimmiLmlmmaium“uaﬂau FsdnmsvanUdesanuion
o Snaiindsnuaivesiifudemagnudoseenunanniselvinislunszuengu
ImEJﬁmammﬂmmamwuﬁﬁuaqmmmﬂumwuaﬂquL.LawﬂimmmuawmL‘wmﬁummaa
A9 9 pungded 1 maveslulaufinddmivszuvudalaglifinrsaumadluaidiiesn

MelaanuRgunszuunsndlnsla (Polytropic) Feanunsauandfaunsn 2.2

d
A

daQ Y dv Y dp
_— = e —+7.V_
d0 = y—1 Pde Ty—1 "o 2.2)

daQ

Tnen Ao ens1N1sUanUansmINLsay

b

Ao §nT1AIUUBIAIAINTRUTIINEYRIONALLDALAR

b

b

Ao AnusluRLN bl (Bar)

b

de

Y

(S) e aqmsuauwmﬁi’fami"sm (°CA)
P

V

Ao Ysumstusiaaenlug (m?)

an31N1sUanUAREAINTOULUINTEUIUNSVRIERTINSUARUABY
anufeusenilu 4 923 fe (1) Trsardnisgasadn @) Fremsunlndventemasinay
Hrouuds (3) Tansunlndivondomdsiiauaulaonisuau wag @) 929015 lndi4n
Feluusazrasgnaruaulaensrurunisnsiidnduazindiuandeiu fguil 2.12 wang
unundisnsnisanUdesnudeuluedessusuuudndomadeaenss Tasannsoeiune
wadavldsdl
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daartilunsynseide

Sou

tranawn o sanana

i v -
Yanswlwiieouaulaemsea

| v
|7 gaanmawnlngid

| |

~ 1

UanUaasainu
1 1

BRIINIT

@

SOl
1

] T ]
160 2 b 170 180 190 200 210
pamIwaTRIAIBg (°CA)

JU 7t 2.12 SasnsUanUassaudeulusessuiuuudnidemadagnse
(AnUasa1n Heywood, John B., 1988)

1. watilun1sgeszida (Ienition delay period, a-b) 1ugeszning
mﬁl,smusuaamsaﬂwat,waa (Start of injection, SOI mamaal,ml‘wmLLaumsLﬁmumsLmlm
Feautinaneninuazmaaiivosifudomdsdinadonisgassdafiand lnsesune
seaudonldwil

HAINENURANIN1BAIN (Physical processes) Ao nsnsyateiilu
azoawlosvosiudemaidndill leveshifudomnas uagnsuaufusewingeinia
futhifudemds nmsuandveniiudomasiidazdosnisussiulunsdaige suosiida
fiflouadn diudomdsiinrumiadich indesudiidnsdnnisdniigs wavesanisia
Foundsdmiuiaiosudlaeihluaiitesgadmivtudadomasie 10-15 ssmnouds
AUgIEUY

Y
a

mamﬂammmqmu (Chemical processes) \utladeiifianudfayse
ﬂ’]ﬁﬁ](ﬂi‘“L‘U(ﬂfmEJGI’JL@Q“U@QN’I%JUL‘U@LW@Q ﬁQ£uamummaauwmuL%aLwaqmmmamammawﬂu
n3ynszidn LLazamumaqmiqmzwmmmmmawumma%lmﬂumLawmumamwmu
%QLam%quﬁvﬁl’wﬁflﬁuﬁ?@LwéwvLﬁmmmdﬁﬂumsam%ﬁm waglunsaifivudemasiian
LaﬁummwmnaﬂummmvLUm] auaaLLaviwnaLwawastuﬂmmvwm Tnedisns
mwa@ﬂaaammaamuﬁuuasm‘uamﬁmiamﬁnmwama NSNANAUTENI 1991NANY
dsudomnas

2. dramsmnlndivesansuay (Premixed combustion phase, b—c)
Tugsilfunmswnndvondomdeiinauiveneludisarilunisgnssda lnonisulnd
Aaznludineunseudu Fliananiswiludegresiasnazilunaliilonsi nsvanlaes
arufeulurisiias

3. demswludimunslnenisueas (Mixing-Controlled combustion

phase, c-d) {unswlndndsnniswnlndvesdomdignuaniveinialugisaidilu
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nsgnszdnldgniningiounun lugastazgnauaulaeusmaidemasingounlg
SasnsUanudesannudoutisdaziinitludianisnludvesannan wdrrzananie
nswnvgdenituseld

4. Hrnsenliidn (Late combustion phase, d—e) iutiefimswilvi
voudemdsiifnsmauvdoogngluieanlndidndosuasidunismnlundvouiniiin
Mnmalndivesdiunaumiiniunouniing f8msnisanudesaufeuiivnlufmne
fimsvereiinelunszusngu

2.4.33 Fuusransanuulsiu

FuUszansAnuuysiiu (Coefficient of variation, COV) Aind118u
Audnuaregnisiifintuluedossuddumuniely wasBumnsfimesidiauddry
Tunsdsediuaiosnmlunasnivdivesdomadundas 19ing faaunsolemeildan
maAsunlasesmudugsanlunszuanguiiintuluuias T ndnsnisvnurensdoseus
uanand fannsodwialdnnmadsuulamosadnuurnseniniluuiaz Ygdng
frearuduinaladousd Ganmndiunianainnisieiiiudemnandirgienlg
lahianesilienudugsanlunszuongulinad Tasfirrduussansauuysiuiaasiien
LaiAu 10 Wesidud 1lesanmnAm uudsiiufigeavdmansynuseuszansammsviany
GU'eNLﬂ%wumazmiﬂaméaauaﬁwimﬁaﬁqﬁu (Heywood, John B., 1988; Shi, J., 2019)
Fermnildnaunisi 2.3-2.5

(o)
COV.  =-="%x100 (2.3)
Pmax Pmax
) ol
o =] -P
Pmax NNZ;‘( max,i max) 24)
_ N
P =—>P (2.5)
max N N max,i
Tnefl  cov, A dssavianuudsiuvesanudugegalu N Tndns

Ao ALTELUULINTIIVVRIANLGUGIEAtY N T3N3

Pmax

9 AlLRALYIANLAUEIEAlY N 193Ns

o))

max

N An IwIIgansnlddmiunisiinsien
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244 wanwladeanaioeudnwa

w3ossudAwaduadessudfideuthunldlunsiundeusunivusield
Judumddlitueiosdnsnasiie q lneadendnnisiudsuwlamdsnuanndasuaiiale
Mnnsunlnsieadeamas @slelnsaiuew) lukesminvsueissudldnanadund e
ymananeldrnusiunargumgifigs dddumamnuiinda dusinliezidunfveulnoonles
(COp waziin (H,0) wiluaauiduasudindunuituaivlodefdunansueiininain
nsnlndlasdulngudiasuszneulusie arsueulaeenles 1 wazesndiaudiuiiy
e?fw‘%mmﬂ'ﬁﬂamﬂéaauaﬁwlaLﬁaﬁLﬁmﬁuﬁuagﬁuﬂﬁamq 9 ldun Ussamueaaiessus
40NEMIYINNUYBIATBIBUA (NT2uTBIATEILUR, AuEaTeuIATeIsud, AndnLe
mMsanthsudemnas uazauiRmademas Wesenisudeomasseneudilalnsaiveu
Wy w151 Towadlu wagerlsiufng (Heywood, John B., 1988) TnaUn@udivesnisuaes
vafiwluleiFsvonniosoudiea A lotn (H,0) Usvana 2-12 wWosdus msueulasenles
(COp) Usznm 2-12 Wesidud pandiau (0) Uszunn 3-17 wWeodidusd vafiwleidedy q
Useana 1 Wesidud wavduilindeveswafivledeiiiniuszifululnsiousenlas (Ny)
Fauandlugul 2.13

lovh (H,0)

arsvaulasanled (CO,)
Tulnsniaueanled (N,)

N Pendiau (0)

a o
uaRwdy 9

-

a;' Y ¥ o o & ! a a 4' cal
E‘U‘VI 2.13 ﬂ'ﬂllL“USJ"UUﬁﬂJWVIﬁ‘UENﬂ'ﬁUaEJEJNaW‘UELUVL@LﬁEJ"UEJ\'iLﬂﬁ'eNEJUG]@L‘Ua

Pnmswivdivenaieseudfgadafinanudriuduunassuiafidday
uwnaanifineliiAnuafivledefidsmansznudeuyuduardunndon iesainuaivloide
fosdusznovvesdanes lulasiau uwarlelasasuou Fuafivimariiansiinelsiin
IspuziSegduegiie wu lwudy, Wesdadled, Indlendnezlsunfalalasasueu 1usiu
uennil asUszneudamleifiintussnitnszuaumarnvsivesidufivassgneenslad
naneudameslaeenles uasiilouiisesuimieledlueinmmeansadsudy
nandavafiiudunrereuywduasdunnden Tasuafivlodendn 1 fidatuanniswlud
veuAdessudfiea toun Tulssiaueenlad (NOY lelasansueu (HC) mfususauanled (CO)
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uavf|uazoesvi3elvin (Particulate matter, PM or Smoke) duafiuleldsdrulugfifiaain
\A3nsudfieafio NOy waz PM Bndadudunafivloidefisrndenisaiuauliiusua
nsUanddeslvioglussdui feanvni wmsgrunisanudesuafislodenieoseus
Fagnimuntulaenisiualsd NOy, HC, CO way PM usafiwenuau (Heywood, John B,
1988; Majewski, W. A, et al., 2006) %ammma%maﬁwiwﬂgmizﬁmilﬁmuaﬂwial,?mmahﬁ
mnmasningveneiessudldlneduauded
2.4.4.1 wadiwlulasiaueanlys

Tulnsiausenles (Nitrogen oxide, NOY Wuwafivledeiiindu
Mnnmasnlndivouniessudiiea Faflesdusznoundniuasuszneuluninoenlas (NO)
Uszanas 80-90 Wosidud uazdnuszunas 10-20 wWoesigudlululasulaeenled (NO,)
Tngautinanivesarsszneviisansuansdinisnad 2.4 lnsunfudiuafivloidely
\ASesBUATgavsiiUS I NOy 9851119149 50 §19 1,000 ppm N15A8FIYBIUATY NOy
TuAdssuiiuintuannisesninduresiulasiuluoinmaseienisun v vasenia
wazioindaneluriesnnlniinneldanmzgumninagaiudugs Sntsdufntuldlusewing
Pandudumamninduarlutisimdu § mevdnfaanudugsannslunszuengy
FsdnuwaUisemainlunineenlediinanes iy

A15197 2.4 anvRniaaiivesansusenavlunsneanlunuas lulpsiaulaeanlan

. - #15Usznau

S lunsnaanlua lulnsiauleeanleya
gnsluana NO NO,
thwiinlaana 30.01 46.01
anwazUsng Lainid themauns
AUVUINUY 1.0367 -
YANADULYA -161 °C 9.3 °C
LN -151°C 21.3 °C

uafty NOy uldindunfafviifinansznusesyviuazduindon
nanafe Weseneldsu NOy i luluseneuds Tulasueenledarludusiuielilnady
Anduwsislilnadu Jeilnelalnadulusisneliannsasusendiauld desamesudn
Tdudsnannnazieliindunsiedeguained1siiounss Ineaindeyavensudaasy
aunmAsndenszyliin Saneuywdainnsaiu NOk Idfinnadudulaiviu 320 pg/m’
30 0.17 pprm e 1 Fluawviniy tinidelandsldinengniiausisnisanuazmun
U3uad NOk ﬁLﬁmﬁuiﬁagﬂwaié’uﬂmgwumsmuquﬂ%mmuaﬂw Fathy maiamuariTy
n15U1anafivledonsoniunaandsuazeindududsdfyiietisuddymidang

(Majewski & Khair, 2006; Perry, R.H., 1984)
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wenmniadedineliin NOk fafinamandreudafitadonsnedidin
su 9 Tngnalnnsidalulpsiausenlasanmswnndivenaioswudfwativannsaudeanld
Ju 3 nalnnan o e

1. naln Prompt NO LJunalafignszylae Charles P. Fenimore
Feasunedn “nalniifunalnnisnedves NOx Tuannuandeunisianlniifigumgd
andnalnaiiuien” mawuﬂaiﬂmm@mﬂiuLaﬂasumluimwuiummﬂmﬂgﬂssm
fulalasansueudlofinswilng Tnsazifindwiofinisw ndifidrunandoiwdainu
Tnade “Prompt” ldun1annnisnesiegnesiniiaves NOx Tuimadlil aunalndisinisa
luanalalasmfueuuiasendululasauiioatraediu (NHy) wazlutanaleenlu (CN)
asUsgneuiiAntuman iU fuduiiul §sensedunans teadns NOx UfAZen
soluil Gauamdldweannisd 2.6-2.11 (Tums, S. R., 2012)

CH + N, = CHN + N (2.6)
C+N, = CN + N (2.7)
HCN+ O = NCO + H (2.8)
NCO + H - NH + CO (2.9)
NH + H = N + H, (2.10)
N + OH = NO + H (2.11)

2. naln Fuel NO Lﬁm?gumﬂﬂgjﬁ%awaaaaﬂ%Lauﬁuluimt,ﬁmﬁ
Futvansdunisifegludemas nsrvaunsiddanududeuiosaniadddsiuaumin
warUfiAsendounduld edrslsfiany driufiwanasiduvsenatadndlulasianly
USunausingnn LﬂumLwﬁ;ﬁﬁﬂﬁﬂalmfﬁmmﬁﬁﬁglﬂwﬁﬂﬁaaLﬁ@Lﬂ%ﬂULﬁaUﬁUﬂalﬂﬁu ‘
(Kalargaris, 1., 2017)

3. naln Thermal NO w3analnilifunin “walndw (Zeldovich)”
Junalnmaeiiiesuienmsineenfinduredulasiausasnsnesives NO (aunisit 2.12
wazaun1s? 2.13) saaueilundusnlnedniidndensadede Yakov Borisovich Zeldovich
wazluianmeun Lavoie, G. A, et al. (1970) lﬁLﬁmﬂﬁﬁ%m%qﬁaﬂ’h “nalnalaIvwuuleeY
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(Extended Zeldovich)” uanssisaunisi 2.14 fuduufazenddmddyduegranndenisde
fves NO illosanmaulniifigamnigilananaseniiauuvdiuazusndaiuesney niuds
Aemssausiudulanalulasau waznedidu NO nsiineandwduvediuanalulasiau
@aduanvmuesnaia NO) Buduilan1izgungivseann 1,000 °C uazfiutiuege3inld
MR991n 1,300 °C (éi’m%’umsﬁu%usuaaqmmﬁnﬂ 9 100 °C azinnsnafives NO Uu 2 i)
(Hsu, B. D, 2002) il lulasiaulueniadloogluiiguugiigeesaieanludvousaseus
vsdnveshilnsiauszaeug (N) szinnsuandadululasiouerasafed (N) Jsaansa
ufAsefuanssulddiends dedu ieinguugiigeasdmaliiininia NOy figetu
w19 NOy Tursaseusmalnedilnaiinarnnaln Thermal NO

O+ N, = NO + N (2.12)
N+ O, = NO + O (2.13)
N + OH = NO + H (2.14)

nasannisiieuafivletdulunineanled (NO) uredIuvzgn
Wasulululasiuleeenled (NO,) egnuaeseendusseinia laefl NO \inufAseniu
lowuazeandiauegiesieliies Avaun1sn 2.15-2.16

NO + H,O = NO, + H, (2.15)
NO + 02 == NOZ +0 (216)

2.4.4.2 yafiwlglasansuou

lalasa15ueu (Hydrocarbons, HO) Wuansdun3dfivanuaesain
loidsveaninsudfwaluguvosuia deuszneuluselalasmivouiasiig o fAaain
ihfudemduazitundedu andnuurlalnsasuonveuiduidomdsaniunfueu
yiialddu drulslnsaiveuvesihdundedulsznoulufelanewidn dalelasasveuly
lodefiAnduiuardinauuaziilvetorveng q lusresnieianisszaeiies snvadari
Uiiserfuemeaiadunuenatu lasdunaldainafurnivdesesnuiainvieleidedu
fisuandsmnuitudures HC fige Jaafiy HC Tnsunfudrasinduidesnansuszney
vondoumdsiimnlndlianysal lHun Womdsildgnnlunsiudegnuludifissunsday
dnilngjanifuluanaiifvumdniiunndranluanavuialugifignisnndfusienlusflsinue



32

anwzlalnsA1suauinTuazkANAAUlUAUNSEA LYY B NAIN T NS 1dIUNEY

a

uazUszinnvedamasiuanaieiu Tnsdandwesemaiuidemanduilafefidsviua
sranndemsiinuaivlelasafueuluaiossudfioa 1wy nsdlludsmensgaseidaandl
fi8nsdrunaneniafudondsiidonsniiuly wasnsddnmdiunauveseiniady
douaduuTuaildngaulugisniaening Saluamadidelifnlelasensueululeids
ity warditundeduiindousguinaniwenssuonguududnavnuiledineld
AnlalasArsusunIniy (Heywood, 1988; Majewski & Khair, 2006) d1%5ULA30 18U fLea
Tnghluudriivsunamafivlelnsasususgszning 20 s 300 ppm et annndineliin
mawnlviiliauysaivoadamaslunioseuifeaiuasintuldanuaieaing o1

1. meluteanlwsifiivenvizedoau q Midemamiolefanse
dnldegaumonsing 4 iegnguindeufituluimiznisdnnuiulunszuenguassulif
difudemdadildfinmurenndedesing q Wodnnswnlndidomadudiudaylia
s ngivisan b lauysal

2. Usnamdanszuanguiiloarliawlufmidagunszuengy
Fsudnassnanionmgiinilesneglndszuuszuisanudeudsdmalyialifu el
ouwasursdulaignisnlig

3. lelpsasuauiiiinduanansvaedutiuaunsngaduuazudes
lelasasuouldfunalidomadlelasmsveuiuluanunsomn vy

2.4.4.3 dafiwA1suaulauanten

msuausouenlas (Carlbon monoxide, CO) WuuAadlaidd laifinau
Liflsa LivinlfiAnnisnseu wazufafiviinaldedeszuunismslaveauywd 1ilesan
demelathludunuvesniveuneuuenledarsuiiuslulnatuludadenuasiin
Juansvenddlulnadudmalinuainnisdndeseendiaufianasitlfiinanzuineinia
wela (it 15e0ems wazane, 2557) uonanni Sedanasosesulelauluduussenne
FaduamamdniivhlfiAeanmglanfou il miveuseuuenldtuduiaiulodediindu
Mnnmsenlviidiliauysalvesiaioseud lasdrulngimuluannznsunintaeldnsnainns
FaAnniifeendiauliiisswerdefionmateeiiululunsviujisenduansuousening
nszvaunsElnd Fofu Uhinunisuanddesanfueuseuuenledaiunsaniuauld
Tnednadrudemasdoiniaauya dnsuiaiossudfivalasialundaragnmsanudes
ansusuteuLenleffiiUsyana 10 89 500 ppm emndnvamswindiveaiowuddiva
wiiviinueonduiinnuasifismedensw v Seilfsnmdudumimsennmadodomas
(A/F ratio) snandmged (1nnnin 1) eenslsiny gamailunsunlvsifigedmwaliannisvh
UfAseszminseandiaukazasusunsuuenlydindunisueulasenlys

TudlagiiunsannsonsminasususeuenledfignuanUaeseon
MniAsesuFtuansavhlilnensldindemonledodausaufisen (Catalytic converter)
Felumadit (Platinum) vi3eunaiaiiiey (Palladium) Fsaziadevstuudiusesiuiivamain
wsfianagyiinstughifusussis dsuliidusiseiliaivouseuenlediufatondu
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pandiau eliiAniluariveulaeenladfaunisiail [2CO + 0, — 2C0,] Tnugunsal
fananilaggnandsliluvislodesnoud (aTesoud) lufimmassaindunisinaveuialowds
deledaiiumekiuaiomenlodedasaujitonasinufizensidnaifueuseuenled
Tnaneduasueaulaeenlen (Heywood, John B., 1988; futumn iisuties, 2555)
2.0.4.4 fuayapILaziusn

AuaveensaLvin (Particulate matter, PM & Smoke) A an1A
asveuluigneiiduveaudsuazvosnariignudesesninainleidevesiniossudaiea
wananidUssneuseansUsznoveiunideu q wu lulasiau lave Fawls wazlalasiau
Faduavossdviuiniossudfiwasglusuiviiaisueuuds laedidnvazidunsinay
Aflvuredusiiugudnaisegszning 15 da 30 wrluiuns Fsaunsauvsduazeold
pruvuIaduiiuaudnatsiade 1oun nuadaedea (Nuclei mode) Inuanisayas
(Accumulation mode) Wazlnuane1y (Coarse mode) IngoyniaRflidurugudnan
dnndn 50 unluiwas (eyniaunly) 1501 “Inuafiedoa” lusugfloyniaiiiidy
siugudnatssioust 50 unluiwas 81 1,000 wilumng dadulnueazay wazgavinsoynin
Afdusugudnanamnnndt 1 lulaswes Sadulvaaveny uanadsgud 2.14 Jeduazens
Alsanmasnlyiadesoudwaiivuindusuaudnatsiini 100 uiluwas (PM10)

Nanoparticles Fine
Dp<50nm Particles Log
Dp<25um
4—‘ < Ultrafine Particles | 0
Dp < 100 nm PM10
Dp < 10 pm
«—

07

Fractional deposition of particle 06
3

with density of 1 g/cm’

05

r04

=03

uonoel4 uonisodaq Jejoanly

Normalized Concentration, dC/C,.,/dlogDp

Nuclei ,-'I Accumulation"\_ Coarse
Modi ’_." Mode b M t L 04
=B @ P =3 . W
0.001 0.010 0.100 1.000 10.000
Diameter fum)
==« =-=Mass Weighting —— Number Weighting Alveolar Deposition Fraction |

JUN 2.14 YuIn0UNAHUAL 0BIYDIATEIEUARLYA

Huareawiselvindand niiinduannluanaveademndsnlignunlgd

) 4 1 a ! a ! P 1 L
vsognunduisdruluuadlvyiauninaniaziadlvydanaunasuiivi ludliauysal
Feflanmguraninduiendsvnsdnlidanisassivenatsiulowazgninnlndlivun
neliinuavesslulavgniaeseenunsenivuaiivlodelusUvesiuavesminvseiva
Asuauluguveds FausedunamuldseniUailuglvesniuiiiisenunainvieleds
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ONGELSRIT uaﬂmﬂﬁawLﬁmmﬂﬁwﬁuﬁéaﬁuu%nmmﬁaﬂszuaﬂqumqmugﬂLmiwﬁu,az
saudafunansfuduazensvends lnsunfudravessiduiindoninnismnlnduay
lovasihifundoauaregluzuvasansdunidssme (Volatile organic fraction) wiaansdun3s
azany (Soluble organic fraction) (fuUum 1isutios, 2555) FeesAUsznouveduazons
wiseomdu 3 drundn 9 Ao (1) drulsznouvetayninnisuou (2) duUsznauves
ansssnEBWEE uay (3) dulsznauvesans deesdusznautisiunduagiunalnniswnl
uazszuuleidoveandessuddadondnie guvnfinismilvl vwiauazUiinavesiuazens
Turdesoudaioa

25  AISIATITRNGRANTIUNIEUVDAS DsEUR
1u‘ﬂawumimmaauamamsawqmﬂsﬁumsmmmaﬂLmamummamsawniﬂa
A9 9 lmumiwwmaﬂﬂmua zindesilointu o1y drindygunisduasiiiou diia
opadndlivdu uazlulasivy 1udy iievaslunisiasgsiuazUssifiuamnuiaunily
nMsvnureneIewutawrsesining sudwhedesiumudemeiivnietuliluounan
qﬂﬂsail,t,azm%aﬁama'wﬁisﬁﬁwM%’Umsi’mé’agapmﬂﬁﬁuasLﬁaumaam%ﬁﬂiﬂaﬁm g
Lﬁaﬁﬂﬁmmﬂmﬁlﬁlﬂa‘%maLLafJLm’wﬁwqﬁﬂﬁmmiﬁwmuﬁ'Lﬁmsﬁu UnFkaIN1TInngAnssu
msdurenatesuiardenlddindyyumsduanioudugunsallunisnsiata esan
Aassironaziinnuannsolunsindld lnefinnsduasieuvenndessudiuiniuain
nsiadeulmveanIossud laua nsedeulnnuunyuiaznisiadeuilminduluun
ddyaziiuvdadudannmawnviiveneiossud deammimsindudemdmaden
uldifudomdsdmiviaiossunmeadeiinnusniuegnedaiifodinszd danginssu
nsduiiiety evsadusardosiurudemerestudiusing 4 veuedossudiilolday
Tussazen 5m71”’qé’fasu"aEJU'a%ﬁaﬂmé’ﬂwmvmﬁmﬂmﬂmmm’%"aaaum‘iuwiazi’g%’ﬂﬂé’%ﬂf}ha
wadalun1snsaiangAnssunahnureaiewudiensindyagnumsduasiiou
Usgnoude mylneiuulawuna mesgivulamuamud waensinseiuulau

(%
a

nauazaid e Tneanunsaesunemadanisindayanaeg o T
251 melnngidyanunsduuulawuiam

nMsleszidyranisduunlauuan (Time domain analysis) Inauans
HANITILATIZ ”’J&JmmamwuﬁivmwmLLauwaﬁquLLmLmumu,a LaluluILAUUDY
n19eTendyaauulauuiattenlddmsviasigetbounaynvesdyyin loun
AdIYTRIveY fyaianade Asniidsaeads mLﬁmwummgm AP AP LLAS
Fudy s Teisunildmeded wu Heidary, B., et al. (2013) wag Taghizadeh Alisaraei, A.,
et al. (2012) IFnwuwanisdureanisssudarnmsldisiuiwanaylulefwaiidnsdiy
19 9 Tngldmafiansieseidyaranisduuulauunan Janadafnainaiunsayae
vavenldtunulunisindyyiafiiaudfysevuianisdu Inefinnsduazifieuves
w3assudlununi (Vertical) fauiansduiigsnitnuianisduresaisssudlunuiuny

A7 (Longitudinal) WaguukAuwI19 (Lateral) uagdvnsnaaindnsidiunauinsiuiioimngs
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LAzALEITEUTE AT DI U dalnEnsIeTLIANTSEUTe AT BB URTIANTY wenani
Jaikumar, S., et al. (2020) lgwadinnsesesrdugransduuulamua ldusuls
widmsulnzinsdurenaiseuideinaisuwaidadiunisdaveedesus
252 melnngidyanumsduuulauuanud
NMsnTvEUAIadNINAYS BLS BBUR e T IeTid U sduaiTiow
vulaumI1ud (Frequency domain analysis) fouldimealianisudasiSesuuuidl (Fast
fourier transform, FFT) Fsagldfuvasdyarauulauunalmiudygiauulamuaiud
TuLLmLmué?aL"fluﬁhLL@MW%WLLaquLLmLmuuamﬂummﬁ mu‘i%’aﬁiﬁz’ﬁmﬁﬂmi‘imﬂvﬁ
vulaLuALd W Karanjikar, et al. (2015) 14 FFT weufusIndaananisduasifion
iummmiwmammmmaqmimaummeﬁa 1 gu Wlefnuinansenuvesgamaiinisnasiiu
dolduanasnisduasifiouvasaiseudinsetsud Wudeafuiunuideves Yang, T, et al
(2018) Fivnsiimssimsduaiiiouvanaiseudiwaainmswilng Tneldisuiies
NauLTaIAsdATERnnsEUIunsTaesinsUsamaiian1sinse FET sauiiald
ArTnidEenaasuarlEnd miuUssneunsiased wenaini S. Chomphan et al.
(2018) Wnshasehdewmailn FFT Wiiowenauunns19seninadesueunsoseun iviey
UnRfuiaiessudfviiauinund 38n1sdenanaiuisalduendnuaenisiiauves
w3nssuinelditoulasing 4 Idegnadiusg@nsam
253 malnngidyaumduuulauunauazamd
mMssgidyaunsdutulaeunauazanudifuiinisnadamans
flddmvudladodiinvesnisuvanesiliannsaiinszideyanisiunals Ao
nswlanamide (Wavelet transform) adinaansailddunsziuardinsiendnvazves
Fygaildsunsimunananmulanisios Tasazesuislasiaiiavesdygyiuiiingin
nsTuivesdyyiaians Sdygraenziudugueduiifvnadniidonin “oidn”
warusazndaasilassaseiladdusniaferiuiidondn “nmdnuy (Mother wavelet)”
mauﬂmm%ﬂﬁmﬁuﬁwawgﬂLLUU Fananuidefiiuanldimaianisinsziuulawmuna
uaganudluszondltlunsiinngiludnysieniaymsUssiuanmussnuRawain
v esuRtialiognadiuszdnsnim Tngldnmsuasinidslnmeidyanunisduasiiou
(Gravalos, I. et al., 2013) 53u5a Moosavian, A. et al,, (2016) LA¥inn15398TAgN15IATIEN
Fuoaunsduuulamuna Tawuauduaslanguna warn1sulanarén nansenuann
msquﬂQUImsjwamﬁ%’aﬁﬁﬁﬁLﬁu’h n15YRgangudINaliusEansnInn1Tvinues
\A3DIBURanas uanINIUITefina gy walanshnszduulawuaaiuas
arudanunsadluldlunishinsgiduginnisduasiiiounis o lvianegukuy ek
MInsIRERUTE BTN sE nsiannsaimusldandygnumsduasitouvesrigy uay
MsnsRTuANIRanseslndufiuaudgdussuuliih Ingldnsulaaanidauaznsinsien
gsuetin 1Dudu
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26 nmaldindudemdanadaninussnanaindudfomaduniasudiea

wanadndutaniiduniununludindsed fuduegraunnuasduunliinisldau
fifissnntu faudHins3leRanaafinazannantisan Uiuesnanainfiintuld uifds
fUsadtesidladfioufuuTummesnanainfiAnty Fetlagunisuusguve ywanainidu

v v
o L% IS

ihiudewmasiuidsldsuanvanladusdbaininiderlan eflazannisfiew
nFsuaineadadionseravuniululueuian TngaAdsiwernatadnuinyssy
JuihifudemasiulfiAatuniuduiou 2 naissy denisuUszudenseuiuniseig 4
Loun nguIuNIMeANsau NTEUINNIIMNTRAT WagnssuIuneall tnenseuIung
manufeutuntauengosoonfunaunlnd nszuiunisufadiedu uaznsruiunsg
Inlsladavionszurunisaniuindu nszviunsnisduaiidunisldadunidlunisdes
veglagiuUiATontadund dauseanlfilunszuiunisdesaaelaglaildonnia uax
nsviin drunsruviunmsidaeiidufunsdsuvedlfilunandalasiiuujizened
(@35m1 Imn1sA, 2551) mamﬁmﬁﬁlé’mﬂﬂszmumﬂ,mﬂﬁgﬂﬁaﬂdw “shsfuanueywanadin
viothiulnlslada” sl 9rneuitefidiuantsdlfifuinitunneeswarainiuaiunsn
thunusegndAldiiuindudemasdmiviatosudfisariandossud sunadnuassunalug 16
(Khan, et al., 2016; Damodharan, D., 2019) F28n151N U NV ENA AR NN AG U AU
in3essudiwanielditoulvnaznuinyazveunisssuduszinning q Tnsfiaudanis
Fowdsesthifuanveswatain, aussauzvesedoseud, andnvuzniamlnll wosuafy
1oy Wunguiladendenuddylunsrunuasidoforiundanumadenuiondsau
NALTIUANG 9 Fegnansanamisnuideiiededdlnedaaulased
2.6.1 23AUTENAUNNATVDINATEAN

nanafnudazUssinntuiauandiuazesrusznoumaaiifunnd ey
?fm“]ummwﬁqﬁdqmammiﬁﬂﬁLL‘UigULﬁuwé’amul,%amﬁq fisil n9ies1edi aadUsenon
maafivemanainiulszneulufue autiu msusunsi asssme uasdn Ginnsed 2.5
wansteyan1siaeilagUszana (Proximate analysis) Y@ 3UszLammaadndisinsviindu
nM3iAsuuUasvesedUsEnaunIaiiinad odndauveandn fueifileainnszuaunig
nlslada minlunanafnduimuassemegwandnfiudemaavaaniuiu Tuvued
Uinandgmandniduresufsasiintu wasUimand fohiviinadisdniunaradin
nnada warlunsdifinanafnduiinuassamedigs anaudfuarduandiiiuiednenn
vosmarainlunisiaud szl dundsnudemasionszuiunisinlslada uonand
MNMTIATIETUgATe (Ultimate analysis) vaswanafnadinning 1 wandifiufesnandiy
asueu (O Tasthwiinueswaafineiln PET, HDPE, PVC, LDPE, PP uag PS fio fie 63.94%,
86.99%, 37.24%, 85.60%, 86.88% Laz 91.57% A1Ua1AU %aﬂ%mmm%vauqqﬂﬁdw
mmsaufdig‘dLﬂuwamﬁmsﬁﬁﬂguwﬁwﬁﬁﬁi'}m’m%awﬁyaLwaqqq (Anuar, S. D. et al, 2017;
Anuar, 5. D. et al, 2016) nandnvesinsiuvernaradnannnanainudasig 9 1N9UIVY
MriusnanansnagUlffmi 2.6
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AT 2.5 MylaTzilagUszanuveswaa@nuilagig ¢ (Anuar, S. D. et al, 2017)

AN5ATIEAAEUTTUI (WE%)

YUAVDINAERN

AT msusuAsia  @ssme LN
PET < 0.7 6-14 85-92 < 0.1
HDPE <0.3 -0 94-99.8 <15
LDPE <0.3 -0 99-99.8 <04
PP <04 <1.2 95-99.6 1-4
PS <0.3 <0.2 99-99.8 < 0.5
PVC < 0.8 5-7 85-94.8 < 0.1
Bu <02 <3 97-99.8 <0.1

PN 2.6 dnaIuveNaniuTivesniuYsENaIaAnNNA@RNTLARIS 9

dndruNannug (Yowt)

JUANANERN — - 91994
uhd YDA VDIV
PP 5.00-54.50  42.00-95.00  0.00-10.00  [1], [2], [3], [4], [5], [6]
PS 2.00-9.90  71.00-90.00  0.50-27.00  [3], [6], [7], [8]
PE 7.00-55.80 30.70-93.00 0.54-33.05 (1], [2], [3], [6]
PET 32.00-76.90 15.00-29.14 5.74-53.00 (3], [9], [10]
Mixed plastic ~ 12.00-42.00 40.00-82.00 1.40-23.00 (6], [2], [11]

e M Ahmad, Let al. (2014), P Miandad, R. et al. (2017), ¥ Williams, P. T. et al. (2007),
“ panda, A. K. et al. (2011), ®' Kalargaris, I. et al. (2018), ® Demirbas, A. (2004),
M ee, K-H., et al.(2002), ® Onwudili, J. A. et al. (2009), ¥’ Cepelip ullar, et al. (2013),
[0 FakhrHoseini, S. M. et al. (2013), ¥ Heydariaraghi, M. et al. (2016)

mﬂﬁi’l’aydamaNamsuaqﬁwﬁumﬂﬁUazwmaaﬂmaqwmaaﬂ%ﬁmmq 9 AIUEARS
Tupnsned 2.6 uansliiiindn anuuandavesTagRuiuiinadednduveandn e ils
annszuaunsinlslada lnefivesnanafnuszinm PP, PS, PE wavassnanamnuays
Fadruvosndnsaueilddlng dudomannar uegrdlsiniy dadiuvosndnsas
findndsddrunilsfinnuduiusfuilafedu q wu Yadedrugungiinisiufasend
LANFANITY §991091uFT8Y04 Sogancioglu, M., (2017) AildviinsAnwInisuUsgUves
wanainfundsnuidomadagldnszuunsinlslada mmeldgaumainisiuiitensswi
300-700 °C dwsuvggnara@nuseinn HDPE, PET, PP uag PS Han15398nudN Yuenanain
Uszinn HDPE linandnveawdndneiidemduvainieldidousnanuiniian luomed
veznanainUszan PET uay PP Iinandnvosndnfusidomdanaid uogslsfiny

HAIINNITATIVIAAIAINTOUBLNA B INEn A aInasraInlatu dAfgeaninliiuay
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a a1 =€ o ]

grufiuurssda dadudsfivivenisdneninvesnisiimdsmunduunldludainnanadin
Uszlnneing 9
262 auimadomawaninduainvezwanain

m%mﬁm%ﬁié’mnﬂizmuﬂ’]iLLUigﬂwﬁwummazwmaaﬂlﬂuﬁnﬁuvﬁal,waa
grenszuaumsinlsladadu Tnevaluudrasiesdusenaumaaiindrefudtullasdoy
Mneuitefiiuuldinwarsuszneuniaailudiffuseznaiadnisludaguain
wazdeaUSinaieinissdalasulnsnsil-waaaaalnsimes dadumaianiled
Jouldlunisiwmsigvnnansusenaunmaniluaisnas lagnani1sIAsIgRued9I1uive
Sarker et al. (2012) wag Damodharan et al. (2017) UadlAifiudntinsiuainvesnaiain
flansUszneumaeiiiuananeiusasnudn tisuanvssnanainiesiUsynouansusenau
lelnsesuounglutis Ci-Cso silansuszneulslasaiveudlngifungueslauing
fadtuagfuingAviitmads Wofinnsanlasutsnudiuiuaisvauvesituainaey
wananUsznousieasusznaulalasaduausiuiuannidiidugauun (Lisht fractions)
wardrunin (Heavy fractions) fsudiavasnoulalasnisuoudign (C-Cs) luaudle
$1urugean (>Cyo) difuainvegnanadinarunsosuuneanléifu 3 ndu iielviese
nsszyualiuresnnuadieadeiuszninaituanvesnarainuaziduidemasly
Fewndied (ufiwaviednfunialedu) Tnonguil 1 C-C,; (Hudiuvesniduiuvde
ihifuufaledunmzoiidudiggaesensveussponluihiuuialeduinazeglndiu C,-C
nguft 2 Cyi-Coo LBudrureanguiituruinnanssndaifufiaiiuofifuigees
faveznou Cig—Cop NANISANYINUIN 89AUTENBUNIATLYBIIEENANERNTNAsB WL LT
msLﬁ@mjuiaimm%uauiuﬂ;wﬂumﬂsumwmaaﬂ (Pratama, N. et al, 2014) usnaING
9MN9AT8ve Ibrahim, H,, (2018) Wuin UsfusnvezwaiainiesdlssneuveiLeatay
wazueadusginUasidud 95% waziiletlunisndudifudiulugisgaungisig 9
Usenaumetisdui 1 Wuduiitesneulalasafusuaeauain CoCyy aamnydmdu
nsuantsufne dawit 2 fdunauvesduuILasminuIeEILeNn Co-Cao atmunzdngy
AsHARTTUULTULUY @hiuwudy) wagdauit 3 Wudiuditiueaduveslelnsaisueu
awiszj'mﬁqqmﬂ Cs-Cag wsnydmsuIsuRLa

mﬂwa'ﬁmiwﬁmuyjﬁqﬁﬁéj"“usuamfﬂﬁumﬂﬁuwwamaﬂé’wLwﬂﬁm/jjtf%a%
nswdnesudunsusnanlnsalal (FT-IR) WWumedadlddmiunsiesesinmyilsidy
9998159 UNIENUIT UsTuanveynanaRnUsznoudie oglswAng wealAu ueaRy sana
LaznIAAISUeNTan Fausznouludaelnannisdu C-H stretching, C-H asymmetrical
stretching, C-H symmetrical stretching, C=C stretching, C-H scissoring, C-H symmetrical
bending ke C-H symmetrical bending ﬁLamﬂﬁlu 3,080 cm™, 2,956 cmt, 2,871 cm’},
1,630 e, 1,456 cm™, 1,376 e wag 1,647 cm audndu Tasnasenandidnwus
Tnssadamaaiiindondsiuiingusioa (Khan, et al, 2016 Ibrahim, H. et al, 2018)

wenand auvAnianieninuazmiaaiivesinsiuainvesynatainiagly
fmgRunwanaRnUssinveng q suwud audiniadomdmemndnsusiiduidudemas
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fandAfunndnatu Hesnnlassarsfiugiunaeiivesingiuuazannefldlunssuiunis
wan Bennmmpadana i ldAnumamAdeiimenildhnmsifofsiuasinadomas
yosthifunueswatain anmsliingRuuszineng 4 liun Indefidumssinian (PET)
Indlofiduanumuutiugs (HOPE) Indlefidunamunusus (LDPE) ndlwsfiau (PP) uaz
Tndalssu (PS) Inemaseuauiinuguvenivurezwanain uansfamssd 2.7

A19199 2.7 audRnugIunnenImkaznIaiivasiniuvesnatainainnistdueswaiasin
UssLneing 9

UITNNUaIveswangnn

R T T PET HDPE LDPE PP PS
AAruSaudemas (MJ/ke) 28.2 46.23 48.17 44.98 38.87
AMUNInIaUAIEAS (CSt) 0.90 10.12 4.98 1.72 1.83
ALY 71 15 °C (kg/m?) - 800 799 771 940
olvawmn (°C) -6 24 26 <30 <-30
gnulil (°C) - 24 20 20 32
yaaalul (°0) - 34 30 30 42
YT (wt%) 0.037 0.01 0.01 0.01
USunauninA1suau (wto%) 0.03 0.06 0.10 1.38
AU \ 0.37 68 60 10

MUY Mangesh, V. L. et al.,, 2020; Khan, et al., 2016; Gaurav, M, M., 2014;

Nugroho Pratama et al,, 2014; Kumar, S. et al, 2013

263 wansznuanMslidinsuvesnanaanlueiaseudaiva

mi@i’%ﬁumi%’aLﬁ'mﬁ’umsﬂwazwmaaﬂmLLUigULﬁuwé’NmﬁaLwﬁq
dmsuiriosuifivaraidnuazindosinanalugramnssutuiinenuiuieu 2 nasy
wazidunuamansitendsiifiunumlunisandyniainvesnanafiniidmaredwindon
falumsunuazangialuilagsu lnen1sAnvinansenuiiinenisinauvsaadossus
Mnnsddomamadenanveznanainene q Wudsiidanuddysazsnduegieda
dmsuldlunmsuseiiiulsyansamuazanunzaulunisthunldou Wesinwanadin
uiagadatuiianifuoraudnvurnadomdsiiuandeiu Tnsdlvajudinifeden
ANNANSIUY Y LATRIBURRIBfILUSYRIANduASesaus SnsInsAuIUEeuTomas way
UsE AN N NB9LAS eI smﬁaﬁﬂwmmé’ﬂwmvmnmiwﬁuavmﬁﬂm?{aﬁLﬁmﬁu mela
Fowlun15viauiian1iesne 9 Wy n15WAsLLUaINIIEIIY KAAIINEITOULATDIEUA
Hugu Faandadesine q fefindraundunsiniiuanuesnanainitlédainnszuaiunis
Inlsladaulddudemaduinisssudimaiesnludesiinisdnwmnansynuiiniuse
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[
0y va v

miwmusummsaqsumiumwuqu 9 fatu A19e3elarinnisAnwinasAuanauideluedn

Y
=

Frnupndielfifunumddunsaiiun sy smmmmaqﬂléﬂmaauwmu
nsthitueswana@niildainnssurunsinlsladaunliduidomasdmdy
westudmeatuiinudndufemansenuseausaouy aadnuagnalng uazuadiv
loldy 5708 931AT1ERN15ANNSeTUAILVBUATEIIUR T3991nN15ANIToRHUINY 9
Tt msldiumesnaradnifudomasluniossudiwadmanaiidwewniosaus
AlndAesfuifufiea (Hardosan et al, 2017; Khatha W., et al,2018) uaza1nauise

a

99 Kumar et al. (2016) Sswuin thifuannvesnanainiuiiuszansamidsaiuiouganis
ihifufia Feanngainihduinveswaiaindannuoudomdsiiganiniufiea
ogslsfmu Wniteursdrundunud difuainveznatainiuiivszAniaimdsanudou
fianindifusiea dudiuldannuanisidoues Kaimal et al. (2015) waz Kalargaris et al.
(2017) IévnsAinwwansenuiiintudeandnums s lndivonedessudiivaiiiold
dfuanveznanafnnauiuiiduiwaiisnsinsnausig 4 nan1snagouUeldiudn
fnusulunsyuongugaan sminsuaslassanuiou szey nmmiLvawu wazAIINET
Tunsgrssdnvestindfuanuesnatafnuandargeniitiiufien iesinanumuiuiy
wazArmmiinfiuinnitvesindureswanadndoisuiisufuitufiea Usznoufu
ihifuanvegwanadndinuAudesdemdannniniituiios esmnauifmadomas
fifaanueudemasinniidiiuiiea ﬁﬂa'ﬂwaﬁiaé’mm’amgmﬂﬁaal,%}aLwaqﬁanﬂ%u
(Slngh R. K, et al., 2020; Kalargaris et al., 2017 V. K. Kaimal et al., 2016) wenani nsld
ihiunneznatainlueiessudeatudsnasonudnvue naunind Tasfianuduly
nszvanguLarsnMsUanUdesauouiiingaiudowieudsuiuinduiiue auvmdi
nilafunamnainantiniadomasvesiduainvsswatafniisidauniinfigs saud
fenfaddnuiiiisdmaliifnanudiirlunsgesndadoisuiisusudtuiiee
SnvamsldthiuanuesnanainitilfiAaaudinlunisnseidn Setasenuandinisll
flenvesinifuanuggnanadntiuiinailfaudulunszuenguuagdnsnisvanddes
Arwouvasturznanafndangendnunifufiea eswn Uninudeimaiiseniswn g
s nasnnleiansin B sdmalritisnsnisuandaesnuouiigs
nnmamnlindveadomdduniessudfiwalasunfndanedelfiAnuaiy
lodelulasiaueanlan (NOy) arsusueuanlen (CO) lelasansuou (HO) Huazaatuasiaiin
wafivledemardinduuafivledefignaivay esndmansenusouyuiuazAaunniey
FandessudfivalaemllagiaunigldinssanuisiainsUdesuafivloids CO fid 3
asveumouanlsfidundnsusinnsnindveatomadalasaivou uasfioinluasiv
fifesldsunsmuau TnatAnannsinlndiliauysafluiesmnlvivesadesoud a1nua
nsfnwnandliiiuin ensusunouenleduesiisfuresnarainiviinmgeninsiufies
wanainannslniillauysaifnanludisiu lesangamailuieaindiidianas
warlelasasveuasifutuluannenisenssugedu Mndannislidhifudomasiuiniu
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dnsuaiveulaeenled (CO,) tifuvsznanainduimugeininhiufisa waegnsm
it thdamaliAnuiiseoondinduiliauysalvesniuouseuonled

iail msuineenleduaslulnsiau (NOy) Guiuegiugamainielunszuengu
USinaeandiau uagtianaiveansiinUiazen dewuin senledvedlulasiauiiviuna
duduideldhduvsewanain lnsmaradieanlsdedlulasiauiuiudu Wesandng
msﬂa@Ud%mm%@uuasqmmﬁmiLmlwﬁﬁqqsﬁu (Mani and Nagarajan, 2009; Mani et
al, 2010) wazlelasansuou (HO) Usznoudeidoindsiianlndldanysal ddludiuves
lelnsasueutumneiiansusenavdunisluaniisufa warlelnsasvouluaonedidy
vowudsite duazees nuanmsidedunaliin lalasauoureshifureswarainazgendy
Yhsfuiea (Mani and Nagarajan, 2009) F991nNTITeves V. K. Kaimal et al, (2016) la#nwn
wFaudemdainegnanain wagmsvssdudnennlumsilulfiiudemdmmaden
dmduinTossud Insnaaouduiniossudfisananisnaaeunui Usunauafivleids
fiintuannsunlniivesedoswudiviinuanaadeldidunaainuay neSsuidieui
hifunnuezmanain auflausiuay NO anasiia 22% way 17.8% iy

wonnl uATudunildldanunEnsee 9 e udululglunisi
ihsunnmanainulfidudemdemadend miuiniessudfiva Tasnsusuasunalna
LLazq‘Uﬂimjﬁuaam%wuﬁé’wé’mﬂimq 9 919LYU sypviaINandomas naBsundas
psmarALRuUNsEndends Snrdrun1sdn uaznisyuisuloide (EGR) el
\AnUszansamgegauaziiinidswesadesous sadaiieannsudesuaiiuvlodofiindu
Mnmamnindlueiessud siell wiessuifeaiiundessudillénisgaszidadionisda
Tneildndmnssaganinaiessudiuudu snsndrunisdalaeiludmiuiaioseudiioa
LUUdnnsIareyIEning 14 : 189 23 1 uazdmiuiaTessudfiwaiidanisdonazey
sew919 18 1 189 231 1 Badaudsiidudauusnilsildduainvaulalunisiunfne
Tnod Ananthakumar, S. et al. (2016) kag Khatha W. et al. (2020) ié’ﬁﬂmmﬂ%’ﬁwﬂu
MnvggwarainluaIssudfwaruiadnnielidadonmafiudasidiuiidesalugag
12 f1 20 flosannmaifiudandruiidsdadumaianisildlunsuiuugeussansam
Y0aiAI0asud Snadadumadafitivananuadrlunisdaidomas (Hsu, B. D., 2002)
LﬁaammigzyL?{ﬂﬂisﬁw'ﬁmwmqmm%@uﬁLﬁmmﬂmﬂﬁﬁﬂﬁumﬂmaswmaﬁﬂ Fanan93de
aanAdeatundnn1sniamgul] nandfe eliudnsidiuidweaniossudiduilade
ﬁﬁ%w%wa@iaﬂszﬁw%mwmmm%wuﬁﬁqﬁu wavdenalviiinnisanasvesuaiivleldy

' 1%
S a =

MAnTu lauA HC uag CO luvaziiuaiiuvloids NOy war CO, Huwiluungelununsiiiy

[y 1

SnsdurSSn Wuieatu Sharma, A, et al. (2015) fild@nwnansENUveERTIEILRE
Sanmaihtunnusswanainuaniululofien SwmansAnwdenannuitanasndiean
anudrdilunisgnssilanazanssozinaniswing vonand ddwmaliussdndnmas
Anufou anudulunszuengu dnsnsUanUdssanuiou uaznisvanldesuaiivleldy
(NOy) gja?ffu Lﬁawmqmmﬁiuﬂiwaﬂquﬁqﬁu Usgneufunisiiindnsndiunisda

anu1savisanuanelalds HC, CO wazwiiinduainnistdirduveswananniu
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1%

drudomds warduidewnaniidselasdiulnguadlfduiinslddnfunnves
nanaRnuassalfiAnauailunisgnsade ddu nsfnviransenuiliiatuainnisia
ihudewmasdmiuiniossudfiaiadumetadenieilisuauauls Fsainnnside
284 Pal, S,, et al. (2019) l§Anwmansenuvesn1sinihdudomdsuuuindomasarmin
Larnsdnlomawuuadneuniewsudiwaiilditiuresnarainfudomdneld
nsasuulanisyaunudn msandemauudrmtigasliusyans imusuedesusd
getulunn 4 nszauiiviinisvedey wazdianunsndisaauaiivleids HC, CO wazlvs
it uainnismnlnivenaioseudls egralsiiniy n1sUdesuaiivleds NOy ndui
waltufigedudeioufsusunisdndemaauudid feaenndostunanisidoves
Khatha W., et al. (2018) léinsuSuusisesrmnsaniiemnawonniossusmigarun 1 qu
darinUsgansainuazidveaieseud lnsnanisuiuusaiossudnuindimasie
é’mwmﬂ%v’ﬁaLwéaﬁqasﬁmﬁaﬂ%’ummmﬁamL%@LWS&LLUUdawﬁmmﬁu wanani
msmyudsuleds (EGR) Wunuimamilsifiseansamlunisvzasdnsnismlvduay
annsUanUaes NOy selunislunaivlodefiintuainniswladveaiesous
nEnNN5Ye3sEUY EGR Huvhaulasnsvaudeuledeusdiunduiuaniulefneuiazidn
TUSaoaming il nanssnuvesszuy EGR Giaﬂizamﬁmwmil,mlwﬁ%mLﬂ%wuﬁama
wuseenidu 3 dau laun (1) maﬁummwmaumﬂammmmmﬁmawu ammmawu
mamaﬂsvawﬁmwmﬂﬁmzuu,a i A1ALgAEToud g 1iesan Co, LLau‘Lﬂ H,0
Un9dIUwNUT 0, 8z N (2) HanTgNUNINLALIINNITRENAITDY CO, Way HyO Weean
gaunpiigatusemineninning vdsnmsusnieennandusilviasddiusuluniswlngd
war (3) wanisiieesiilunamiainnisanmnududuveseendiaunarsinuifsenlu
nszuunsenlvgl Fsainnns3deves Punitharani, K., et al. (2017) ldvaaauinioseusmiea
fiflsvuu EGR Tneldhiuflwanauitiuneznaradind 10 Wesiduflaeusuns (Judoumds
Tunsveaeu nasnnsnadeunud msldszuu EGR Tupessudfwaanunsoannisuass
uafiwlods NO léfis 14% wewSsuiisuiuiaseseudilifinigldszuu EGR awngiilosain
gaumgfimsinngdiien ashﬂaﬁmm Na910n13l9IEUU EGR naunuIdinisiinuaiy CO was
HC 1uiaLawawu mammmu Chandran, M, et al. (2020) 33lavinns3delnenisld sz uy
EGR Jufunsiisuesrnisandemndennioseudieaildifuanvesnanaindu
Fowmaamudn aunsoannisuandass NOy Iide 5 wWesidud Sniedvanuafivleide
CO way HC s 8-16 Wosifus vietl Wefinsanisandnumzmaniviidofininfiusng
¥9355UU EGR fnavlfanufuuazsniinisvantdesanuieuanas daduaumguiain
nsanasesgampineluioanlniveseiosesus

MmNt inusiefunsldhiuanuesnanainanansatan
ayUnansznuilroiniesudlifnsei 2.8



157991 2.8 agunan1sIdeiietesiuanmsldiiuvesnanadinluiosudaia

LDELLR aussOuzvNATasEud  AuAnuwuznaN vl uanwlaide .
dhifudaimds BSFC BTE ICP RoHR NOx CO HC Smoke e

Mixed plastics oil 4 4 4 4 4 4 4 4 Devaraj et al. (2015)
Mixed plastics oil 4 A - v v A A - R. Kumar et al. (2016)
Waste PP oil A v - - A A 4 A Panda, A et al. (2016)
WPO-Diesel A v 4 4 4 4 4 - Kalargaris et al. (2017¢)
WPO-Diesel 4 v 4 4 o 4 4 - Kalargaris et al. (2017a)
WPO-Diesel A v v A A A A v Somkiat et al. (2017)
WPO-Diesel v 4 - - 4 4 4 v Damodharan, D., et al. (2017)
WPO-Diesel A v A A A A 4 4 Bridjesh, P. et al. (2018)
WPO-Diesel v A A A 4 A . v Geo,V.E. etal (2018)
WPO-Diesel A v - - A A - - Verma, C. (2018)
Waste PP oil v 4 4 4 4 4 4 4 Mangesh et al., 2020
Mixed plastics oil A A v v 4 3 4 v Kaewbuddee, C. et al., 2020
Waste LDPE oil 4 v v - v - - 4 Singh, T.S. etal, 2021
Mixed plastics oil A v v A 4 4 4 4 Khatha W., et al., 2021

eb
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2.7 519119971984

natuni I5sIAnT waveusty annsaldgiun. (2558). Inlsla@ia (Pyrolysis). waw LUy
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Hsunsvaeau High frequency reciprocating rig (HFRR)
Fuszavseudenriy High frequency reciprocation rig (HFRR)

el mi@?ﬂLﬁumﬁa‘]’aiu%umauﬁlé’gﬂﬂénﬁﬂuuwﬁ 4 Tuii99n1939Y
“M53ATERDIRUTENEUMALAT LA AN TR T BINAsUe st BN A Vs ENAN AR AN
¥iln” Tngesuituneunarisn1slnssiauiinaomasing 4 veshegaitudemas
Faiinanluinedu samfseiuneuazagunansiteildannsinudmiulivseiiudnenim
sl udemamadenluedessudfmarinndn faaznanisluidedaly

322  msveseumsidinsiuveznanaindnssdalurseseudaiea

nsnegeursesudduduneumsiuiun S soiieldussiiunsinnures
wRpsuAMsFLUsiug N tueswanaiinits 3 daegns inlfidudemasdingy
Sessunmwansldnsdsunlanssnufianusisoulnsoseusad oAnwwanszmy
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flintureaussouzvoaiesud audnuuenismilng vafivleds uazwgfingsy
nsduazfiouvenriecsud Tnafauusing o Adlunsinseinansenuiistulunuddeid
oA

1. fauvsluduaussourvoanadessudiviinisasiatauasinsevina
Usznoulufae nsmnisduiudoatemassunziusn uavUssavsamdsnudousung
win Fadusuusiugnildusaiivaussousrenniossud Tnsnshasaaiessufidniu
Toulufmesdniuiausdnnardnsnisauudesdomaddiintuiianiizsing 9 98910
Toyasananluduaiiefinszinasuaussouzludiudald

2. shudsluiuandnvarnmselviiiviinisenaiauagiinsgidmsy
Usznaulume anudulunsyuengu anudulunssuenaugegn dnsimsvantdesninusoeu
darmsUanudesmnuieugean dulseAnsanuuusiuruiy Jadufulsifeuddny
Tunsfinunginssunienadnuas mawrvdiveaadoseusannsliidudemamaden
Tnsnsfndaaumesineudunelunssuonguuazaninesminardouies Weofudeya
dwiuianiengimeaunsisiinanliluuni 2

3. daudsluduuafiviadefivinnisnsafauasiaseivsenauludae
lulasiaueenles lelasaisueu anueunevuenles wavivdn fuadivledefiiatuain
mamnlwsiveaeiassudariiunaiuiignaiuau osndunafivliedefidmanssmy
sogunnuyssuarduandon lunuidedinisnnatauaiviodefiindudionios
Amssiuialodenielianiizee 4 Admuntulunisuegeu weldUsufiunansenus
safiwsemefiAatunnislidhfiudemdmnuesnatainii 3 fegs

4. n1sAAsIEvngAnssunisduazifiouvenadeseuiilunisfnul il
A duegnabduiunsldanulussozens Wesinnsduaziiouvenaieudnie
wdosdnanas 4 Wunilamgiidmansenudonsvhauiastudiuronaiesoud d9enq
AeliAnaudemelideldiudusyezinavin lunuidedldiinisieszinng
Fuazifeureamdsgudfian1iznsvhnuiinissanueig 0 agldrnusiseuniessudai
Frenisinsasuigedinnisduaniiouiiusinatndveunludvonnioseud lasnis
Wisuiflsufunmsduasieuiiintuanmsunndiveniifufioa

el nsdndunisiseluduneuieznandduunii 5 lukadeniside
“nrsfnvmansznuainnsidiituresnatafnansilindeaussouzvenaIoseud vafiv
loide uaznnAnssunshauvesnessud” lasnaniuniesdlonazgunsallunsduiunis
WeuaveureBmmaseuleiesoud TuiseAuneuazaUnansidedildanmsany

323  M5ATRduaeas

%gumaumiﬁ']Lﬁumﬁ%’aﬁlﬂumiLﬁuﬁaaﬂwqmaqﬂuazaawumLﬁﬂﬁlﬁmﬁu
nmsnlndveaiessud Tnensldurunsesazidonlunisifiudedisielfiteuly
fitmun uaztihdegsusunsesiifduazeasluduihninfionmasiswesimindouuas
AN s NUMBEg1e Mudshlvieszinginssunisaaieivesssdussnauluduazesssiy
wannswasuwlasimdnsieldsuanudeunsefitionin “Thermoeravimetry analysis
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(TGA)” mglaan1izaiuay Fauanaunadansiasenlaninisnd 3.4 uaznadfuniedile
wazgunsallunisaiiiunisideuazeiuigisnisnageuiaieseud sudseiuseuazasy
HaMTIFeNlaanmMsfnuluuni 5

[y {

915199 3.4 Yayamedan1sieseinaanyziuarees

9

AUUANIAL WANANSILATIZH
= S ) ' = U aa ° !
maasuwlasiminvewuazens LATDITININDD 4 AWAL

myaanefvetarUsenaululuazeas  Thermogravimetry analysis (TGA)




unil 4
A199LAS1ZDIAUTENOUNILAN LA EUUANIUYDLNES
YDIUNNUVYENANEANANNTUA

4.1  UNANED

miAdeluunisdatiunmsiemeiesduszneumani audifugumadomas uay
Anneinnauiidiulasluladvesihdurssnatafindisnia Geusznoulufe thduaes
wanaRnwialndiefiduinsnnian (PET) thifuvegwatafndnlndofiduaiuvmuiuiugs
(HDPE) wazthiluvwznatafnviinvzwarafinuay (Mixed Plastics) IneifundnfauaiiiLe
f\]’]ﬂLL‘Ui’E‘ULﬁuWﬁNWUL‘%@LﬂNaﬁﬁ’JEJﬂi%U’JUﬂ’lﬂWiﬂﬁ%ﬁIﬁﬂlﬂEj’lu%;uGIE]Uf]’liﬂguﬁ’lﬁUﬁ?u
Feluunigiselifienmeiansusznoumaad wyilsddu wazasdusznousinuasinogng
rfudomadagldimaiautalasuilnsnsf-uuaaiunlasiuns (GC-MS), watayises
niudnesu-dunsusaaunlnsalall (FT-IR) kag CHNS Analyzer @1uanfu wazdAsiei
auiifiugumademdsnelduasgunsmeaeutesainaunismaaeuuas JagUssine
An3gonIsn (ASTM) sadenisiasizigulasiulad

MnnsRndunsitenuin Aslinsgiaisusenouiaiivenifureswanaini
3 fhegne Wefinnsanainsiuiuansveuldliifiuin asUsznoumaniilnediilngves
PET u“]umﬂaimm%uauﬂszm‘waziﬁmaﬂﬁLLazf{’Tmagﬂuﬂ&jmﬁwﬂuuﬁ”aimﬁu (Ce=Cyo)
wroe1alsinIu HOPE waz Mixed Plastics wuin didndruvesansusznoumaniilndldsaiy
nquvesifuiion iesninanslelasarsvendiulngifuussianmianiiu faduans
lelasensuaundn q dwuluhfufien uenainid mslesgvindiliidularesdusenousn
1AEAINIINUAT PET, HDPE waz Mixed Plastics ivyflefdunazesausznauniiadl
findreadefuinduiiion wandefnsuwanisinaiefandiniadendvesidiify
Ygrwaafniia 3 fre819 wuin anamiaaauaians 91Ul eeRall AuruLY
Auded e Sed guunfinisnduiidfursswatainita 3 aeg1e denfisand
ihifuiiea uwiegnlsfiony anuansTiasziaeufeudemnases PET, HDPE wag Mixed
Plastics Fadutiadenisetsdliiuiednenmanududomamuidiamianuiigs

uen1nil flelieseifegmandidiulasiulad iduvsznaiainiis 3 o8
wut SeuaudFnsudeduiidesniiituiiea Tnsfarsandesfunuuinvessesdnuse
uavduuszAnsanudeamuiinnnniihiufien Sammduniananesdusznounaed
Tuhifuwsewanafinite 3 deghs eRasandanmmuanmslinsziesdussnouniaad
wazautAnatemdmesiiurernatafiniia 3 feg1s awnsananagulaedaudlii
ihifursznanainie 3 Meths daudnvaruasidnenmissefiannsad U4 dy
Fomdsdmiunioseud Wernvransemuluiusing 9 Alldewniewusiiomluldig
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4.2  unmi
wanadndoinduingAunieilefuanuaulalunsihundnvinaidoiietwly
Huuvdsndanumadonnaunumsliidemdninieata Saduuwdmdsenldudmunly
Sntadsanansndisandymiudanndenanuimnavssnanadnazauiiiatuluiagy
fevuunuaglunsia osnnwarainluninSurdlnsailaedlslnsarsueuidy
pefUsznoufiugy Fedy wmaﬁm?ﬁ%’mﬁLﬂuLma'qwé’qmu%’uaﬁmmaaﬁﬂﬂLL‘UigUL‘fJu
wEudomadld Fadsnuidemdaiuifefiugniiddylunsrevausseudosnns
Tunaneniadiuldinaziduaingsia a1agaainnssy niouilingy gislunIANITINYAS
Tnefuunltiuvesnnudeanisfigiliuegissoiiios uenani viifufwadudemaman
suaﬁilﬁymvﬂlmwuammﬂmm wiu msldanudusumadvifugumvug w3esiudalwii
\3a9gutn waziadasdnanadiig q Usy nouiuilagiulse ginalnedadasianinisindy
ihudamasannisUssamna feawngl msidemundmdsnuniadenainueznaiadin
Fuduummiaidundunumiiddyielfanusuanislidhifiufios nufanyiua
nMstndnidudemndaindisszma uinisiitidifuresnarafinunldiluidends
dmsuinsessurmatusndudosinsfinvmansenuresiudsag 9 Wy esidszneu
manll audhmademas aussourvonadosens s
MnnanTidsvesinidemlaniurimanetirusliihvsswarafnuulssuidy
nudemdsdniunieseudiwa swmanidelnednlveuedlniiuinitudemaan
yoznarafniuansnsaanaununsididudomdainioadald esanthiuves
wanadniuilautfimatemasilndidssfuitufiea uiegralsfanu luneidudiunis
wudh antinenisnmuazynaeiivesinsiuerwanainileléanavannanaindeiiniu
dwmalpenswoaudimadewmameshiudomdavariily Ssauvendninnnesdseney
maaivesingivuazanigililunszuiunimdn 1nmeuadina1? Damodharan et al.
(2017) I#finsAnuuagideaud@iugiumisnienmuasnaaivesdfurssnatainan
nsliingAvedafiansiu 16un ndlefdumisvinian (PET) nadlnsAau (PP) Indiafiay
ANNMULLYGY (HDPE) Tndlefiduannumuuvius (LOPE) uazTndaladu (PS) nediasnes
ymansUszneumaedifemaiia GC-MS wui ndutdfusgnanafndenaniassgnau
Maadogluya Cio-Cso %aLfJuﬁ';LL‘UWﬁq§u€1’u'j'1ﬁaaﬁﬂszﬂauﬁﬁﬁ@ﬁ%’m%ﬁuL%yat,waq
WMasidon ufedamdanuiigs il nanmsiesegdaudinademaandunuin wanadin
wiazrdadanuuandstuludndiuvosmda Susiuazandiniatomaild fudiuld
pgndalaunnsfnwaAdeiiideduuni 2 Fmadinaruluavenisiinanseny
sowedossudlunats 1 f1u 1wy andnvaznianing uafivlods Wudu feu nmsauay
IngAvsarulunsrurumsuUssundsnudemasainvesnanainindudedniuegedely
M5 RTUEINTUNNTINY
TuruAfeunifisedsldfnuuarinneiaudiniaaiiuazmenisnmaeniisy
YegnaraRnia 3 segis eldidusuusnidunsussdiudnenmuassansenuiazdmg
somuhllfidudemasdminiaiesudfivaiteminldolunanaineas
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43 /AU

AsAndun1sideluuniifunislemeiauiinadomasesfegaintuvey
wanaRnisututhiuiiea falsnssfiumsiteesniiu 3 daumdn  fe (1) ATz
pefUsznounIaedl (2) Mylinssdandiniadomds wag (3) nsATenauautRnu
1asTulad Tnsuansmssniunsidoduunugiilassgud 4.1

¥
o L a
UIUUIINVYZWATEAN
(PET, HDPE, Mixed Plastics)
¥ ¥ Y
( N 3
N B . - a A wa & a = e e 1 I I =
N5LASIEaId USENBUNALAS MIRATIZRANUANINTDINES naanTesiRantamulaslulad
1) nmshasziasUsznaunisagl 1) Anuvliavauaans 1) wwnsesinuse
sematanialasulningil- 2) AUAUILLY 2) Susravisusadeaniu
waanleTwmg (GC-MS) 3) ANMUENTUNIZ/ANUE LT 3) fdun1svaedu
2) mylneivyiliidusaemaiia 4) gauli/aadnalyl

w

WiFesnamdosu durlsn
awnlmsalad (FT-IR)
MYlATeaIr Usenausnaae
CHNS Analyzer

\_ J L _J

=)

gungAnIsNY
Fyildnu

v
~

)
)
)
)
) fprdeutomas
)
)
)

Anandinsvaniu

[o¢]

v
Y

U1 4.1 TupaUNIALEUN I BATIENAMSNYULNINTLNES

€aN

Tunsiseiauianiadeindsesintueswanainda 3 1819 FaUsznou
TUge difuvsznanainudalndiefidumsinian (PET), tsfusssnanadnuialndiofiay
AUNUILUUES (HDPE) waztfureynaafnviaveznatainaay (Mixed Plastics) i1y
nsvuaumauUssUduidudomdsihonssuiunisivlalsta Iﬂﬂi‘gm’%@ﬂﬂﬁﬂiﬂjLLUULU@N‘ﬁI
msﬂmanuléuﬁzmammﬂumimmﬂﬁmsvmw 450 °C FsenAdedlvsnananindivinunld
dusumantsslduiifusssnanafinaninsnesueneandealdsed

vegnatannyialndiefidumisrnuan (PET) Wundndusiviavianatain wwu
1Rty adna viminsufiy wazrnieesaomsene 1 Tnednoglunguass
nWanansleAavuneay 1

yezwanadnuilalndlofidunnumuiuiugs (HOPE) lundnsdasimiduiivesuin
thiy ntdnau vamiiuiis uazineieslgiemisng q Tasdneglunguusznatadn
SluAananeiay 2

Yegnalannyinvegnaafnuan (Mixed Plastics) \uvegnanafinainunasguoy
Tnehluvszneulufendndasismangmanain vinthiy ndafasmaainildluaiiieu
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wazussyiaeildomng Jwezswanafnuaudunarafnyila HDPE, LDPE, PS, PP, PET uazdu ¢
Merluiuey lnsuansrrgauazarosurgiduemndsdmsummaasulunuideiuans

MMM 4.1

M vpzwanafnual (Mixed Plastics) b

JUT 4.2 vpgnanafnilhduingavluaided miuldudssudundsnugemas

AN 4.1 AEBLAYAIBSUNYMAIBY MU ULTBINAIEINSUNISNAZDU

ANYD AN95UTY
Diesel dfuRwafisivneludendd (87)
PET difuanveswanainUssvinalediaumswnaan (PET)
HDPE hifusneegananUssavinaiefiauainumuuiiugs (HDPE)

Mixed Plastics 41U VEENAFANUSLANNAARNNAY

) TT—
l PET I HDPE I Mixed Plasticsl

1% '
Y o a

JUT 4.3 fregaiduvegsnanafinannatadinyiaeng q Aldluanuide
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431  mPaereiasUszneumaeiiaawatauialasininsnsi-uuaaunlaswms
nsinsztasusyneumaeailudfudemadmivauiseidldinada
uAalasunnsnsA-unaaunlansiuns (Gas Chromatography-Mass Spectrometry, GC-MS)
Fadunaieniiifonlflunmsiaszimansussneumaniluasuausiluanuzvouds
YOUNAT Laguhid éf’;ams‘iLﬂiwﬁﬁdﬂulﬁw%mmuazL%mmmw lngodyauauds
Tunisazansuazauanunsalunisgaduiunnsafuvesansusazadnuuigniaadeud
(Mobile phase) LLazi’gmﬂmﬁ (Stationary phase) 3sdruusznauvaeseialasulnsns i
zUsenauluaiy uiiana (Carrier gas), @1u@na13 (Injector port), ApdutLazdaUABEYY
(Column and Column oven), §1n52930 (Detector) wagAoNRiILAosNilgonwISa1nSy
T¥lunisuszanana uiseidsnsezailagld Adlent Technologies 7890A iiousiafius
%57279 Agilent Technologies 7693 ALS ﬁQLLamﬂug‘U‘ﬁ' 4.4

gﬂﬁ 4.4 \p3paudalasuninsns-uuaalnlasams (GC-MS)

dnfuiupoulunsiemesiassznoumaeiluttudemdsanunsana
I§lasdavdde aeluszuuufalasuilnins il GO sxflufanfindeudiogluszuy
Tnedegraihiudomasazgnandngssuy GC mdudaasiiognisluiesauaugmumni
wazfuszuudn Saneldgangifigeuesdiudaarsihdudemasazgniliiudsuanius
nnvesmanaeilule wazindeudilumunsduindouufannielunodut Feiligninasd
WA UBYUUYOILTTRISUNT IR aURgULYie d15Bunsdludiognvsiinusansindu
Fpn1aaedl FMeaudivesansdunIsiunnsaduwiliarsdunisusazedaiinsanseying
wananafudunaliigaiaasfinierSeansdunidurasvialdlivintu a1sdunidsa
Aan1susneenainfunisluneduiiuasgariearsdunidasiduniseanainaedu]
L%’ﬂajéhm’mi’miul,’amﬁsmﬁ’u é’m}mmﬁm’;ﬁmlﬁ%gﬂwmLﬂuﬁay,mﬂmmqlw%@f’w
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sruudidnnsednduardmaludidinyssuanauazsuiinng asdunddidodunianu
é’hm’mi’mé{’mmmﬁ%gﬂizmaﬁaaanmmzw GC lundeufuufan Taeseuu GC finan
uduagiiaunelinismuauuazUszananadiessuunoufinned fefeyaitouluvns
anmEMIATIERRnNT1eT 4.2

115799 4.2 TeyaReulrvesanniznsiiengiiateuialasunininsfl-uuaaunlnsiums

wAalAsHINSN5IW (GC condition)

gaunildeuaadutl (Column oven temperature) 50 °C
1unan1520 (Injection mode) Split
9m31dIUNITWEN (Split ratio) 20: 1
UTumsn192a (Injection volume) 1 ul
Qmwgﬁmiﬁﬂ (Injection temperature) 350 °C
VUIALBZAINY1IVBIADANY (Diameter & length column) 0.25 mm / 60 m
dnsnslvalupedui (Column flow) 1.0 mU/min
whawn (Carrier gas) Helium
waaaUNlasINg (MS condition)

YUANNTALNU (Scan type) MS1 scan
gaungil (Source temperature) 250 °C
Y9809U5 V897N 53990 (Mass to charge range) 35-550 m/z

432 msinmsingilaidurasinfudomasiismaianiFesnmudioda
dunssasUnlasalat
Wisgsnsudety Bunssaaidnlnsalal (Fourier Transform Infrared
Spectroscopy, FT-IR) LﬁULWﬂﬁﬂﬁi%ﬁﬂ%%Uﬂ’]ﬁLﬂiﬁ%ﬁﬂ?ﬂyjﬁdﬁ%ﬂ%@ﬂﬁ?iauwggﬁﬂﬂmﬂiﬂ
Ansziiegnamaaouldantugibuveuds veaunar uasfie Tasordondnnisganiu
mauYEsunTIsalugr9ANeIIAEY 4,000 cm 89 400 cm naafe Wedidnnseuly
fiusihredddunnIAgandundsnum s neduiaenadosiumsduresiussluluiana
vosasdunidsaduiustlanaud dwmalvididnasousgluaniuziignnseduvifliiiuss
Aamsdunniu 1ntudidnaseursnduganiusiiundounisndsnuoonuhfundany
figandudnly Tnefiie3esiletnazindmnudunasienuivieiasadu (Wave number)
IduaensufiSonin “Sumesiunlsunsy (nterferogram)” %ﬂuuﬁiazﬁuﬁzﬁuawyjﬁqﬁ%
zuaAnIFNANNENAALALANAaR UL aEL TRl lanavesfiegnaey (Bakr, M.
K. et al, 2020; Shojaei, T.R. et al, 2021)
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U 4.5 insesiSesnsudosu-durissaanlasalall (FT-IR)

dmivenifeilfivadadsiindnundradulunsinssinyilasduvs
drsfueznanainii 3 e Tngldirseiiedinstest Fourer Transform Infrared Microscope
spectrophotometry 8%e Bruker 31 TENSOR 27-Hyperion LLamﬁﬂgUﬁ 4.5 neladaa
AAUTIALALTEWNING 4,000 cm 89 400 cm! finuaziden 4 cm? FawdnnIATEveae
wadla FT-IR aunsnesuistunoulasdauliin defeddunsusasudnlugsdumes
Tnlsfimesduasazgnuuseenidy 2 dru Tdua dwidusuenduas duased milsagsiiy
Ufanszaniignedsegfuil uagnszaniitedeuiildmenimiinaiiileduasasviounduan
ffuonduasziinnsunsnaennuuieuiunSounsnaeauuuind1sesusazaNeAdY
dlewasihuluduniadyayrndslinnanuinfoututisanunszan Inefsnsnisgy
Fyaauazauiiveanszanitadouiildazgnaruauliiininugndeuazai lasuans
Fuaraiieuldszuanadunsifindendieuseninauasiiudiegamagauesnuidig
nsArurandulesi@udnisdsdyaa (%Transmittance) SRS1AIUTENINIAMUTUVDS
wasTinufog1MadeUsBNINAeA NHITITE UANTIRNNSENU FoEvadeUAN 100 Wandly
uAY Y uaztavaduuandluuny X (asudssa 9391501903, 2559)

433 mslenziesduszneusigluiuveswanain

M3ieTEisIniiuesduszneuvesansdunIduieiionin “CHNS/O
Analyzer” \Juwadinnisszyuiunamessigaisusu (O), lalasiau (H), lulasiau (N), Muzdu
(S) uazaandiau (0) fiegluarsingns measzidinaniifumedeiiianmindede
Tun1sUszifiuesAlsznauniaaiiaesa1susznaunis o wazarunsadnluldiuiegng
Uszineing 9 19y arsiiduvesnds veaman wazansszime 1Wudu Tngendendnnisinn
ansegafinsudminuueuluaian a gamgladinaieduufanay neldusseina
Ya8ldsuuaniinisifunigeondiaussiinduuiananvas Ny, COy, H0 wag SO, 32N
indeufiinluneduillasufant Weiansuennieludeufidonaiivdsuduuwfavians
wazIaUsuumeiingIain Tudiunsieneisneandiauazunnddlunssuiuni s ug
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slifinsiuniaeandiau il arsfregraildlumsinssiesdedanuiuiloientu
Fawaiilgannisdnsiziazuanudulasuilasunsuaesiia G H, N, S waz O lagay
Wisuifleufuansmsgulddeyafuofiiud dmsuamuiteiinssosdusznausg
ﬁa%ﬂuﬁwﬁmszwmaaﬂﬁgﬂ 3 9fla waztnsufea Tneldia3es CHNS Analysis H%e LECO
$u CHN628/6285 fsuanslugud 4.6 a quéledesiloimenmansuazinalulad uminende
waluladgsuns

EU 4 6 Lﬂi'é]\‘i’lLﬂﬁ’]”ﬂﬂﬁﬁ\l’]mﬁ’m%a\‘M’]ﬂJ‘HLﬂjaL‘Wﬁ\‘i

434 mawessiautimaaiivazmenenmvesidudemas
mMslenzanifinsaiuazniamenmnielinnsgiu ASTM finsugsna
WFURIUAT LA 10 18715 f8 AVIUNEATAUANERS AIINEITNIZLETAILES
wiile vty 9auliuazgafnln Aarwdoudemas gumgiinisndu duiidvy
uazanauiRnudedu dvinsinneifimeandeadeluil
4.3.4.1 MTIATIZAAURLUAIAUAIERNS
NN9ILATIENAUNLA (Viscosity) sauisudomandunsinaudd
frumunislvasesihiudemas fewnnuniefifinuduiustugumnd nanie Wegamad
getuaghlimmmiaiidianas dedunisuansnadiauniindndudesssygumgidi
ezt nefiruminduluaudimatemdsmudfytenisinandusitlnsdey
Widudemdsdmsunioseud iosananumiinvesidudemainansenusossuy
nMsanlemawonAiesus Tinuninuleenldidu 2 Ussam Ae arumilasaumans
(Kinematic V|sc05|ty) LLaummmmwmm (Dynamic V|sc05|ty) Imammwuwmmsamsﬂ ¥
Turiddeililummumiaraueans fallieasdontunounsinsesiseil
in3esflotnenumiiauvunasauigdnidunisiinsgianumie
AeldnnsgIu ASTM DA45 Tiesizsilumbeiwudalan (cSt) Ssgunsalfilidmiumsnaes
Armnamiaiulsznovluae (1) waoAL3Lan (Cannon-Fenske capillary tube), (2) v18n
waoALAIIaN, (3) 819puANgungll (Petrotest-Visco bath), (4) w1in1duLIan, (5) 908
uaz (6) osluimes
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a A4 A a ¢ = Y] &
E‘U‘V] 4.7 Lﬂi@\?ll@')Lﬂi']g‘ﬁﬁﬁl']llﬁu@LLU‘UV@@WLLﬂ?ELaﬂ

Tudunounisiiaszsinuminaauaansildlaonisiudogs
ihifugemdsiidesnsinssiadlunaoauiigdn (Ui 4.7) saudesuiindoyagumgd
voshegrhiudomaeuaudluswauqugamgd (T7) ngldineslufimed ingnmad
fhoghanisiudemasiounafuiemindudomdadunaonuiigdn Mnduimasaut
sidndandniusznoufueBauazutaslusreaivauaumgifignisgumginismaasy
Tasdl 40 °C (T7) Tnsugdedatdfudomasiisly 10 wiit elvdiegrshiudomas
fgungfivirfugungiinisnaaeumudidivun Weasunaidmunldynensgasedia
ihiudamadfgeisgdu A wasiduiunandefedsihdudomddnaasniissdu B
wazngaduaniiofednifudewmdslvaasiisedu C vnssufinnandidulaly
miaeIund wariinisaaoudiauasy 3 A uagmAadsvesnaridulfiiotnly
funammnumiinsaumanslaglimnfivemasauingidn fnsisil 4.3 dmsuuny
Asudsluaunisit 4.1 Jaduannisdmsuldmunmanuviinsaumasiiasenasauii

gLﬁﬂ Cannon-Fenske

AN39 4.3 AnAsTIveIaanLiagian (Cannon-Fenske capillary tube)

\waswasauiagian A1Asil C (cSt/s) AAsil B (1/°C)
75 0.00767 76 X10°
100 0.01401 77 X10°
150 0.03619 78 X10°
200 0.0968 81 X10°
300 0.02571 79 X10°

Vv = CXt[1 - BX(Tr- Tl (4.1)
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flo ANunilnaumans (cSt)
flo A1AIIvEIIADALIIFAN (AIRN5197 4.3)

e

a Ao vy
A8 L'Ja']VlQ‘U‘lﬂQ']ﬂﬂ'ﬁV]fﬂa@U (s)

W""ﬂ<

Ao AAsfidmTunsUTuan (fanns1ed 4.3)
Tr Aa aauuiinaaey (°C)
T Ao gumgiismegadiuamdnounisnagaey (°C)

4.3.4.2 N1FIATILHAMUANTUNE AUAINBNLD WAZAIIUNUIWIY

ANEITUNE (Specific gravity) HenulalagdnsnAunuILULYes
a1sRenIuVLILULIesinUIanT gamgiifieafu ausanandndenislain 1Dy
Snsrduvenimiindemdsiiiuiiamisiotminvenifiviiaswiiuiigumniisivue
(Pudrss iz duandilddviae) Suduaudfininievosidudemasilddms
nsUsiianuiinuivessfuid emds Snviedsiselowiilubanisdn drdifundnmuin
Aramouseniistiniinazanas Admuazanasilinisanlndldauysaiwasiodu
wihansuauavaulauin

Mslengimass T ehtudemaanglfiasgu
ASTM D1298 Tngiaieaiionazaunsaliilélunisinuszneulude (1) lelasiinesaina
586U 0.700-1.000 finnuazden 0.005 (2) S1etheuALguUYT way (3) NTEUBNANYLIA
100 fiadans fauandluzuil 4.8 ludunounisiiengimudissimzisusuainnisden
qmmﬁéwﬁﬂmuamqmmﬁiﬁagjﬁ L5 \Y 3aﬁmﬂizﬁqqamgﬁmaaﬁfﬂuéwﬂfﬁmuqmqmmﬁ
fgamgdvifugangdfiadly dalunamiednifudemasadunszuennisaun
100 fiaddns wdninssuenmutadusisimuaugamaiidunan 1 dalus elvigumad
ﬁéﬂﬁw‘zﬂgjjaLwaaﬁﬂ'ﬁLﬂﬂﬁuqmmﬁmmfﬂuéwmuauqmmﬁ funougatioifloasuiian
Afmualiinlelasiwesquadlunszuenmandiaoslviaos ilolalasiinesdadin
mse Az TuTingD vhnmamadeud 3 afs wdnAeABTINNANTATIEE SemsiaTe

= A4 A a ¢ i ° ! P
E‘IJVl 4.8 Lﬂi@ﬂﬂ@'ﬂlﬂiqg‘wﬂqquﬂjﬂﬁnLWWzLLagﬂ'J']gJﬂ'NLEJWVL@
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augaeiile (API Gravity) WumiheSadiladnsimuinainaantu
Vlnsideuvo9e1u3nn (America Petroleum Institute, API) wazidusndgndslunisiansan
mmtinuesiTudemadudiuiitioafuin nanie daudisefiledidiunnni 10
ﬁwﬁm%aLwawzLmﬂdflLLazaaaagjuuﬁﬂ unsiififiantionndt 10 titudemasivdnuayan
Famudraedlofunsiannduresnnuruinture sinfuidemasiduiusfuivie
3071 “Anus e ” wavaudiseflefuduaudiniadomadilalunissiuun
UssLnvmasuinduidemas ufirnudiaefilovsduusinadiliaalunmndamand uifidonia
oglumiag “oem () Faiiudemacdlnndouazddranudineilonglutag 10-70°
(Bint-E-Naser, S. F., 2016) nsA1uIALaatefilevestinsiudeindsagldanuduiug
NPT UNIZA1LNATTIL ASTM D1298 Tngannsaduauldanaunisd 4.2

Anuesefile = (141.5/Aug8nngi 15°0) - 131.5 (4.2)

ALY Density) ansnsadenyldlagsasdnreunaifemas
sonflmieUiinesreatomdsinaniiddaamniiieatu uardeinduauifimadomas
Afinnudfifinansenulnenseaussausvonasateud Saudlauddnsenisiiuam
AN NluN15YRsELTn %ﬂgﬂﬁﬂﬁwzﬁmdé’mmgm ASTM D1298 (NSUFIAINGY, 2562)

degunsaifidedn “lelasiiwes” egndlsfiony lunuAfeiinssiamumuuindaenisd
Arruasd e A gaumgll 15 °C fildainasitasizidenanundraduguiiea
AL LTesn o gaungll 15 °C Tnafiduiny 999.016 ke/m® (F1vBetayanunmasgiu
ASTM D1250)

4.3.4.3 M3ATIEgnUlnuazgRRn LN

9A71UlHl (Flash point) {Wugaumgfiifuiomaslasuainuiouau
a < & A v 1 [ a va
Annssemenanglulosazanunsaqgnaiulidudislodsnaigniaili euvdnlunisuf o

Y

o

udrauliilifinansenulnensidoausinusveseieseud widanuddnyludunsdostu
Supmeanndaastlunisvudswazmaivdseninny mﬁLﬂ'ﬁ’mﬁﬁgmwulwsuaqﬁ']ﬁuﬁaLwaq
annsovhldlaonisldiniesilefiionin “Pensky martin closed cup (PMCC)” tHugunsal
n13¥nganulnuuunivusle lneneaeuniglduinggiu ASTM D93 aaen15UAI8E19
ihifudomaddlugeldmegdliivsimswihtunudussduiivangegludeldieds
(Uszann 70 §iadanT) uazgnindeiumeslufines degudl 4.9 9antushnislieuiou
uidheldmegnaiioliidudemassosaiigungiifigedu uastdesiaudmln (aedvun
dusugudnanaUsyana 3.2-4.8 faduns) Wi ldeliiAanisaulel Weidagaaulsl
avannsadunafiuarliiuiuuinafimiivesiogsihiulemas Ssgumgiiivil
Anarlnitudenigamgianrulnvesisudomasivhnmsinsest uenanivianisly
anufoudeluifen 1 aufsaadalldudnsinlndursdesoidosiululsniy 5 und
IngunAudaunnivesgadnln (Fire point) agaaninganulnussann 5-35 °C
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JUN 4.9 insesdieliasizvignulnuazninln

4.3.4.4 MmslaswmAIEeuTemas

AL euLTaLNES (Heating value) 1uUsunundsuauiou
ﬁgﬂﬂamﬂéaaaaﬂmmﬂms‘v‘h‘dﬁﬁ‘%mmﬁmaaL%@LwéﬂuszijmzmumiLmvlm’ﬂu
wiana (@miudomddusnusvesuduazvoaar) veonilonheUiings @msudemas
Tuanuzuia) Tnennaounielduinsgiu ASTM D240 shaiiianufoudemasiuuisonn
188U 2 Uszian auaniuzaestnimadundsainnisnlndiviediainudeuudsves
Asmvkyuveslotrfiinduluszninanszuaunismnlng Imaﬁwmm%am%mwéma
(Higher heating value 38 Gross calorific value) 5’11‘71'&?@Qiua*mrmn*mmluﬁmaaL%@Lwﬁq
sgndudogluaniuzvesvedivad LarAIAINLSe LT aLNa (Lower heating value) 1
ﬁﬁagﬂumsmﬂmumlmﬁmml,%/al,wawzagiuamuﬂa desndiiudomasinageu
TusAdelilvansusznevuiqnd viilvldanunsadwanliainanuieuvesujisenls
(naB1 nunagidng, 2558) fatu Tusuadedldldiaiosvoniuaasifinesdmivlily
mﬁmswﬁmmm%@uﬁaL‘Waqqn FAsmsereirmutoutemdnarilaedauadlaned

= A4 A a ¢ 1 o & a
E‘U"Vl 4.10 tATDUDUATIEVAIAITUIDULYDLWEN
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[
[

JUADUNITIATIERANAINUSDULYBLNEAT U TSUAULAY NITAIAT

4
Y]

TUsunsalsdulumusnmsgiu ASTM D240 Aldlunnséneds udavihnsinhminvesiiedg
m:uuLszjal,waqmamzmqumuimEJ"Lwaawsmmsmmaﬂummms zidnuaz iy
iAdastaRineaniuaziden 4 suvis Tildhuiin 0.5+ 0.02 ndu rreay 1) iolasa
Funoudanariinisindsdeildiogahiudemasasuuunuegiiisuiléninas
fadudeliiafuaan anduihvansvesdudeinuliduadludrensain eiay 2
wazUsznauingnuantliiseuseanseuinissnennmadnludgnueny (vuieay 3 uae 4)
uazfindagnuantiiniuiniodiiases mneiay 5) funeugariisrinisdinisiaiunes
iPRATEiAmdaumNFeuULlUUN TN ACWIN IefediiaeiasiBavinny (reay 6)
4.3.4.5 MINATIEsigamQin1ndy

9nnfin13ndu (Distillation temperature) Buauifniadoinds
fisvendsaruannsnlunsssmeresiiudemas fuanuddyimisduarnasndy
Tunsfnuiu wazuansfemginssunsiauesadeseus Tnsgamainisnduvesdmuiingy
l¢#i¥ear 10 Tneusinng WugamgiifitieUsziduiniewudindnieviesn @ilgumgi
figadullazdsmaliaiessuddnlaonn lunanduiudilgamgdAnnaulufenaviali
Aandesfenlussvuidomasldigui) gungfinisnduvesdiuiinduliiifosas 50
Tagusuns Wugamgifivsuenitnisguiaiessudivinlismseduiedla (Gnsnszated
yoslodhiudomanintuldasnmniuaraiiaewilisuniowudliit uavdemad
soidsanaiesudiigatu) wazgnmninisnduresdiinduldiifesas 90 Tngtiunms
Hugamgdiitmualidmiuiadiemusnzailunsldnulildindsnugagn Snedadu
FrudsnilsiidroUsziiufanansenuiidseiadessudlusiiuaussousuazuafivieide
YaaLATRIBUs (Aleme, H. et al, 2012; A35n1l 3nn1sfn, 2551) dvduiedesilowazgunsal
Mlumsinsezigamaiinsnauuszneulddne (1) yaingumginisndu (2) vannisndy
(3) nszuenm (@) uiindunan (5) meslufines uay (6) Jnensdalau fuanduguil 4.1

U7l 4.11 iedesfleuazgunsaildlunmsiinszsigamninisnau

9 Y
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JUADUKINIUNITILATIZNABNISIASEUFIBE 19N TUT B NAIUS LN S
100 §a34d95 wazyinn1sntulavinndunfnaalAfurnIAs12n1sNAUlALAIUATUUUVDY

q

' [
a [y v v

vanduagindaneslufimesdmiveumaumninandu sunsudaluidunislinruiou
LLfiﬁE’]ﬂuL%aLwﬁaé’w%’UL’;mLLazmu@m’]ﬂﬁﬂmﬁauﬁ’wmﬂﬁu WloAuANSRTINITNAY
Iaglutag 4-5 faddnsseund Fomodahtudomadunanduinionainisding
Jdetufinnaguundfishogrsihifudomagnnduoonuniduneausn Tasnstufingangd
fienulganineslufimesinedsliininandu filvimstufinuavesgumniinn 1 5 Saddns
yo9UTunsiindulduisgamgiiaasiedldainisanauls Inevilueznduiafonas
90 lnUTuns
4.3.4.6 MINATIERABUTINY

Ffiinu (Cetane index) Ao autAfildlunisusdnmuninnisinlu
wazAuanInlunsnaNsEie ALz amEs fudfmunsiiidmaeaud
AITeUTBIATRsUs LilotaeliiaTossuddalidtoliiAnnistenlunTessuduas
Hunsusevdndomds Seindaifmutuogiuesdusenauidsluanavesiniudoinas
Tnihdudemasidluanauszsanlalnsasveuasldnssiuagiinuanunsalunisinla
I@dn3edidauddilunisgasnidaiidn druthiudemdsiidlelasasuoulszian
ozlsmdndagdanmanunsalunsinliid lnglamzegsdsuszianiidisumunatens
(A35mu ImnnsAn, 2551)

FuddmududflFannisduiunislinnsgiu ASTM D737
fvaunisi 4.3 Insldaruduiudannanmsitasizigumgiinisndudl 10, 50 uay 90
WesidudvesUFnasnduvesdiniinauls uazesmuimiunion w15 °C
(B.P. Pundir, 2010; Fidyayuningrum, H., et al, 2020)

Cl = 45.2 + 0.0892T oy + [0.131 + 0.901] Tson + [0.0523 + 0.420B]Tgon +

0.00049[T?%on — T?on] + 107B + 60B? (4.3)
Tnedl  Cl Ao ATy
D AD AUNUILULA 15 °C (g/ml)

B A9 [exp{-3.5(D - 0.85)] - 1

Tio Ao gaumgiin1snduil 10% (°0) naaounegldumsgiu ASTM D86
Tion  F® Tyo - 215 (°0)

T o gaumgiinisnduil 50% (°C) neaeuneldunmsgiu ASTM D86
Tson  AB Tso - 260 (°C)

Too  AB Qmmﬁmiﬂé’uﬁ 50% (°C) neaounelaNInggIu ASTM D86
Toon B Too = 310 (°C)
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435 manneiguautasulasiuladvesnihiiudewas

nsTulad (Tribology) tHudrunilswesmaniniaimnssy Inenmans was
weluladfifnw e fuanuduiusszninanadenniu (Friction) Msdnuse (Wear) waz
Asvaodu (Lubricant) maqﬁuﬁaﬁuﬁamaﬁmqﬁﬁﬂwsm?iauﬁé’uﬁméﬁuﬁwmmzima RV
nsdulaa nswedeuiindulundusn wiennsmyu 1udy %ﬂumu%’aﬁié’ﬁwmﬁm%ﬁ
mua:uummulmiviamaammumﬂsumwmamﬂmwum dieuszifiunanssnuiiasiAntuiy
Fudrusing q venaTeseus Inedieay Laamumauﬂ’mmwvmmﬁ

4.35.1 m’nmanzmmauummwaaau

nsmedeuka AT EiauaTRnsdeduesiosatudomas

nelinnssn ASTM D6079 seia3esilasie High Frequency Reciprocating Rig (HFRR)
Usgneufuiununaaey 2 Tu iddnvasfugnueaiasusufard wansnaaudinianisnin
uagymaaiifanigei 4.4 lnsluvugiiinismaasugnuoaaziadoudivuunduliuiuy
wiuRarfigndalilunuugiidfognahiudemdiiingiinmet uazdeulunimeaou
ANATRNVADALLARIIN1T 4.5 AounvmadeugnueaLarwHuRariazgnyAwazen
Tngldindesdnesanirlodinfeoozdlnubuiiat 5 unil uazddeslsiuviegamgininden
Fanadafinanlddmiunsiinnginuauiinsvdeaulnofintsanainvuinnisdnnsouy
gnuea Twfinsieseiadulsansandeanunasiidunisvaedudildansveaey
(Sukjit, E. et al.,, 2017; Uchoa, ., et al,, 2017)

M139% 4.4 Aaulanienen niagnLAlveasanuaLazwuRan

W1918003 anuea uRUARA
IR =6 mm =10 mm
a0 AISI E-52100 AISI E-52100
AT Rockwell C 58-66 (570-750) Vickers HV30 (190-210)
ALY R, #n91 0.05 um R, #N11 0.02 um
519UsznaU AlSI E-52100 (Wt%)

C Cr Mn P Si S Fe

0.95-1.10 1.30-1.60  0.25-0.45 <0.025 0.15-0.30 <0.025 Balance
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M13999 4.5 ReulumvegeurnaauUAnisvdeau

w15 8nes ANNYAUA
USu1n 36290819 (Fluid volume) 2+ 0.20 {iadans
seezdn (Stroke length) 1+0.02 Uadung
AuA (Frequency) 50+ 1 1§50
ANNLNAADUYDIAADU (Temperature & Humidity) G‘ﬁgﬂ‘ﬁl 4.12
Qm%qﬁﬁ’;a&i’m (Fluid temperature) 60 + 2 B3ALTALG
1anaasu (Load) 200+ 1 AU
J2uEAINTIINAEU (Test duration) 75+ 0.1 W9l
fufiAnens (Bath surface area) 600 + 100 AT NUAALUAT

Y

63

777777
Wrsssss:

/

Relative humidity (%)

Unacceptable range of condition (Too cold)
Unacceptable range of condition (Too warm)

|

M

JUN 4.12 ReulvanmiindeuviesinsennauiAn1svaeiunieinses HFRR

JUT 4.13 mseneiauaudinisvasiuvrenifiulemasieinses HFRR
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AENFININAFDUTBEENNTOUUYNUBAILYNUTIAVUINYBIAIILEYN?
Tuwuanisiadoudivesgnuen (wuaunu X) wazkudiidsainiunisindouiivesgnuea
(LWILNY Y) ARENSD99aNIIALAGIvEE 100 11 (MELI TECHNO, Japan) éfﬂgﬂ‘ﬁ 4.13 (2)
uagsenunansindudiededukiiugudnativessesnisdnvse (Wear Scar Diameter,
WsD) Tnsuansdnunensinszeyldfagui 4.14 uenaindl sesnsdnnsevuusiudariazgn
lvdisnensiguazesausenaudsasnainisludidudnly (Lapuerta, M., et al, 2016;
Sukijit, E., & Dearn, K. D., 2011)

1 : Test ball

0o

: Unworn area
3 : Less distinct worn area

4 : Worn area

JUN 4.14 fegremsinruinsesnsdnuseuugnuen

4.3.5.2 MINATIENTMHaTDIAUTENOU

a '3 I3 I~ a '3 6 a
N1TIATIENERUAZIAUTENDULTUNITILATIZUBIAUTENDUNILAL
AeaUNlyINenS T9d1eATLUUNTZANE U (Energy Dispersive X-Ray Spectroscopy, EDS)
Mld3miundegansseidiannseukuudainiia (Scanning electron microscopy, SEM)
lnendnn15vi191uees EDS wlafiagranadeugnyualsadidnasousinliaiuisoiia
n1suandaidulossudienisuanlidianasouvesiiedanageulingaesnaineznoy

[ gj a o c{' 1 3 [ ¥ d' d' [ (v = 1
AatuBianaseunegidlaastudaliavasdinunui wedunsinwiadesnmuasUandaes
NAIUDDNUIUSUSIFDND LAINAINUVDISTIALD NGV TANLANLRNILAUTTAVDISINANNUU

Y 9
[ [

WeoSedendidndimTanazadsdygrinlii Fadudadiulnenssiundsuresiedainn

Y
9 =i

nsgvu wazihdggrunlaiudnszidgygrudilidissuunauiomesiiosiosuna

v v
=) s

Juanadudsdiend Joseph I. Goldstein., 1992) Inaenadnasudildduazuanady
AuduTuSsEnI uud g aeddendfinsratala TuwuInny Y wasndsnuves
Yedondlumieves keV luwwaunu X SefiefiAnduaunsntsvenldfasniiiuesiuseney
Y9aieg1IMaaoy TInisanunsaiiasgiisinluiBiguainuazifeuinaiuansmaiiy
Weddudvessmiitiegluiegnanagey
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U7 4.15 mellTevismuazesUsznay (SEM-EDS)

= au Myo a a ¢ s I\ a ¢

FeluanuideilaaniiunisinseismuazesdusenouuuLHuREnd
av v a ¢ Y a & v | 1% qu o ¢
NA9INN153LATIET HFRR Y03tniunggnanainis 3 daeeg13 saalnnsun3sediond
WUUNTZAENGINUTINAUNGRIganssABianasoukUUdesnsIn (SEM-EDS) tnaiUSeuiiiey
funanisinsigivenindiufiiea a WesufuRnisndesganssaudianaseu audiniaaile
a s = a LY = o % Ql'
emaniuasinalulad unnInerdemaluladasuns dwuanaiagun 4.15

44  mamsensiuazeUnerasutRinatamawssisiuvezwanain
441 wan1s3As1zRaIsUsznaunwaiiludiduseznaiadndleinada
whalasunnsnsN-uugaanlasiuns (GC-MS)
AM33WAsIERansUseneunaaiive sy sauazituve s nanain e
3 fegn Usenaulusne PET, HOPE wae Mixed Plastics tnel#ip3aa GC-MS Famanisinsieh
a1sUsenavvasinogaintursrwatainiia 3 feg1e Tudsguamgniuiinoonulugd
2041ATU WAL TILAAIATLAZIIR Ve I v esd1SUSENa LAz Yin Taedunuuin
Furafinu a amis 9 91 “fa (Peak)” waginsizinaduuianduruinves
GRIRTREY (ﬁuﬁlﬁﬁw%ammi;jjwaqﬁﬂﬁummimmgmﬁmmvﬂ'wﬁuma%’wﬂmuﬁuﬁuﬁ‘
Fadu Wemanududuvesaisuszneulusiedne) Tnegrwadldlunisuenaisusenay
oglutas 0-70 wift MagUil 4.16 wagansUsznoumaAliinsIanuLansfan19Rl 4.6-4.9
MnaMwTEiasUsEneumaaiianansasiusgldd

12
)=

WBNINTUINANITIATIEVANTUSENBUMLATIve s uAan i luuIded
Aananslun1s1efl 4.6 wuin drdudwaiiosnusyneuvesansiolasaisvoudiulngidu
Usztnnnis1ilu (69.43%) daduasusenaundaninuludiiullnsideunasuiasssusia

sosasunduarsUsenouuiateamas (20.15%) Tedflu (2.39%) wazoslsiu@nd (4.88%)
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AR el nsmsranuansUsEneuwfiateamesluthsiufiva osaniufwatithn
T¥dm3unsiasesiduifuiatudemasiléludimndvdatdndrunisnanlulodioa
7 Wesdurlaeuiuns Tnsansuszneuwiaeanesduansuszneuiifesdussnauves
pondiou JadudadenisivigliiAnnszurunisimludaunysailuiniossuduazan
vafiwlotdefilintuainniswlnsivoadessus (Hazar, H, 2010) uonaindl wnsiufiea
fandiinluanandseg 299.99 nfuselua Tasiluudadminluanaszeglutis
150-250 nfustelua dmduruiva wazeas 60-150 nfuselua dvsuthsunialedu

INHENFIATIERasUsEnUMaAiivesiTursswanainia 3 Fegg
TULBIAUAINNU T 1ASHILASUALE91nN15I1AT1E95 PET, HDPE way Mixed Plastics din
fiAnTusnndn 100 fin Faguit .15 () - () Tnedl PET flesduszneuvasanslelasmiueu
dulnaifuuseinveslswing (48.72%) sosasndumsiiu (26.30%), ToaTiu (10.46%) uay
31 9 (14.48%) mud ey Tunaedl HOPE fanslelasansveudrulngiduuszinnuszinm
WI51TY (49.91%) 5098 nduledTiu (46.96%) wazdu 9 (3.13%) AMuSIHU way Mixed
Plastics fenslalasasuoudiulugiiuussinnussianwisilu (53.61%) sesasiduloddiu
(43.92%) uazau 9 (2.47%) A1UAINU uen N Fanun ﬁmﬁﬂimaqmaﬁlaﬁuaq PET, HDPE
LAz Mixed Plastics 087 167.50 nfusalua, 251.34 n3uselua way 251.34 nfuselua
AIUANY



(a) Diesel

Total ion current (TIC) intensity

Retention time (min)

X 10?
(b) PET

Total ion current (TIC) intensity

a0
3.0 :
2.0 :
10 -
00 -

5 10 15 20 25 30 35 40 45 50 55 60 65 70

Retention time (min)

X 107
(c) HDPE

Total ion current (TIC) intensity
SN W oa
o o o (=]
—_

0.0

T T T T T T T T T T T T T

5 10 15 209 28 30 35 40 45 50 55 60 65 70

Retention time (min)
x 10

(d) Mixed Plastics

4.0 A

I
o
|

—
(=]
|

Total ion current (TIC) intensity

T T T T T T T T T T T T

5 10 15 20 25 30 35 40 45 50 55 60 65 70

Retention time (min)

1
o a

JUN 4.16 Tasununsuvesisiufiwaiavinfiuveenanainlagldinias GC-MS
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AN5199 4.6 NadAsIzIia1sUsENaUNaAi Ul uALwa (Diesel)

7

180 Hossusznaumaiadl goslwana  woelmana  nwd
(Wil) (g/mol) (%)
435  Octane CgHis 114.1409 0.78
4.49  Cyclohexane, 1, 4-dimethyl- CsHis 112.1252 0.82
5.05 Nonane CoHyg 128.1565 1.67
5,58  Nonane, 4-methyl- CioHao 142.1722 1.61
6.16  Decane CioH22 142.1722 3.62
8.10 Undecane CiiHoa 156.1878 4.18
9.13  p-Xylene CgH1o 106.0783 0.94
9.88  trans-2-Dodecen-1-ol CioH240 184.1827 1.09
10.93  Dodecane CioHze 170.2035 5.99
11.62  Benzene, 1-ethyl-3-methyl- CoHys 120.0939 0.92
13.55 Benzene, 1,2,3-trimethyl- CoHys 120.0939 1.62
1450 Tridecane CyzHog 184.2191 6.39
15.56 Benzene, 1,2,4-trimethyl- CoHys 120.0939 1.40
18.49  Tetradecane CiqH30 198.2348 6.52
20.11 1-Tetradecene CiaHog 196.2191 1.57
2255 Pentadecane CysHs, 212.2504 5.66
26.53 Hexadecane CigH3a 226.2661 5.95
30.37 Heptadecane Cy7H3g 240.2817 5.69
34.05 Octadecane CigHss 254.2974 4.30
37.55 Nonadecane CioHgo 268.3130 4.01
40.80 Eicosane CooHaz 282.3287 3.90
43,18 Heneicosane Co1Haq 296.3443 3.19
44.96  Hexadecanoic acid, methyl ester Ci17H340, 270.2559 10.11
46.43  Tricosane CosHas 324.3756 2.36
47.79  Methyl stearate CioH350, 298.2872 2.06
48.07  11-Octadecenoic acid, methyl ester Ci9H3605 296.2715 7.59
48.68 Linoleic acid, methyl ester Ci9H340, 294.2559 2.45
49.03  Pentacosane CasHs; 352.4069 1.19
50.44  Hexacosane CoeHsa 366.4226 1.13
52.10 Heptacosane Cy7Hse 380.4382 0.62
53.97 Octacosane CogHss 394.4539 0.34
56.22 Nonacosane CooHeo 408.4695 0.33
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187 Hossusznaumaiadl gosluiana  woelmana  hwd
(Wil) (g/mol) (%)
391  Cyclohexane CgHi 84.09 1.51
4.00 Heptane CqH16 100.12 1.68
4.21 Heptane, 4-methyl- CgHis 114.14 2.05
4.39  Heptane, 2,4-dimethyl- CoHao 128.15 1.89
486  2,3-Dimethyl-3-heptene CoHisg 126.14 2.09
5.59 Nonane, 4-methyl- CioHao 142.17 1.40
5.70 6,6-Dimethylhepta-2,4-diene CoHig 124.12 3.80
5.79 Cyclohexene, 3,3,5-trimethyl- CoHig 124.12 3.07
6.16  Octane, 3,5-dimethyl- CioHao 142.17 4.97
6.84  Toluene CsHs 92.06 3.04
7.38  Acetic acid, butyl ester CeH120, 116.08 0.56
8.11 Undecane CyiHoa 156.18 5.05
8.35 1-Decene, 2,4-dimethyl- CioHoa 168.18 3.43
8.80 Ethylbenzene CgHio 106.07 4.51
8.97 o-Xylene CsHio 106.07 0.82
9.14 p-Xylene CsHio 106.07 3.45
10.04  Benzene, (1-methylethyl)- CoHys 120.09 3.86
10.36 m-Xylene CsHio 106.07 3.11
11.11  Benzene, propyl- CoHis 120.09 4.30
11.25  1-Methoxy-2-propyl acetate CeH1203 132.07 3.09
11.63  Benzene, 1-ethyl-d-methyl- CoHys 120.09 3.60
12.28 Benzene, 1,2,4-trimethyl- CoH1y 120.09 292
12.61  Styrene CgHs 104.06 2.46
12.84  Benzene, l-ethyl-2-methyl- CoHys 120.09 2.39
1356  Benzene, 1,2,3-trimethyl- CoHys 120.09 2.16
1436  Benzene, 1-methyl-3-propyl- CioH1a 134.10 2.38
1527 a-Methylstyrene CoHio 118.07 1.48
1557  Benzene, 1,2,4-trimethyl- CoHyo 120.09 2.14
16.19  Benzene, 2-ethyl-1,4-dimethyl- CioH1a 134.10 1.26
16.46  Benzene, 1-ethyl-3,5-dimethyl- CioH1a 134.10 1.71
16.77  Benzene, 1-ethyl-2,4-dimethyl- CioH1a 134.10 1.07
17.97  Ethanol, 2-butoxy- CeH140, 118.09 2.03
18.40 Benzene, 1-ethyl-2,3-dimethyl- CioH1a 134.10 1.32
18.98 Benzene, 1,2,4,5-tetramethyl- CioH1a 134.10 1.84




AN 4.7 NaAsIziasUsEneunaailludsuveenanain (PET) (so)

79

187 Hossusznaumaiadl gosluiana  woelmana  hwd
(Wil) (g/mol) (%)
19.41  Benzene, 1,2,3,4-tetramethyl- CioHia 134.10 1.08
20.27  Benzene, (3-methyl-3-butenyl)- Ci1H1g 146.10 1.61
20.99  Benzene, 4-ethenyl-1,2-dimethyl- CioH12 132.09 0.90
21.47  Benzene, 1,2,3,5-tetramethyl- CioH1a 134.10 1.82
24.83  Benzene, heptyl- Ci3Hao 176.15 0.47
25.78  Benzonitrile CsHsN 103.04 1.10
30.96 Naphthalene CioHs 128.06 0.50
31.83  1-Decanol, 2-hexyl- Ci6H340 242.26 1.04
33.02 Ethanol, 1-(2-butoxyethoxy)- CgH150s3 162.12 0.39
34.85  Ethanol, 2{2-butoxyethoxy), acetate Ci0H2004 204.13 0.85
34.99 Naphthalene, 2-methyl- Ci1H1o 142.07 0.33
37.50 Nonadecane CioHag 268.31 0.77
44.68  Phenol, 2-(1-methylethyl)- CoH12,0 136.08 0.67
4492 Docosane CooHas 310.36 0.48
4531 1,3-Diphenylbutane CieHis 210.14 0.48
4543  1,3-Diphenylpropane CisHig 196.12 0.76
4581  N-Methylphthalimide CoH7NO; 161.04 0.30
46.38  Tricosane CozHasg 324.37 1.08
47.01 1,4-Diphenylbutane CieH1s 210.14 1.61
47.69 Tetracosane CogHso 338.39 0.90
47.84  18-Norabieta-8,11,13-triene CioHog 256.21 1.82
48.38  a.-N-Normethadol CooH27NO 297.20 0.47
49.04 Pentacosane CosHso 352.40 1.10
50.45 Hexacosane CosHsa 366.42 0.50
52.18 Naphthalene, 1-phenyl- CiH12 204.09 1.04
56.22  Anthracene, 2-methyl- CisHyo 192.09 0.39
57.51 Naphthalene, 2-phenyl- CiH12 204.09 0.85
59.56  Phenanthrene, 3,6-dimethyl- CiHia 206.10 0.33
62.20  9-Phenyl-5H-benzocycloheptene Ci7H1a 218.10 0.77
63.80 Retene CigH1s 234.14 0.67
67 26 Strychane, 1-acetyl-20 o -hydroxy-16- ot 33819 0.48

methylene-
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187 Hossusznaumaiadl gosluiana  woelmana  hwd
(Wil) (g/mol) (%)
3.92 Cyclohexane CgHi 84.0939 1.51
4.02 Heptane CHis 100.1252 1.68
4.14 1-Heptene CsH1a 98.1096 2.05
4.38 Octane CgHis 114.1409 1.89
4.62 1-Octene CgHis 112.1252 2.09
4.76 2,3-Dimethyl-3-heptene CoHis 126.1409 1.40
5.42 Cyclopropane, 1-methyl-2-pentyl- CoHig 126.1409 3.80
6.16 Decane CioH22 142.1722 3.07
6.88 1-Decene CioH20 140.1565 a4.97
8.10 Undecane CyiHoa 156.1878 3.04
8.75 Ethylbenzene CsHio 106.0783 0.56
9.19 1-Undecene CiiHoo 154.1722 5.05
10.94  Dodecane CioHos 170.2035 3.43
12.34  1-Dodecene CioHoa 168.1878 4.51
12.57  Styrene CgHs 104.0626 0.82
14.49  Tridecane CyzHos 184.2191 3.45
16.11  1-Tridecene CyaHas 182.2035 3.86
18.48  Tetradecane CaH3o 198.2348 3.11
20.16 1-Tetradecene CiaHog 196.2191 4.30
22.52 Pentadecane CysH3p 212.2504 3.09
24.21 1-Pentadecene CysH3g 210.2348 3.60
26.51 Hexadecane CigHza 226.2661 292
28.14 1-Hexadecene CigH3o 224.2504 2.46
30.33 Heptadecane Cy7Hs36 240.2817 2.39
31.94 1-Heptadecene Ci7H34 238.2661 2.16
34.02  Octadecane CigHag 254.2974 2.38
35.57 1-Octadecene CigH3g 252.2817 1.48
37.52 Nonadecane CyoHag 268.3130 2.14
39.06 1-Nonadecene CioH3g 266.2974 1.26
40.79 Eicosane CooHaz 282.3287 1.71
41.96  1-Eicosene CooHao 280.3130 1.07
43.15 Heneicosane Co1Haa 296.3443 2.03
44.04 1-Heneicosanol Cs1HaaO 312.3392 1.32
44.94 Docosane CooHae 310.3600 1.84
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187 Hossusznaumaiadl gosluiana  woelmana  hwd
(Wil) (g/mol) (%)
45.68  1-Docosene CooHag 308.3443 1.08
46.40  Tricosane CosHag 324.3756 1.61
47.03  1-Tricosene Co3Has 322.3600 0.90
47.69  Tetracosane CaaHso 338.3913 1.82
48.35 n-Tetracosanol-1 CoqHs00 354.3862 0.47
49.05 Pentacosane CosHs; 352.4069 1.10
49.74  1-Pentacosanol Cas5Hs0 368.4018 0.50
50.48 Hexacosane CaeHsa 366.4226 1.04
51.33  1-Hexacosene CaeHsy 364.4069 0.39
52.09 Heptacosane CorHse 380.4382 0.85
53.10  1-Heptacosanol CorHs60 396.4331 0.33
53.99  Octacosane CasHss 394.4539 0.77
56.27 Nonacosane CaoHeo 408.4695 0.67
59.06  Triacontane CsoHs2 422.4852 0.48
62.38  Hentriacontane Cz1Hea 436.5008 0.48
64.44  Bis(2-ethylhexyl) phthalate CyqH3504 390.2770 0.76
66.67  Dotriacontane CasHsy 352.4069 0.30
M9 4.9 nadrTeiasUsznounaeiiluiiueznanaiin (Mixed Plastics)
1281 JoarsUsznouniuadl gasluana  woaluwana i
(W) (g/mol) (%)
392 Cyclohexane CeH12 84.0939 1.49
4.03 Heptane CrHi6 100.1252 1.67
4.15 1-Heptene CsH1a 98.1096 1.74
4.37 Octane CgHis 114.1409 1.52
4.61 1-Octene CgHie 112.1252 1.83
492 2,3-Dimethyl-3-heptene CoHis 126.1409 2.00
5.42 Cyclopropane, 1-methyl-2-pentyl- CoHis 126.1409 3.56
6.15 Decane CioH22 142.1722 2.27
6.87 1-Decene CioH2o 140.1565 4.15
8.08 Undecane Cy1Hoq 156.1878 2.09
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A15197 4.9 NaIASIEYENSUSENBUMNIBAT lutTusznanain (Mixed Plastics) (#0)

187 Hossusznaumaiadl gosluiana  woelmana  hwd
(Wil) (g/mol) (%)
8.75 Ethylbenzene CsHio 106.0783 1.24
9.16 1-Undecene Cy1Hgo 154.1722 3.69
1090 Dodecane CioHo 170.2035 2.49
12.30 1-Dodecene CioHoa 168.1878 2.84
12.56  Styrene CgHs 104.0626 1.23
14.47  Tridecane CyzHog 184.2191 2.88
16.08 1-Tridecene CizHos 182.2035 2.85
18.45  Tetradecane CiaHzo 198.2348 2.75
20.12 1-Tetradecene CiqHog 196.2191 3.59
22.53 Pentadecane CysHsp 212.2504 3.02
24.19 1-Pentadecene CisH3g 210.2348 3.36
26.51 Hexadecane CigH3a 226.2661 3.31
28.13 1-Hexadecene CieHso 224.2504 2.57
30.34 Heptadecane Cy7H36 240.2817 3.09
31.96 1-Heptadecene Ci7H3a 238.2661 2.41
34.02  Octadecane CigHss 254.2974 2.95
35.58  1-Octadecene CigH36 252.2817 1.85
37.57 Nonadecane CioHag 268.3130 2.70
39.09 1-Nonadecene CyoHsg 266.2974 1.38
40.80  Eicosane CooHaz 282.3287 243
41.97 1-Eicosene CooHao 280.3130 1.28
43.16  Heneicosane Co1Hag 296.3443 2.80
44.05 1-Heneicosanol C21Hg40 312.3392 1.32
44.94 Docosane CooHas 310.3600 2.47
4568  1-Docosene CooHag 308.3443 1.38
46.42  Tricosane CosHas 324.3756 2.06
47.05 1-Tricosene CosHas 322.3600 0.95
47.73  Tetracosane CagHso 338.3913 2.08
48.38 n-Tetracosanol-1 CoaHsoO 354.3862 0.64
49.06  Pentacosane CasHs; 352.4069 1.70
49.75 1-Pentacosanol CosHs5,0 368.4018 0.73
50.49 Hexacosane CogHsa 366.4226 1.32
51.29 1-Hexacosene CosHs2 364.4069 0.57

52.12 Heptacosane Co7Hs6 380.4382 1.18
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A15197 4.9 NaIASIETENsUSENBUMNIBAT lutTusznanain (Mixed Plastics) (#10)

187 Hossusznaumaiadl gosluiana  analumana  Wudl
(W) (g/mol) (%)
53.08 1-Heptacosanol Co7Hs60 396.4331 0.40
54.00 Octacosane CogHss 394.4539 1.00
56.27 Nonacosane CooHeo 408.4695 0.94
58.98  Triacontane CsoHe2 422.4852 0.79
62.38 Hentriacontane Cs1Hea 436.5008 0.60
64.46  Bis(2-ethylhexyl) phthalate CyaH3804 390.2770 0.43
66.72 Dotriacontane CosHso 352.4069 0.41
100
: = M Diesel
%0 i & BIPET
80 17 B HOPE
70 - B Mixed Plastics
~ 60 1
é 4
m 50 A1
o 4
<C q_o .
30
20 1
10 7
O -

Ce-C12 C13-C18 C19-C23 > C23

Hydrocarbon compound range

JUN 4.17 Iuruasusureniuvernatadn

91N3UM 4.17 uansmamFileTgiduiun fUoularesAUsznoUNLATvDS
dnsfurgznatafnia 3 o819 #2 GC-MS Ui PET, HDPE wag Mixed Plastics {27349
Fuaua1svauagluyae Cs 89 Gy agnelsinu ndunudn PET a1susznaulaediulng
ogflurnsdiuaunsuau Cq s Cpp Usvana 82.9% Fsdndreglunduihiudomading ey
Uszuamiifuufalefu Tuvmedl HOPE uag Mixed Plastics fiansusznaulasdaulugeg
TUTISIUIUAS UL Cyis 819 Cis UTEUNEL 43.77% wae 43.77% anuaisu dadudaesiuay
afueuresnguihdufwananduailndidssiunanisiinsesiifufivaiifdesuon
AsUauagluYIe Cis 89 Crp Uy 46.18%
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= 4

442 wanisiesrzvingiledduvastifuvesnaradindasimadayiies
nsudnasu-dunsusaaunlnsalal (FT-IR)
AMTIATIEiNTusEnaaRne 3 §aeghe 1@un PET, HDPE wag Mixed

Plastics snemaiia FT-IR Wumaiafid dgynisinsgingiladdumanivesasuszney
Fauideiviinisieudioufunanisitasisiuesinduiiea TnonainnsiasIzii
wanaaguil 4.18 vetlviiudn ddufieadsingfia FT-IR favadusing q Yseneuludas
2,954 cm™, 2,922 cm?, 2,853 e, 1,746 cm™, 1,605 e, 1,460 e, 1,377 e, 1,169 cm,
806 e, 766 e, 722 cm, 539 cm, 437 cm waz 409 cm? Fududundsvesiuse
C-H stretching, C-H bending, C=C stretching, C-H bending, C=C bending ay C-Br
stretching Tuvaigilavady 1,746 cm™ way 1,169 cm’ wanafadunisvoangilaidy
awWas (C=0 uay C-O) Fedonndaifunanisiaszi GC-MS fnarluneuntfinsany
ansUsznevlufiateaned el Lﬁaﬁawsmwwgﬁaﬁ%umaa PET, HDPE wag Mixed Plastics
wandliiuiavas FT-IR u1nn31 20 A Im&J‘ﬁwyjﬁdﬁsﬁ"usuaqﬁﬂﬁuﬁuazwmaaﬂﬁq 3§89
wuth fuszresyiliiduiindnendsiuisiufion sniufiaundulutag 3,100-3,000 cm™
Fauananyilaiiu C-H stretching (alkene) finmaanuiamsluiifuvsswanainita 3 foehg
Wiy sauanslunnsnsdt 4.10

Diesel

PET

(%)

HDPE

boae]

Mixed Plastics

n5e sty a

4000 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 600

lrAdy (cm™)

JUN 4.18 namsasisvivyilanduvesiudemdinvesnaladinsiemailn FT-IR
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vanavaay Viafilarian Diesel PET HDPE

(cm™) v Plastics
3,100-3,000 C-H stretching (alkene) - v v v
3,000-2,840 C-H stretching (alkane) v v v v
2,830-2,695 C-H stretching (aldehyde) - v - -
2,000-1,650 C-H bending (aromatic compound) v v 4 v
1,750-1,735 C=O0 stretching (ester) v - - -
1,670-1,600 C=C stretching (alkene) v v v v
1,465-1,380 C-H bending (alkane) v v v v
1,310-1,250 C-O stretching (aromatic ester) - v v v
1,210-1,163 C-O stretching (ester) v v - -
1,000-665  C=C bending (alkene) v v v v
v v v v

690-515 C-Br stretching (halo compound)

4.4.3  wNaN13IATIIRIAUTENBUS I luLTuvEENANERN
NM9ATIZRIAUIENEUSIE (Ultimate analysis) 1Uuns3asziusunnse

Ag 9 iufasewdlindanuaiinseu tawn arsusu lalasiau lulnsiau wazfuzdu

| a I3 ] ) ] a & v = I3
AUanYLAULTUTENINe 100 AUNAIINVDNTIAAN !l I@Hﬂ@lﬂhﬁ@ﬂag FIDIAUTENDUUB

Arsuau lalastau wazeondiay Turiu@ainaudutadendnninadoaussausuas

ﬂmaﬂ‘i‘&muﬂ’]i‘V]’N’]USUEJ\‘iLﬂ‘iENEJuWLiJ’EJW‘\J’]iﬂJ’W’m@Qﬂﬂﬁ ﬂEJ‘U‘VﬁQLﬂ%J (LOpeS S., 2013)

"'le‘ilklaﬂﬂii]Lﬁi’]u‘Vi’eNﬂ‘LJiwﬂEJ‘UIﬂEJa Laamﬁumumuwuwmamm 3 98N LLGUU’WMUWL"’U@

LLﬁG‘I\‘i@\‘]WﬁN‘V} 411

a a (4 (3 g o/ a
$15°190 4.11 mamiaLfémwaqﬂﬂimaumsﬂuummaz‘wmamﬂ

Usuasnn (Gavazlasiunin, wt%)

UL ULTBINAS

C H N S e

Diesel 83.230 11.020 0.018 0.000 1.578

PET 80.740 11912 N.D. 0.769 1.758

HDPE 66.899 11.096 N.D. 0.699 1.976

Mixed Plastics 77.934 10.682 0.336 0.419 1.633
NS N.D. manefia asyaaeulainy (Not detected)

NAN193LAI1ZHIAUTZNBUSIAINIT1T 4.11 UsTliiiiugn unduaes
wanaRnya 3 Areene dusuasinmsueu (O warsnlalasiau (H) Wusinuseneundn
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Fafuesduszneviivsuenivauudomas Inefuimasinaisueunazsnlelasiau
ogfiUsEaNal 66.899-80.740 wtd% Way 10.682-11.912 wi% nudsy 1lefiarsanyIunm
ﬁmm%muimmﬂ%mﬁwﬁuﬁwﬁuﬁwawudw PET, HDPE wag Mixed Plastics HUSuneu
ansusuidnITuRiwaUsEanm 2.99 %, 19.62 % uay 6.36 % AUERU pglsfiny
ﬂ‘%mmm@laimmifuausuaaﬁwﬁwuazwmaaﬂﬁu’q 3 §9879 ndunuIIUTINaiguas
fifnenmilieamedmsunsihuldiluidudewmds wenanil nsteseidmsaany
s1fuzdulutidursenatafinite 3 F10819 ogfiuseuI 0.419-0.769 Wt% uay
nsdisnlulasiaunsianuianigly Mixed Plastics InafiuSunauussanas 0.336 wt%
51mﬁmvﬁuﬁﬁaéluﬁwﬁuwﬁamﬁaﬁwﬁaLﬁmmil,mlmmum%ﬁauﬁa%aiﬁﬁmﬂu%’aw\lm
ua Wmﬂuuawwimaaau dl yilAnduduazossyunian deduas zoounaiiduualiy
Wudumiuniszauveuadossudiay USunusniiue auiuumummwawawu
(Saiyasitpanich, P. et al, 2005) saufsnalvindainassonlan (SO L:uamilgﬂimﬂu
Tulnsiausenled (NOY wazsaudaiuletluussernailiindunsaitdemansenuse
Asuandou (Uzochukwu, W. et al, 2021) Tngfiuguudnisinlndiiduiomdmeada
Funszuaunsiwnndidemdiiiosiusenoundnidulalasefveuhuiisefuoandiay
Tuenae Imﬂ‘%mmmaﬂwé’wmﬁﬂﬁiaﬂaaﬂm'ﬁwnfNmil,miwﬁ%aﬁ'lﬁm%aLwaﬂﬁuagﬁu
Aseendnduresnsvenluiiudomasiiduiusfudnsdiu HC lnsansogneds
Sethiudomadisnsdiu H/C fiun nMinUAAseneendindufiazdaiias wasndsau
ﬁﬁ]ggmJa'aaaaﬂmawdwﬂﬁﬁ%maaﬂ%m%’uﬁ%@'amﬂﬁﬁuﬁ’m (Mondal, S., 2015)
444 mamshanziENTANIMEn RazIaaiivenisuveswanann
wam'ﬁﬁ%ﬁmm%{fﬂumﬁmeﬁamﬁ’ﬁﬁugmmqmamwLLaWNLﬂﬁ
YoetnurEENaTEAns 3 §I0819 (PET, HDPE waz Mixed Plastics) §sUsznaulusae
ANUNTIAAUAENT, ATIUNUILLLY, ANAITNIERAZANE IR, 3A31UlH, 9afaly,
Fudldimu, Aranafoudiomas, qmmﬂﬁmsné"u LLazﬂmﬁuﬁamiméaﬁu Tnenadaungld
1AIFIU ASTM waziUFeuiiisufuihiufiwaidauihmadomdmumnsguinsugsia
wsuiue S9esziuaveRusenalased
4.4.4.1 Nan1TIATIZRANUKLAIAUMIEAS
Aunia (Viscosity) fia wssdumuniglusivesvedua fenn
nsBaingfusgrindluanalureanar wsaiumuninedoufivesvaslnaiignidends
“wssniln” Fedanaldanilevestmadifienuniinguazidoudilidinivedluafiianamia
Tnerumiladuauiinadomnddifauddysonsihiduveswanann Ul lueioseus
dosaninalpenssiusruudnmihiudemdsdueiowud lnsamenansenuiidderasn
wardudeunds esernmnuniiavesintudemdcsiuduledeiiinadenisnszaies
Juaressosuaznsssenarsifulelusznintssianuvenniossud Saduaunanis
fnelmAnnsinlvsiilianysaiwaziiansusianglusioanlvsl (UTnavdn 1dled
Médlelde Lazgngy) saumammmﬂﬁmal,waqsuaqLﬂiawum (Lehto, J. et al., 2014; Musa,
U. et al, 2015) feifu araniladosiiaumuizanielfssuvndffudeindsanunse
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davomddliluazesulogldd Jsdatmuavesnsugsiandsnuniglduinsgiunisvaaey
ASTM D445 pipumnilndaumansvasinsiufiead 40 °C IA1lis1ndn 1.8 cSt uagliaindi
4.1 ¢St (NFUFININFINY, 2562)

4.5

4.0

3.37

3.5
3.0

AEns (cSt)

2.5

2.0 1.74

1.30

1.5

AUntinaau

1.0

0.5

0.0
Diesel PET HDPE Mixed Plastics

JUN 4.19 AmnuvitinaaumansvesdiiuresnatafniUSeuiisuiuintdusiea

nHansIaseianuniinaaumaninuin disiuvesnataini
3 FDY9 ﬁﬂ'ﬁmmmﬁma]aumam%agjiuﬂiaqﬁﬁmdwmmmgwu‘ﬁ'ﬁmumﬁ 1ne PET, HDPE
WA Mixed Plastics SAyiniu 1.70 ¢St, 1.30 ¢St wag 1.74 ¢St anuddu SnsadiadiAmnia
dsfufiiea (4.06 cSt) é'hl,l,amﬂugﬂﬁ 4.19 FsarnAauvdinaauatansiisives PET, HDPE
uaz Mixed Plastics .iuannguilsiidsnaliiAnnisdnvsovestudiunielufosn i
qﬂmfﬂLﬁam‘%suLﬁﬂuﬁ’umiﬁﬂmamﬂmﬂﬁé’fﬁ;ﬁﬁuﬁma (Kaewbuddee, C. et al., 2020)
wenanil SeilleniafiazvilnAnnisflnaluszuunsanlomasuazdnanennuanes
gpensrurIum sl neluesing ilesainaninznissneinsudomaddiliifomene
mswnlusiveaedeseus (Chandran, M. et al,, 2019) agslsiniu Auviinvaumansiisn
YpsinsiurgEnaainia 3 deeg LLamﬁammmmsdumiszmaﬁgjqLLazﬁmaﬂiwIﬁdw
sonsanidemas Snvatsfuitemasiigndadauninlunisnszaeiiduaresloslid
(Kuszewski, H., 2018; Keera, S. T. et al., 2018; Srithar, K. et al, 2014)

4.0.4.2 HANTILATITHANNA NI NNIZLALANE IO D

ANUAWTNNE (Specific gravity) Huauihivademdditasdauen
Semnuvniuveni iU oimas I@&JﬁﬁfwﬂuﬁaLWS@ﬁmmmﬁﬂwaﬁqwsﬁwasiammm%fau
Fomdsdonisiminanas ?z'fﬂﬁﬁaﬁﬂwumeQﬂiuqsﬁawé“muﬂwEﬂéfmmgmmimaau
ASTM D1298 annanassnizvasisufisad 15 °C doafialaising1 0.810 uarlaigandy
0.870 FeAnaruaradumelinnuduiiusfugungd nanfe Weguugiifiududena
T¥Anugssumzdaanas (Yuan, W. et al., 2004) 95l 91nHan s asEiaua19smne
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vpsthifuesnanainii 3 feg1e w1 AT INEYRs PET, HDPE Waw Mixed Plastics
ATy 0.825, 0.770 ua 0.780 MuAITU Fenirmenugieswivesintuiien (0.830)
waNaNil Fanudn HOPE uae Mixed Plastics fidnfisnninnfisnasgusnmunly luvesedl PET
fanudediwnzdigs esnesdusznoumanilasdiulngves PET iunuverlswind
feansorlawfnddinemuudraziirumssungeglurag 0.800-0.900

0.88
0.86
0.84 0.830

0.825

@
b

0.82

o

AU

0.80
0.780

0.78 0.770

0.76

0.74

0.72

A

0.70

Diesel PET HDPE Mixed Plastics

a | ° HY a a ~ v 6 o a
giJ‘Vl 4.20 ANUDIIUNISYDIUNNUILLWANFFANLUIYULNEUNUUINURALYA

70

50

] i\
ANNa2LeNle

Diesel PET HDPE Mixed Plastics

JUN 4.21 anudseiilevesiiuvesnarainiUSeuiisuiuindusiea

ANUaIenile (APl Gravity) vestshudewmasduandiniadeinas
faelunistiedwunlszianvesnduiuaiugasaiauaineiitesondu 3 ngundn 9
Taun wnsfumidn (APl < 22.3°) dndfurunanans (22.3° < APl < 31.19) wagindiuiun (AP > 31.1°)
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falanunfindufiwassiiinanudaselonglutng 25-45° (Sarikos, S., 2020) uazAIIE
eiledietenivesdusznaumaaiivositudomas Inefhindudomasdidaaiuns
ofilofigraziosdusznavvamnaiiiu lumemsstuduihiutemdeifidanudnedle
fishazosdusznouresuuniiu eghslsfnu nssuundssinnvesitufudeaiunis
iletulsifiteuiidaautuegfuuvdsiiuasssmaiisinun 1nuansieszsiaung
W@ LaNU31 PET, HDPE, Mixed Plastics LLazﬁﬁﬂuﬁL%aagiuﬂ&jmﬁwﬂmm IR GRGRREREE
wileunnndn 31.1° vavendsflesdusznauvesmsiiu Judulelasmfusunuuaensauas
wuuAsisadnlelasiauseniueugs (Gaurh, P., & Pramanik, H., 2018)
4.4.4.3 NANTAATIEVANUNUILUY

AMUNRUILLUY (Density) Huaudinianeamueningduidemna i
auddgdusdafdeaussouzuaznginssunisiiluiveunIeseud Taevialuunda
aruvuturesidudemaiaudiiustudmdnlinana Sserumuduasifiniuie
anasautmidnluianavesiiduidomnas (BintE-Naser, S. ., 2016; Rruunn Judu, 2560)
sudadinadsuasnugamad nanie Wegnmpliisduammmuiuvenisudomas
wilunliiuanas esninannefiguvgiasduluanaluiiudomdaznianisdoh
Fodnfudusefovdmalindinuaailnesuvesssuuiuiu Mnwadindrvhlfmimiings
nilGinmsanasisriliauruiuiuanas Jagudeimasiigndndngreanludignaiuam
Huufinnsnienardeidadiavselind daiu nsanasesarumuuLtetudoinds
vzdamalifndsveaniosudanas (Kuszewsk, H, 2018) Tngannumunutuilnasauves
drstuiwaensiiailisinia 810 ke/m? wazlslgaiu 870 kg/m’

880

860 -

824

840 - 829
820

800
J 779

780 769

760

ATuvLILLY (kg/m>)

740

720

700

Diesel PET HDPE Mixed Plastics
JUT 4.22 Anuvuniiduresidiurgznanainiseuiieuiuiiudia

IINNANTAATIERAIINUIRUIUAWaRILUFUR 4.22 wudn Wndiuvee
PANARNTIE 3 AIBDY19 UAIANURUILUUAININUNNUADA IneTiA1AIIuMUIWLY PET, HDPE
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(%

way Mixed Plastics HALYINAU 824 kg/m?, 769 kg/m> Lag 779 kg/m> muadiu wenand
NANNTIATIEAAINE1I S MUY HDPE Wag Mixed Plastics iAnumuniuuiinindngasani
winzandmiunniluldnuluedessudfwanuiiuinsgiuiinualy auneniaiazin
Mnesusznoumaaiinesngiudafuiitnnlduussuifundinuidomas egndlsfin
MNRENTIATEEAIMILLYes PET Adldgedufunainainaisusznoulngdiulg
Judszinneslanind Sefiranumuiuiuegludissewing 800-850 keg/m? viail 91nma
mslameiinanadsiududedlé PET, HDPE uag Mixed Plastics Samumuuiuiie
Tunguidewndallnnden Snisdadusmulmisiiannsatisvssduidnsnisaudies
Fowds Tnefihtudemasiiiianunuiuiugasiidnanisiudieadomasitesnds
thifudewdsiifirnmsuuiiusih (Khan, M. Z. H. et al, 2016; Sarikoc, S., 2020)
4.4.4.4 wan1FATIERenIUlnLazyadnly

ynulbnuazaafnlil (Flash point and Fire point) 1ugaumgfives
ihifudemdsildsuausousuinmsssimenanaibule iWelefissmetignuailrazaniuiu
wagviliiiaalvgniuegsieiiiosedatosliisiinit 5 3uift Inevilugedalnazganda
9nUlWUsEA 5-35 °C (Patel et al,, 2015) FeArfinsugsAandearuimualinield
UIATFIUNTNAGBY ASTM D93 desiidrlaisinndt 52 °C (nsugsRandsay, 2562) Tun
UTRga vl uaudiniademasdilifinansenulaensaroanssouzvesiadossus
LLﬁamﬁﬁﬁﬁmmﬁﬂﬁaﬂué’mmnﬁuﬁmqLLazmssuuaiqLﬁamii’]aaﬁué’umwmﬂé’ﬂﬁﬁa

NARanTIATIERgaUliuazgednlifandugui 4.23-4.24
Wyt tduvszwanainia 3 o819 SAngaulnuazgaielidiniidiifufiea uas
Lﬁaﬁmimm%uLﬁauﬁ’ummgﬁwfﬁuﬁL%amaaﬂiuqiﬁawé’ﬂmuLﬁulé’aéwa%’maudﬂ
ﬁwﬁuﬁusJz‘waWaaﬂﬁﬂ'wﬁ;m’mvl,wGi"ﬂﬂdwﬁmmgmﬁmu@ Tag#l PET, HDPE uay Mixed Plastics
fgamgfigaaulogfigas 28-30 °C Falugmungiedlugisgungivsseinianay
NARINAIIADAAADINUNAIIUITEUDY Eze, W.U. et al. (2021) Fatu sndudosd
anusgiinsy Trlunmssnifunazaudadietostunisifindaisy el 9eaulwwazqadale
fismesihturesnananmisdliiuienuansalunisssivenateduleves PET, HDPE
uay Mixed Plastics finsszivenaneidulefigeninuhifufiea (Chandran, M. etal, 2019)
waztiiuldogsdaauainuanisiiegigaunainisnduraanisndubufurenisfurey
wanaRnita 3 fegne Seamgiifidindnihiufiua Wauanduiadod 4.4.4.6) ogslsfin
uliuazqafelnfidvesiiffurssnaraind nfunuifnafidenisiniadossusiuay
miﬁ;muﬁmmﬁaLwﬁﬂuﬁmmﬂuﬁ (Gaurh, P., & Pramanik, H., 2018)
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100

anuln (°C)

9

Diesel PET HDPE Mixed Plastics
a S o a ~ ~ v 8 o o
IUN 4.23 aullvesidiuvesnanafinUSeuisuiuidudie

100

aadalvl (°C)

Diesel PET HDPE Mixed Plastics

JUN 4.24 yadnlnvenindiuesnanainieuiiisuiuiniusiea

4.0.4.5 nanTATgirnSeulaInGs

APufeuoias (Calorific value %3o Heating value) fWuUSana
nEsuanufouiivantdesseninanmailvsiauysaivenifuidemas uazdadu
autRvilaldlunmsussiiuuseavsamludanmsiuasassgia Wesnduladoildmdan
msléidomnas (Khan, M. Z. H. et al, 2016) IngArausouideimasiuiuogfuasdusznoy
maafilararimiuresituiemas nafio sandumivounarlelnsiauiigedngli
Amfeudomdsiigadoruiu idewmnmiveu (O warlelniau () fdanuioudeimas
WINAU 120 MU/kg Wag 32.7 MJ/kg uanau
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Diesel PET HDPE Mixed Plastics

JUT 4.25 AnenuSeuideindveahiunesnarainiuseuiisuiuindusies

yonani Aranudeuldomasiinualtuiifiudunusiuiueyae
m%uauuazmmmﬂ%ﬂmLaqaﬁl,ﬂ‘mﬁu squfen1sanasvesarsusznouildudalu
aaﬁﬂizﬂam%ﬂmLaqamaaﬁ’]ﬁuv‘?ﬁy@L‘wﬁa (Fernandez-Rodriguez, D., et al., 2021; Keera,
S.T. et al, 2018) F9Uad 1 Riulda1nNaN15ILATIE 0 IR UsEnaUNILAT eI nATlA
GC-MS wonani insudemasiiiesdussnouvesosndiauiivunldufidmaliiidanudou
Fonaafianas (W. Gis, et.al.,, 2011; Hossain, A. et al., 2013)
NANISILATIERAIALE UL LG UL TU YT NAN AR N9
3 §29819 waviduilwadioAIesuonuaao3iines ﬁqgﬂﬁ 4.25 wu31 Yisfuann
YggnaraRnia 3 M08 ferauiowdondsiigunugdmivlunisiunldidy
widsndsnudemdsnadenluaioseusassidafenisde Taefidranufouldoinds
294 PET, HDPE Wag Mixed Plastics JAWvinAU 39.45 MJ/kg, 39.68 MJ/kg way 42.52 MJ/kg
AuEIEU wegnalsinng ApnudeudeimdstanaddldafinininArnnnudeudeinas
yostntuda (43.48 MJ/ke) TUSTL 9.26%, 8.74% waz 2.21% A1UE1AU Fana
APnuseuldemaesinegsitiudemassiinanunilunafiduionnanosduseney
Tudsluianavesindursgnatafinite 3§08 S99 1mrussmouafuaudisinia
drsudioa Fafiorsanldainnanisinsieiosdusznouniaaiidionies GC-MS
Tudoft 4.4.1 waznadildannnisimsizianursavseifuluidseduldindiduann
wzwmaaﬂﬁ?uwﬁé’mwﬂﬁiéuLﬂﬁaqﬁMﬂﬂdﬂfﬂﬁuﬁmaLﬁagﬂﬁﬂﬂ%’lﬂm%aL‘Wﬁq
TupSoseunmia
4.4.4.6 HaMFIATIRAMININAY
gunnfin1sndu (Distillation temperature) Buauimadomas
¥dmiueluenginssunissuvesvesitudemas dududnmiduautinmademas

[ 1 I

dAgnTigy@tenuanuaenTINureLATeIgud gl nnaulunwideidngen

o

=) =)
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lngldiFineinisnaudemddlngdounuuinsgiu ASTM D86 windaesidudusuing
YaaRIg1aduendnnauladogun I Tunan1IEAUAUUTTEINIA TILAAINE
a ¢ & a ) | s Jyydy = Y =i =
s seilugaumgiinisnduresdiuinaulaniovas 90 lneusung Asgui 4.26 saud
wanin1siasziiluanuduiusseninalesidudivesduindulduazoaumall duanang
MFIATIEAlugUn 4.27
gamninisnauvesdiuiinauldniosas 90 laeUsung sudeimun
a [ Y o k4 = ay 1 a Ie) a [ ! g
voansugsiandanulanmualigeaangaumgiiliiu 357 °C lnvaumngil a yadanaiilu
2 Y Ao v A Y o vo o & a a A v a =
asengaendmualy ielesiuldlihiudemainioannisunlndiianisivanie
wnsnTuasludedrumlusrsinduinios Fedwwaliquainvesiiueioadauag
NNIATgUMNInInauvesEuindulaniesay 90 lnedsines nwudt didurgsnanasini
3878819 Tgaungiinisnauedludisnuinsgrulanimualy Tagf Mixed Plastics
fgaumll v AdananIgean (314 °C) WeaSeuiiisuiudiegradudomndsdy q ke
MR ludiu HDPE wae PET lgamail a4 9aifieafiuwiniu 294 °C uag 252 °C aud1siu
wan3anil fanudn HDPE way PET dA1gungiifnisindnuidudiiga (300 °C) Fe6aann
nsnszinbailidudiunilandieysefiuaussauzesasotsudld Weosndugumngin
Yavendamsbindsnuiuniesseuduaznisusendaundugoinas

350 A
1 300 314
300 A

°O

250

o

auuNdinIsNaY

200

u

150 A

g

100 A

50 A

Diesel PET HDPE Mixed Plastics
JUT 4.26 aaumniinanaun 90 wWesidud vesiuvesnatainiUSeuiisuiuiniusiua

ihifutlasdeaduansuaulelnsasueuvanesiinfifaienunnsig
fu Wethunduneldnnsgiunismaaey ASTM D86 Tasuansnmdusiusseninsgamai
WidenuaziUefldudUsinasnsnauesdufinduld fagui 4.27 Fsuanananisiinsie
Lé’uammﬁmiﬂé’u (Distillation curve) wostingfuvsznataRnita 3 10879 WasuLiigy
futhsfufllanudn PET, HDPE wag Mixed Plastics S729gamaiinisndusgil 50-314 °C
78-316 °C uaw 70-318 °C muddu Inefidrsganginianduvesiduves warafni
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3 f79819 NAAInIgseunninisnauvesiufiea (Graduniea 188-248 °C) uay

\laRasaguiisunauss (nitial boiling point, IBP) wazgaumgiinisnauvesauiingaule

=

fi¥ovay 10 TaguU3uns (10% Recovered) ¥iai3eni1 “Front end” dafudiuunfiszmels
inefgungiidaziJugamgifitieuszifiunisiniaiessuduazsuenianginssy
nMsspmeresindulewmas lnsdfudemdsiidanuarunsalunissemedidanali
osuAinsnninhiudemdsidarwannsolunssemeiis wiegilsfinm nissune
fisuAulvazdmalilovesifudomassauueglufoanviiviuaiossufinansdonld
MNWaTATIERTIMginIINduNUIn Yifuverwataiinia 3 faogs Tvregaugd 18P
uay 10% Recovered fimninintufioa (Uszanm 85-140 °C) uwasiiloiUisuifivuszming
ihifursrwanainiia 3 fogns andiulédn PET fidasgaumniives IBP uay 10% Recovered
fis1n31 HDPE uag Mixed Plastics nudndu anvguiazanandadiuvesituidemas
Tunguihsuufalefuves PET Gadunguihiudemasiifiyaiions) fdndiufiuinni
SowSeuiiiuriu HOPE uas Mixed Plastics Ssdsnalviiivestasgaumaiifananiiin

400

4 —e— Diesel —o—HDPE soayesPET --B-Mixed Plastics|

@ (°C)

aauuNTINTSNAUYasdIUNNAY

3

=

200

&

150

100

a
U

50 &

0 10 20 30 40 50 60 70 80 90 100

Usinasmsnauvesdauiinauld (%)
JUT 4.27 dugamgiinisnauvenidiuveenarainiUeuiguiviiunia

uananil gamginisnduvesdufinduldiifesar 50 lnousuns
(50% Recovered) %138138031 “Mid-range” Lﬂuqqui%aqﬁwﬁixmalé’ma%mﬁaqmmﬁ
wndusazndutgumnifidigliiaiossuifou Warm up) 16151 uargumniinisnduves
duiindulsfidosay 90 TneU3uns (90% Recovered) #3ai3unin “Back end” BsHaannns
Ainsziagfiulddn guugiinisndunaonis 2 923 vestndursswanainia 3 dregng
fgandinanduidhnindhduiios weeivisgumglinisnduegfidasussanm 50-318 °C



95

iummzﬁmaﬁwﬁuﬁma%aaﬂiﬁmwizmm 188-348 °C viail 9auMnTin1INAUT 10%, 50%
waz 90% vesdruiinduls anunsashlulddusudslunisiwnadaifing Jaduauds
Mﬁﬁﬂwaﬂﬁqamé’ﬂwmsmmﬂwﬁsﬂaqméawusﬁ
4.4.4.7 wanTATIERRvITNU

Fuddinu (Cetane index) uaudinadomdsdifaudfay fu
agnsBadmsuitudomaiitinldluedessuddununely desmnduidmuiutlade
AnasiouszavEammaiauveaniewwud aadnvaznaelvl wazuafivleds sud
Husustdsrnuanunsalunisranfusewineomauasemaslusewinanseuaumsiwa b
Y04LA3038us Tnofiduidmutuaiunsadiuinldainaunisd 4.3 Tneldaudusiug
MMMEMTAATEoamMaTinsnd LA AIVLLULYE DANE ST INE

90

70 A 63.44
] 57.82

51.78

W

53
=

e

U

Diesel PET HDPE Mixed Plastics
= | o Aa Y a = a v 8w a
E“LJ‘VI 4.28 ANAVULLNUVDIUINUVYE WAL UTIUNYUAUUIHUA LS

NHANTIATIEIREAlUIUN 4.28 wudn dduvegnatainie
19819 AANATRTNUNAININUINUALE (63.44) lae7 PET, HDPE way Mixed Plastics
ANGU TR UL 24.43, 51.78 wag 57.82 A udnu anvededanaiuladain PET

1
o w A

v o ad A o 1 A ! = [ I a 6 Y
AYULLNUNHINITUIHUALGALNDU 3 911 "INLU‘LJN@‘1]’1ﬂﬂTﬁlIﬁ’ﬁE]%IﬁLllC‘]'ﬁﬂﬁiﬂﬂ’mu‘llﬁlz

anafandanalndaawdginunnn (Mangesh, V. L. et al, 2020) A28xa3 1NARYRTLNUY

(%
o a Y

fishaesitursznanaiinia 3 fegatl eraduaungiidmadenudrilunisgnszdelu
sgwhsnszuaumawnvdivesihifudomdsneluonsnlnl fadutsssminiaiudues
nsdattudomandigreannluduasnisdudunisinnlng iesnndydfimuiy
autifmatemasfiuansnunimmsaialivesidudomds mufaduiudsiiveends
AUENNTALUAIHANTENINDINALAZ LT UL DL NE (Luning Prak, D. et al, 2021;
Fidyayuningrum, H., et al, 2020) waznagenanidmansznulnensenislanddesuaiiv
leide 1Fe9 waziadosnlunminuvesaiessus Inevhluudiedesudfisitisauadn

D=2 D D W
>
2

3
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lunsyeszilnfigineliinnisuanldesuaiivleideyssianlalasaisueunasivinngs (EL-
Hagar, M., 2020; Srithar, K. et al, 2014)

45  wamsieneiauantisulasTulagvasihduveswaiain
MnuanIsAndunsIdedsiiden 4.3.5 lunsimsgiauand@siulasivlad
vestsursznatainita 3 §1e819 (PET, HDPE wag Mixed Plastics) lnsi3suiitsuna
mnTeisaiuiduiies Ssnereidnlesiulastiduladefifiauddalumsduen
fenmauifinivdeduveshiudemdsnsruinsesdnuse dulssdviaudsanu uaz
fsunandodu Tnsanusonsieneinadulesiulafvenidueswarainia 3 daegld

v

NU
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jesel PET Mixed Plastics

UM 4.29 vunsesdnnseveshiuvesnanainilseuiisuiuidusies
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Diesel PET HDPE Mixed Plastics

JUN 4.30 Wdunaeduvesdduveznanainiuseuimeuiuiniufieg
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mﬂmﬁmeﬁ@mamﬁ’amméa?{umaaﬁwﬁmagwmaam;l'jq R PLERN
Tngl#ia3os HFRR Tun1sias1gsiniglduinsgiunismaaay ASTM D6079 uaginvuin
SOUANNTEAIENABI9ANTIAUAISIVEIY 100 4311 Wu31 PET, HDPE way Mixed Plastics
fuuinsesdnuseinfu 330 um, 305 um uag 285 um audRy Feusdldiudndity
vzwanainie 3 wieduiauandinisdnusedidosniniduiiea fuduldanauin
sesdnnsofiuinnindisfufiea (220 um) ilesainUiunasigiueduiiiogluisfuy
YgEWAARNTS 3 fegns Fuandunansiinsesiosdusznavsaluriaded 4.4.3 Hutlady
wilafiteiliiAnnisianseunsesosnsannse (Awang et al, 2022) Uszneufuiifuiiea
flddmiusedalunsiseiiansusznoviiaeamesindiunanvesiulefiva (Faua
MR GC-MS) Badudadofiddayfitrelinaautinisvasduda (Farias, A, 2014)
Tngnan1siasgsidisatuayumauaisauiuldaniidunisvasiuluguil 4.30 vos
‘13131’14&%%1@& (97 %) lurasfifldunisvaeau PET, HDPE uag Mixed Plastics davinfu
60, 89 WAz 95 AuAIRU agnslsfinu wwInsesdnuseveinTuTBENaTARNT 3 18N

o i & oo A PN =i a % ° 1Y ' !
aananugadrnegngldmunsgrunnsugsianasnuimualy (landt 460 um)

——Diesel ——PET ——HDPE — Mixed Plastics

0.16

0.08

o £
Auuszansanuidoaniu
[=}

-
N

Diesel. PET HDPE Mixed Plastics

o

10 20 30 40 50 60 70
1an (uil)

JUN 4.31 dusgansanudeamurenidiuvggnanainiIsuiiguivdiduaia

FuUszAnsarudsaniu (Coefficient of friction, COF) tHudtavlsand
T¥suonUsinausadoamusywinsaesiiuin dsimunlaedasaiussrinausadonniunas
usansEiuLIRRn waziolndufulsiiddydmsuliensinginssudulasiulad
R ADIC IV GR mﬂmamﬁmiwﬁﬁqgﬂﬁ 4.31 LanINasendng COF uagaeszeslian
nsheseRvesttuvsEnatainm 3 faege Wisuilsuiuisuies Fenaludaeusn
Tun1shnseiidutsteuntsinseiass (Run-in period) lurasaanil COF Wuarldiaies
uarisedugaiuegennd esniiduvdoduiatussninsiuindudawasanue sy
yosiiuinsEniafiuiadeaniuaz s1utsuiudionawiuly Tneduneuveinisiasizs
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P1AINAITINIT “@nN122A3A7 (Steady-state condition)” (Awang et al, 2021) Na91n
malnngivesiiugswanafinita 3 foghanut Funeumsiieneeiauadluraanne
AsFI89 HDPE fAnfidflan Usgnoulutsannigasiaiiuléin duussansanudsaniy
184 Mixed Plastics fidnwazfifianusiudsusnniigaiilowIouifioudu PET way HOPE
Jednvnzdinanivaliiuiimuiiaiosnin aguilniozinandvinavesniuniie
WAEAMNNUILUY (Azad, K. et al, 2019 Yaqoob, H. et al, 2020) wenng Yshuvezanadin
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JUN 5.5 insesdielinsgiingladowasiesosiioiawiin

= o a = s a 5 =
M1379N 5.1 sU@Ha‘V]'NLV]ﬂ‘NﬂSUENLﬂi@\‘i‘ﬂu@]LLaSIWUWIQJNLWE'JiVﬂGmUﬂ'ﬁV]Wa@U

W13 518821980
iA39EUsRLYE
éﬁa/ju Kirloskar/TV1
VUIAGNEU X UGN 87.5 fiadluns X 110 Jadiuns
YSumsnszuengu 661 ¥
Masgegn 5.2 Alafad (7 ussth) firuiEseu 1,500 seusound
RINFIUNITON 12-18: 1
iinthsfundedy SAE 10W30
lourluiimas
éﬁa/ﬁu Technomech/TMEC10
Usziwilowlafiwes  laulufiwesvianseuawmieni
Tnansad AATUND, WA S Beam, 93977159 0-50 Alansu
P sinlvan 0-50 Alan3y

15799 5.2 Teyainsasileliasigiialedy

W13 8Lna3 423901339 ANUATLDYA ANULLIUE
TESTO 350
NO 0-4000 ppm 1 ppm +5 < 100 ppm
NO, 0-500 ppm 0.1 ppm +5 < 100 ppm
co 0-10,000 ppm 1 ppm + 10 < 200 ppm
HC 0-40,000 ppm 10 ppm + 400 ppm
TESTO 308
Smoke index 0-6 0.1 +0.2
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C8

53.2  masuliumaiiudledauasiiassiduazeas

a

nslnsgiaudnuurvewuaronsfiinduanmawnlnd nglufesnlg
TunSessudvosiiufiwansinduresnanainia 3 fegne Tesznauludhe n1sinsies
uasaiminvesuazensarngAnTsunsaaeiivesesrUszneuluduazens deduiiunig
Tnsnisifiufegiaduazossiivareviololdsvosialossudmeyaiiuiuazeosiigidels
Fndunsairstudouandlusud 5.3 lneiusessduazessdsusiunsaslalasliues
f9e Whatman GF/C vu1a 47 fiadums (1.6 luasew) meldteulunmsvhauvesindoseusd
flwafinnuirsou 1,500 soU/und Anszanu 50% vesussDngsgaiduszozinan 30 wi
Tnomuaudnsinisinavesleideegfiuszunal 15 das/undl wazquuginaaoudign
25-30 °C yiail é{’m%fumﬁmsf}zﬁmamqﬁmﬁﬂmm@uazaawuLLNuﬂsaaﬁLﬁmﬁuﬁaﬁauLLaz
ndamsaaeu §3duldldnTestsiinea (pwaziBeamaion 4 duwis) fauandluzuil 5.6
wazduHunIaeiInaaluIszinginssunisaatefivetesnusenavluiuasasiniy
\A309 TGA ImEJmséfméhaEJ'NLLsiuﬂimﬁﬁs!uazaaaamagLﬂu%ul,ﬁﬂ q BuIafiuiisEan
5 as1efiadiuns (Unansevdivdosiiuandlusud 5.15) wazimtingiog1sesuazons
AlFdmiumsiinseiszana 5 Tadndu feleulvillidmiumsinneiuazesauansls
Fann91efi 5.3 st andeulanmsdieTesifuazossiaenrios TGA tu Snsnisiudsuulas
oaumgdl Uua wazanmwessnesailldlumsiinsidutiadeninasensinsest nande
naifudmsniaildsuulasuunianduanauandenvessanisiinsgiuasituiivesiin
wnetu Feunuiseddddsnmnniaudsuwasumgfiegdl 5 °C/min

NAINIINAFDU

U7 5.6 nsdsdmiinununsesnou-naIn1sufeg s
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|8
Please Do Not Tg
b)5926 DO VRHES

JUT 5.7 nMstadmiinununsaaneu-ndinisinudiegiausil

#1379 5.3 Reulun1sinTeiluar009aen3al TGA

Sunaud Roulun1sinse
1 Initial atmosphere of oxygen 60.0 mL/min
2 Ramp 35 °C = 110 °C: 5.00 °C/min
3 Isothermal for 5.00 min at 110 °C
4 Ramp 110 °C - 700 °C : 5.00 °C/min
5 Isothermal for 5.00 min at 700 °C

54 wan1siseuazeAUsienanIsnagauAIeseudenasldinsuainaes

WanaRnA19¥la

msnaaeutIessudlaglduifuanvesnarainassia Weinseiaussausaes
\rSeseust Audnwazsunlng wazafivlods sufmginssunisduveasdeseud meld
anmeleulunsmegeuisntu awnseinssiuazeiusonansandunsIselanad

541  aussauzveadessudanmsldintuvezwanaindeiin

N1SNAEBUANTTOUTYBILATDIBUFIINNSIF iU s nanafind e dn

Husudomadduaisssusmwalaensiseuiiouiuinduies dudsildlunsiasie
aussauIRAIessuiUsTnaUlUA Y AuALAnT oA innziusn wasUsEansam
Bamnudoulusn defaulsdnanilanunsatauazinildannisneaeuiniaseudlnenss
MnnmsidunSTeiiassinanisaaeuldsad
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5.4.1.1 Nam'ﬁmi’luﬁﬂ’l’méjmﬂaaﬂl,%aLW@Qﬁ’]LW%LU'ﬁﬂ

mnuAuUdondomassnsiusn (Brake specific fuel consumptlon
BSFC) LﬂumLLUimmmmﬂmmmﬂﬂummLﬂiwwwammu%mmsmaum GzNLUumLLUsw
TUsviunsldhiudomamenaIosud ian1iznisviausiig 9 (BSFC fisvauania
auUsEudatuldamas) Insuansmnuduiiuivessnsinsaude uomadnesia
Aonilaniiessfindnlaainasosous (Heywood, John B., 1988) #118n157a3 BSFC
Jeuuandlumisondusenlatnd-$alus (g/kw-h) Seaudiniadomds 1wy dinnudeu
Fowmds, Ay, Anunisveutomds warnsesnuuussuunsandemandulade
ﬁwﬁ’aﬁdwaﬁa BSFC v04LA3098us (Wu, G. et al, 2020) F31a91nn15NA@0U BSFC 909
difuseswana@niia 3 feghs TnewSeudlsuiuisiufiaaunsaeiusonaldsed

1,500
1a00 4 M Diesel PET & HDPE B Mixed Plastics

1300
1,200 -
1,100 -
1,000 -
900 1
800 1
700 1
600 -
500 1
200 -
300 1
200 1

(g/kW-h)

Brake specific fuel consumption

23 50 75 100

Engine Load (% Maximum torque)

JUT 5.8 anududesdemadnmziusnatglanisiudsuulainissany

mﬁm?{ammmmmgum%aqL%@Lwéqﬁ’mwmmﬂ (BSFQ) maqﬁwﬂu%x
wanadnia 3 feg1s Aeldnsuasunlasnisyeu Tnswieuitoufiuinsuiivauans
éﬁ’qgﬂﬁ 5.8 FaNaaINNINAEUNUIN BSFC vasinatsinsiudoimdmaaauanuaiiuuliy
fanaaiionssnuveaadesudiiiniy mmcgLﬁaqmﬂﬂizﬁwﬁmwiumiLmﬂﬁﬁﬁqﬁuLLas
ﬂﬁ@ﬁglﬁﬂmm%wﬁamawaqm%wu(ﬁ Usznaufudnsinisiiiuiuresidausniiuannin
dowTeudisuiugasnmaiiutuvesrnuauliondemadagina (Charoensaeng, A. et al,
2018; Maawa, W. N. et al, 2015) wagninuU3oufioy BSFC sewinetinsiuvgsnanadin
4 3 f1eea wavtnuAanun PET, HDPE wag Mixed Plastics & BSFC snnnintinsfufiaa
NN 9 715897 1AgA1 BSFC va PET, HDPE Uay Mixed Plastics 8glugaq 518-1,192 ¢/kW-h,
480-1,046 ¢/KW-h waz 474-973 o/kW-h udnsy Tuwaziivasudiwarn BSFC agﬁlﬂm
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468-950 ¢/kW-h uenanil WiawFeuifisusswinnindfuneswanaiiniita 3 fegns Tunnanszay
wanslofifiudn PET Juil BSFC fiunnndn HDPE way Mixed Plastics augndy daifuna
duilomnaaudeudemaiidesninhiudemamegousu 9 fnadeussndugodld
Usinamesitudemasnntuiielilausinanuiildviiy (Sekar, M. et al,, 2021)
5.4.1.2 HaNITIAATILAUTEANTAINTIAIUTDULUSTA

UszanSandeninuseulusn (Brake thermal efficiency, BTE) 10u
FruUsildusvendsauaunsalunisiuasunlamdsnuanudoudildanidewmadl iy
nFanunadmiuieiessuddununelu SeuszavinmiBsamnuieuiuegfunisesnuuy
A3pasud vdninsudemas auTAnademas wavannensvihaureuaioseus [uy
Fawaannsnageu BTE vesinsiuveswana@nita 3 shegne wWisuilsuiuisumiwaanunsa
oAU aldRID

“ M Diesel PET HDPE [ Mixed Plastics
20 ]
18 ]
16 ]
14 ]
12 ]
10 ]

Brake thermal efficiency (%)

o S} B (o) (o]
1 1 1 1

25 50 75 100

Engine Load (% Maximum torque)
JUN 5.9 YszdnSamideanueuiusnanglanisifsuwdainiszau

mawAsunlasssAniamidsanudouusn (BTE) vesiifusrwanafiniis
3 fa0819 noldnelinisivisuutasnissau Tnsdsuifisufuidufieauans
1#da5ufl 5.9 Femaainnsidenuin nsiiiuniszalifuiniessuddanaly BTE vos
fegraitudemdsioma ity Wesannisanasmesnisgydeauion
warUTinanidudemdsdigndadngvionmludinnduduaimeliifanismlndifguess
Jedsmaligumginslunszuengugety uazifutemadsnsnisssmenatsidule
Iaatwilefinnissaldiuaiessud (Singh, R. K. et al, 2020; Yaqoob, H. et al, 2021)

)=

\Wefansaun BTE vesifuvpenarainiia 3 dieene wuln HDPE uae Mixed Plastics dlfna3
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ndnhifufeaiiynanszeu lefl HOPE uay Mixed Plastics & BTE gl 8.67-18.88% was
8.70-18.75% ua"du Tuvmedi PET fe1 BTE fishnindhsiufien Sadl BTE agfissann
7.65-17.59% laganivguiazanandvsnavesnuartilunsynszidafiniszauding n
Y94 PET uazansusznouves PET Aldndsulumsaaneiusyeslsiudndiiuinnindenals
ﬂ%mmm’m%auﬁlﬁﬁ]’mﬂ’mmiwﬁamaﬂ (Sekar, M. et al,, 2021; Kaimal and Vijayabalan,
2015) vilsdszansamluninanlndivendemasanas siedl iloFeuiiieu BTE 109
ihifureznanainiita 3 aeg1e U1 HOPE flengandnfufealunissan Tasfianssay
g9an HDPE i BTE Angendn PET, Mixed Plastics uaztiiiufivaiia 5.45-6.83%
542 quénvuznamnivivesaiassudanmsldiiiussswanaindnsein
meneinudnuaenniniveuaietudianmslithurznanadin
#3 3 §9819 Usznauludag PET, HDPE way Mixed Plastics d1uduifuriduidoinadly
irseseudmea laensiiuteyauaziingeinasomiudulunszuenguilesaimandeimnies
#1499 $1uru 100 Spdnsmssnlniveseiossud dwuusdidnyildlunnseiansenlnl
vosisfudomdsiimlndnslutennlvivosadossudiisadimiveuided dun
mnufilunszuengu sasmsvantdesmnuieudiduiasmeannisngniseysnndsau
mungied 1 maneslulaufind wasdulseavSauuusiuveseuiugean Tnouaniug
nsmedeUkardiATsinaldfal
5.4.2.1 anusiulunszuanguuazdnsinisandaesninuseu

mmﬁuiumzuaﬂqu (In-cylinder pressure, ICP) Lazdns1n15Uan
Udesmuiou (Rate of heat release, RoHR) ududsiifiannuddydmiunisiiasig
audnuurnaalviiveadomdsnigldaniiensineueig 4 veuadessusd Feluemided
fdeldAnynansenuiiistuannislidisfuanssnanaind udewmadasnisseii
LardlAseinaiianigniiuvesadesudiiva u auiseunsit aeldnig
WasuudasnssenannsoeAuneralail

INNANMTILATIRRANLGULUNSEUBNAU (In-cylinder pressure, ICP)
warensIN1sUanUansmi 458U (Rate of heat release, RoHR) w4 PET, HDPE way Mixed
Plastics neldidoulunmsdsuniasmszaulasiisufieuiuidufisanudt Weiunse
nsvhaulifuieTeseudinavinlyl 1P fuualiiugedu duandlusud 5.10 iesaneudy
Tunszvengugeandduiusivuinarondemdeiinioulilugasariudidilu
nsyaseidn Insfindudemasiignindigieanlndiviinaiidndununissauye
ossuidaduanvgiiviliauduniglufoanlviigatu (Singh, T. S, 2020) Usznaudiv
nslasudninannautivianenmuasnaeiivesiiudemasifinansenudenudu
lunszuangu (Hwang, J. et al, 2014) Tunianduiunuin RoHR nduiuualduiianasile
diunnsyadlsiuedessusdmsu HOPE, Mixed Plastics wagtinsiumiea é‘w’mamﬂugﬂﬁ 5.11
FeautFmatemdstladonilsiidimadenndnuueiiiatusinanudredu utedidlsfin
SasnisUanvdesaufougeanves PET dundviiuualduiifiuduideifiuniss e
THfuedossud aunguiniiazananauailunsyassdaiivhlifidifuidemasise
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maunndluTinaann deiRensnlndifdesaliisnsnmsdanudesanuioudigs sl
RoHR geanaas PET iAndundsngnguindeusiugudneuuluis 12-20 ssrmadomios
Fadudraiignguiduadouiidgaguinisarsludamzats anwginssudendiaiiens
damasoindaveaiedessudiifiatanamioeaianisiiaurenaiossudilisiudeu
(FaaznambeinemduuszansanuuUsiusaznginssunisduasiiouveaniossus)

100

M Diesel PET B HDPE B Mixed Plastics

[ N B © s BN o]
o O O O

I
(]

In-cylinder pressure (Bar)

N W
<o O

(Sl
o
[ T T T TN SN (NN TR NN TR NN SN (NN TN SN T NN SO '

—_
(o]

o

25 50 75 100
Engine Load (% Maximum torque)

JUN 5.10 anusulunszuenaugeganiglinisiufsundainiszauy

H Diesel PET B HDPE B Mixed Plastics

80

(=)
o

Rate of heat release (J/°CA)

ST
o O

o

25 50 75 100
Engine Load (% Maximum torque)

JU7 5.11 gamnstandassanuseugeganielanisifsusdainiszau
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(WDo/F) 583)31 383y JO djey

340

(¥Do/l) 529131 183y JO 1Ry

o

o

o
1

(VDo/l) 95e3)2d Jeay Jo ajey
8 8 8 ¢
~N o~ — —

o

(o] < o o j=]
—
1

25

340

A<Uo\ﬁv asea)al jeay Jo ajey

o O O o o O

O O N 0 T O O
A NN O
1 1 1

25% Maximum torque
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—PET

—HDPE

——Mixed Plastics

(= (= (=] (=) o o
O 2] S l\al SN —

(1egq) ainssaid JapunAs-uj

15 20 25
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-20 -15 -10
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75% Maximum torque

o o o o o o
S 9 W @B ¥ O o O
@ N N = = = 9O
IR T RN BRI B B SR

]

=]

o

<

o

=1

E

x

©

=

°

>

=)

Ira)

L L L L L L D L L B |
o o o o ©o o
- B T T

(1eg) aunssaid Jopunho-u|

2

o [l (=] (=] j=3 (=]
el [Ta} < ) ~ —

(4eg) =anssaid J9punAo-u|

15 20

10

-20 -15 -10

=25

100% Maximum torque

(=] o o o o o
o 3l < 52l ™~ ~—

(1eg) ainssaid 1apunko-u|
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2
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uananil MNHANTITERITUT 5.12 uansnuduiusszmning ICP
LAz RoHR flosmwandeiodla 9 finnszenm 25%, 50%, 75% waz 100% usedngsqn
FawaanmIdenuin Weiiuassauliduieiessuddanadoauaiilunisenszide
fifuas iesannafiuniszauilifienndsuazgaunginielufenu vty
slfudomdninnisunvildfdmaliauadlunsgassidinanas (Raheman, H,
et al, 2014) s34 1iowUSsuIfisusEning PET, HDPE way Mixed Plastics futinsiufioaay
1iléi1 HDPE wag Mixed Plastics LAann3gaszidnarsvimnanszauiilosIouiiisudy
thifufien faudnausimademawes WPCBO uag Mixed Plastics Aifiandwiifnudiany
ihifufiea SeiliAnaumihsunisgasade widedvdnanaunindididuameg
ThiAnn1snszareduluazessdesldfdmaliAnnisanivliAiniusgiesnidy luraed
anudnwazmsenlnives PET ndunuin fimmairlunsnsuidadesSouidisudu HOPE,
Mixed Plastics uagtufiealunnnisgey Fsanvgudniiazaanauiinautomds
uavedUszneumaaiives PET AfiAduidmuiinuszneuivansusenauvanlu PET 1Hu
aslalasasueulszineslauing deillassadrmdnifurauudu melulaumuluuiy
wfianfuou 6 oxnaudatuiuig Inedwusuisuasfusegaduiuldndadelisng
nsaaredaiiaviliiAnnsmisdlunisanseidandsguiaisuudusgiaun @TDO)
(Kee, S. et al, 2005)

5.4.2.2 duusyavsanuudsiuveseudugegn

nsnseanunUsiulunsensivesidudemanielusies
nlnsuanslugUuesduuszansainuudsiu (Coefficient of variation, COV) 91k
MRS Fa3UT 5.13 uansdeduusznsmnuuusiuvesnnudulunszuengugeqn
(COVprmad) BaLdudsiilalfieussounifinayiliszansamvesiaiessudanasuaznnsUass
uafivledogety Snisdiuansdaaiosnmvesnisrnindluudagigdnsnisvhaunes
\A3BBud (Kyrtatos, P., et al, 2016) lagliasignainaudulunssuengugeaniuudas
AszevenadsuiiiugIuIg 100 T99nT 9INAT COVpmar F03NTUR RALAZ UL
wanadniia 3 feehs wuin SuwiliuanaudonsvnurenaTessudiuiu dadunainann
anuiiiadssvesindaildannnisn e sindui onas (Geng, L. et al, 2021) way
HamuBnin COVpry, AN LIAUAIIAT B UAANIN TN Ul 8 sTiad e Taegn
frualifia e 10 1Wesidus (Heywood, 1998) 1ilofia15041 COVema V83 PET, HDPE
uay Mixed Plastics neléinsuasuuvasnssenilasifouifisufuidufivasy hiuld
PET, HDPE uag Mixed Plastics fiA7 COVpma, Tigenininsfufiaalunnniszeiu uenaini
SowSsuiiousening PET, HDPE wag Mixed Plastics namsiiasgvinansliifiuegnasiudn
Imshanuresaiessudiivarundnlasld PET iuidemasiurzdwmadaiaiiosnmn
M3919UYDUATEBUANINATY HDPE Waz Mixed Plastics InBfiAn COVpra 498 04 A15%
mu@i’wq@ﬂ' 9.05% VBT COVprnax V89 HDPE WAz Mixed Plastics ag/luY39 0.95-2.21% ua
1.07-2.20% GedlafevdndivhlfAnuadinanidudeunanesdusznoumaaiiuazands
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madondnes PET Ailuanungliianiswlnd@lidfiiadesamainainuaidilunisya
seiln dawanaluguin 5.12

12

H Diesel
= PET

10 -
E HDPE

8 B Mixed Plastics

cov, . (%)
(=)}

25 50 75 100

Engine Load (% Maximum torque)
JUN 5.13 dudszansanuulsiuvesanudugsannglinisidisuniainiseau

543  wanwlo@efifaduanmsldinsiuveznanainsnrie
n1sns1atauaiuwlolduvewaiotousainnisly PET, HDPE way Mixed
Plastics Wuttudomaduirieswudiea nelddeunsiuasunlainissay a anuss
soulmdassudned lnsldindesinsziuialodouaziniosiadudivg dusunisnsiaia
Usinansudesyadisledefiistuluniseiusynoulusae lulnsiauesnles (Nitrogen
oxide), Arsuauueusnles (Carbon monoxide), lalasaisusu (Hydrocarbon) wazivsin
(Smoke) TngaAusuasiaszinanisnsainlad
5.4.3.1 wanwlulasiauoonlyn
Tulnsiaueanlem (Nitrogen oxide, NOy) unafiwlaideuanain
nsunlwivenisiudomaduristeudiima Tnefi NOy nannssaniwesiunsneonlas
(NO) wazlulnsiaulaeenles (NO,) MinTunmseendnduveslulnsiaulusiniasening
nsunlndivesenenarisiudemanislueantlvg nsaeliin NOy lun3eseudira
futlidendn 1 Juegfuamumginieluionsnlnd TasfignmnilurounlndBegedeatuayy
THAANIRefaee NOy (Majewski, W.A. et al, 2006) BIa9INN1575995A NOx 21nn15MY
ihifunsgwanafinii 3 fegns wWisuifsutuhiufwanansdegud 5.1



118

12

i M Diesel B PET B HDPE B Mixed Plastics
10 T

Nitrogen oxides emissions (g/kW-h)
o

25 50 75 100
Engine Load (% Maximum torque)

JUN 5.14 waiiwlodelulnsiaueenleninssaiusng 9

nswasuulamansledelulasiaueanles (NOy veniuves
WanaRnma 3 §ees (PET, HDPE way Mixed Plastics) nel@niszaiusng 5 TnaLuUSauLiieu
futhsfufwadsguil 5.1 wudn Wentszauvonaiessudifindudmali NOy vasfi0E1s
ihifudomdsiommeduuldufuty dudowiamngumnivareudulunszuenguiigaty
daiumszaulitueossud ddunaldanuanismsainanusulunszuenguiifiuiy
Fauanaguil 5.12 wedl oS uifisusudinffufiiwanudn HOPE waz Mixed Plastics
finsudes NOx snndifufiwaluynniszeu Taefiniszaiugegn HOPE wag Mixed
Plastics fiAnunnndnindfufien 2.65% waz 1.45% a1ud1du F9amgu19Eu19Inn1590
seidnaa9minves HOPE war Mixed Plastics vilvdszagiranlunismaludifiuiunin
difufiea Sawdiiditudomasinainsiadaddnuiion uiiosteaudimatemas
293 HDPE uaz Mixed Plastics finaumilafisnimirduiiwaduamatelmidudemas
Wnnsnseatedmiduazessilaylad (Kumar, P. S. et al,, 2016) wsiagnalsAniy naswnlgl
999 PET lutadessudiiwalass NOy d1n31 HDPE, Mixed Plastics LLazﬁﬂﬁuﬁL%Iunﬂ
21524 Lesanaudnvarnnsnluives PET Afauardilunisgeseida daduna
duiownanaudiniademasues PET iflfudldmuiisUsznouiulasdiulngdu
arslelasansveutssinnoslauind (Foundenguinfuufaledu) Aflaaufouwds
ﬁuaqmﬁﬂmaLﬁulaﬁgm’hfwﬁuama (Supramani, S. et al, 2015)

5.4.3.2 uaeAIsUDULBUDNLYA

msuauueuenles (Carbon monoxide, CO) Wunafiwledefivase
ponunnnnlndiveaiessudiiea Sanedduiosannisenindildauysaives
Fowdduszrinenszuaunswlnd luanneiivondiauliiesme szesmanmsenlvdiidu
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shudenIsnanAusEIneInN ALz atnAsneunisialug g (Kumar, S. et al, 2013)
Tuanmnedsnaniiudnmiliivinliian co Tu Tnevhluudnsuandaes CO voardpseunama
seflUsuaiian Wesniedessudmeariaunieldnsnaneiniafutnsiudowdsun
(Chintala, V. et al, 2014) Fsuaainn1snsa¥a CO nmslisiursznana@nit 3 fetis
Wsuitsuiuihifufiwauanslddeguil 5.15

12
M Diesel PET E HDPE B Mixed Plastics

10 A+

Carbon monoxide emissions (g/kW-h)
[o)8

25 50 75 100
Engine Load (% Maximum torque)

JUN 5.15 waftuarsuautauenlenin1seauig o

nswasuslasuaiwladeaisveuneuanlen (CO) v uvey
Wa@Rns 3 @wg19 (PET, HDPE uag Mixed Plastics) nelanaseaumig o lnailsouiisy
LY qol v a (% d' | d' d' L2 a' d? 1 % L% ]
Auddumgafaguil 5.15 wuil ilen1szauvesaissgudiiududinali CO vaiingna
Ui siavaniuunldufiady anvemanunainnsianissnuliiunseseuddana
ensrdruenidvazidainasanas (A/F) (Sarin, A, 2012) 31n9U38ULTDINNANTE Y
WU A/F 2Aana99In 32, 25, 20 Uag 16 AUEIRU TIa0AARBITUMRANA AINNE1IT19AY
7199 LelUSyuLgunuLntuAanuIn PET, HDPE way Mixed Plastics innsUass CO
wnnndduawaluynaiseau Inefinseaugean PET, HDPE uag Mixed Plastics 3iA1
11ANIIUILUALYE 15.50%, 5.78% KAz 6.99% AUAIAU bLUBIIINAISOULYBLNEIV B
PdueEnana@ingd 3 fmegnd NenINUITUAWaN INaIUNAATUIUTEINeNSEUINAIS
wmdfiadesndt wagyihlvilenaaslunisiinniswnindvldauysel (Kumar, P. S. et al,,
2016) wonanil enswavesaruartrlunisynseidafludiunidesnvinlviin CO gs
d! a a 2" = % 1 [ [ d‘d | Ql' dl' el =
Fednsnailiiulaegradaauiu PET filinsUdes CO unantunnnissauilieilseuiisy
fiu HDPE, Mixed Plastics Lazidiuniea
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5.4.3.3 yaiwlalasasuau

1alasmsuau (Hydrocarbon, HO) Wunafivledefivandaesain
.Tessuddiwalusuvesufa Saafiv HC azdadiuioifiantsmnlnddldanysaidae
Uade6n9 9 LU nsHaNfusEWIeINALaTLTemAW s smendounniiuly mssuves
Warlwusnandesieun v Wudu dmduiniessudfiwasziviuauadiv HC fisindd
in3ossudLAaledu anvamsziaIossudmwavinauiidiunansenitanaeiniaiuinag
Fenanioans (Lean mixture) waznisefveuaiiy HC axintufidrunauuiaainie
ﬁ’umal,%ama@qa (Rich mixture) Vet dmsutSinaumsUanudesuaie HC veun3oweusiiea
fuazumnarsiuluduegfudadsanniensveurenaiossud Famaiinnisnsate HC
nmsldiuresnanainia 3 faegns Wisuisuiuihiufwanandlddgui 5.16

12

i M Diesel PET E HDPE B Mixed Plastics
10 A+

Hydrocarbon emissions (g/kW-h)
(o)
1

25 50 75 100

Engine Load (% Maximum torque)

JUN 5.16 uatilalasmiveuiinnszausng 9

msiasuwlasuaieladelalasaisuau (HO) vesinsiueswaiann

Qe

4 3 0819 (PET, HDPE wag Mixed Plastics) n1elan1szaiusng o lneilfsuiisuduuigdu

Aanasun 5.16 wiulean USurunisuase HC duudlduiuduiiloiminniszarulidu

Y

DI

a ¢ A a 1 A da X A a DXy a ¢ o |
\ATBdguAiasInnIsUsiantdudamdsiiiinduilemunissanuliiunieseus dilug
AIUNANVDIDINIALALLIDLNAINLINTY LHaNNTUNUS UL g uAuUNTUALanuIn PET,
HDPE waz Mixed Plastics fin1sUdas HC uanndnurdudigalunnaiseain Feuaves
n1sUasguafiy HC vesdfiuvernatainng 3 dred1engedienatinainnisitlnaves
PNTULYBLNAITINIUNITRAVDIRIRAN FULHDININANURANI LT LNEINTAIIURUA AN
P d a v 8w oo a = o oA O P a 5
WellSeugunuitumea wardnuieladeilesinunsdungailasusenouidiiaedines
NiasAUsenavesndaudlgliniswnludvesiituswalue e lusiuinniswa lugdle
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Andndfureznanainiia 3 §10819 (Abed, K A et al, 2019; Devaraj, J. et al, 2015) Tngil
AN5EIUGIEA PET, HOPE Wwaz Mixed Plastics Senunnnininsufiies 14.79%, 5.21% uas
7.12% aowdndiu Uszneuiulunsdlves PET Wiulsiognsiaauisnsudesuaity HC Aigefian
Fadunamnananuariinisgasedafiinnnitues PET desnauifmadomasaine
Fyidmuiisusenevfvautivaaives PET fiflarsusynevdiulngiduanslalasasueu
Uszmwaz‘[amﬁnﬁdaiﬁﬁmmﬂmlwﬁﬁlﬂamyiai (Miron, L. et al, 2021)
5.4.3.4 waiwivan

w31 (Smoke) Wusynemsueuluipaefifuvesudazvouvan

nudewoanuanledsvenniossudmia tnsdanaiudenivaludnuneiiduatu

99
o Do Xa X Y o X o dn - v
ddn widsnaniifiafuainidulgeindsildgninnlundvsegninnlvdiuisdiuluadly

yiaunsnasiazivadlvlanaunouiwlvdldauysel Fawaannsasiaiawdiainnsld

oY

Y a

Jrduvszwanainga 3 dreg19 Wssusunuindufwa areautluLIaIuIsa handle

1Y

mgﬂﬁ 5.17

H Diesel B PET B HDPE B Mixed Plastics

Smoke index
=N

25 50 75 100

Engine Load (% Maximum torque)
dl 1 dl 1
E‘U‘Vl 5.17 s UIMMANITEIURNN 9

MswasuulasutwesuvsEwanaRnse 3 §hegns (PET, HOPE
uag Mixed Plastics) melfn1szausing 4 eewFeufsufuiniufiea fgud 517 diuld
fisnwaziertuiunsUaesuaie CO waz HC nanfe Wafinnssnuliiursessususne
matdesiundunliniutunslude Wewnuiinaumsdaidomand dresluiunnty
Lﬁ@ﬂﬂizqquqqﬁuﬁqdqma&iamﬁmauﬁwmﬁﬂﬁlﬁmLmﬁwﬁqﬁu wavisielSeudiousening PET,
HDPE, Mixed Plastics wagtinsiufiiea wuin PET, HDPE, Mixed Plastics 5uﬁawaﬂdaﬂLmﬁﬂﬁqq
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nindfudiealunnniszauedrelidedday Taedl PET, HDPE waw Mixed Plastics fien
wnniminsufien 12.50%, 4.17% way 4.17% mudidu il PET Snisudesiusiunndiae
Sowssuifisuszriaifueznanainda 3 e awngilosnindiarsszneundn
oglu PET 1uanslelasauouussianeslsufind defilaseadrovdniduravududy
a1sUsznevliBudiiiuseduindeiianinmnisdelfinisimnn Sniededianng
Mnaudnvurnsmludioss PET fAflanuandlumsgnsadaiiunildnswn vsidiietu

Tunesnludlangniniiudoindssdndu o

=

a o a a ¢ = (3 ¥

5.5 Naﬂqi’gﬁ]ﬂktagaﬂﬂiqﬂwaﬂ']i'?Lﬂ?ﬂ%‘ﬂB\!uagaﬂ\‘l?la\‘iLﬂia\‘lﬂuﬁl’iﬂﬂﬂq{[fu

b4

UNUUVYEWATEANAUUR

nMsaliundelaensiiuiediswesuareoswuadninduaInnskt b
voudomdansluieunlndluaseseud Tnanisldununsesazidanlunisiiuiiegiesiag
Reulafiinue uaztidiegrauiunsesiinuazeadludaimidniennasiswesiininnou
Lagndinsiumedn sudahluinsginginssunisaatedivesesrusenauluduazees
¥ [y a Y o A Y ¥ £% = <
menanmMaudsuilasimindelasuninuseu (TGA) meldannizaiuau Fawaannsiiy
Auazessmeununsosiivaevielolduamnsanansununsasiiliiumognlafgun 5.18

JUT 5.18 dnvauziiunsemainisnuiieg el uazofiiniuainnisenlndvesaiadeud

F991n3UT 5.18 Nuansurunsosfibandanisiivduazeosiinuainniswalngd
999U TUTLENAARNNY 3 A29819 hazUNTUAE tngLEUNTaIsIna1I et luimsiei
NAR U NUN e lELATRITIRMD8 (AUALLDYANATNYN 4 ANLNUT) WEAAINANITILATIZH
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§9157991 5.4 WU mamﬁmeﬁma@hqﬁmﬁﬂmaqs!uazaawumiumaaﬁm%’u PET, HDPE
uay Mixed Plastics fidnunninirsfufien il idefiansaundisuifisusenitsiduain
YegnaaRnia 3 Fregrewud dmidnduazeeses PET Suasneiiuinnin HDPE uaz Mixed
Plastics daonndasiuramansiniasidnamefunenounth lnenafsnanidunaiiay
desnnnantfinadominazaudnvuznsaludiiadudmalininendvos
ihifudemaaiansunindliauysaiuavatuayliiinduazessannty

P3N 5.4 HANITIATIANAAINNTIN VI UALDDIUULNLNT DY

79819 Ymtinuwsunsas (g) AR iun
ihdfudomds  dhuiindeuntsvagey  tviinvdenismageu (%)
Diesel 0.0901 0.1044 + 15.87
PET 0.0907 0.1856 + 104.63
HDPE 0.0923 0.1612 + 74.64
Mixed Plastics 0.0913 0.1686 + 84.67

0.0000

-0.0005

-0.0010

-0.0015

-0.0020 4 =—Diesel

DTG (1/°Q)

—PET
-0.0025
—HDPE

-0.0030 q° =——Mixed Plastics

-0.0035 +

-0.0040 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
300 320 340 360 380 400 420 440 460 480 500 520 540 560 580 600 620
Temperature (°C)

JUT 5.19 HANTIATIRINGANTTUNTARUA IV INUALEDIAILLATEY TGA

uenanil wiunsesdenarniiediluiinssinginssunisaareilasainuiou
feLaTos TGA sumsguazaaqﬁ'Lﬁm?ﬁumﬂmﬁl,mlﬁﬁmmfwﬁwuazwmaaﬂﬁu’q 3 f79819
wagtndufiea Innan1siiessinansluglronvesluunsuiinanseyiussusunis
(Derivative thermogram, DTG) 6‘5@LfJum'méfmﬁuéiw’mé”mmmsngl,?mmaLﬁauﬁ’unm
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(dm/dt) Aragaumadl 300-620 °C Fauanslugud 5.19 annmesluunsuiiuansves PET,
HDPE, Mixed Plastics uaztinsfufiea Usdlifiuiniansidsuutaswounesluunsudios
fumeuiien Tnsflguugfinisaanesvesnsdusznouluguazonsas Mixed Plastics, PET
uaz HDPE fensnintifufien dellgumgfinisaasdedd 448 °C, 460 °C uag 509 °C
puddy lusnsfinfufiwadommgfinsaaieiegi 519 °C nafsnanivswenisnisld
Wé’quuluﬂ13v‘iﬁﬂﬁﬁ%maaﬂ%m’i’uﬁﬁﬁLLazdwaﬁm%’umiamaﬁguazaaqﬁLﬁmsﬁu uanani
Aqaumgfiisudu-aninevenisiudsuulauia (Onset-End temperature) w3a4138n50
N15EA18AE9dRA (Maximum weight loss) 489 PET, HDPE uag Mixed Plastics waztfufioa
agludregungil 425-496 °C, 405-574°C, 401-473°C wag 416-583 °C ANUa 1A Y
GengAnssunsaatediwnnsrstuioraduaveuanlasadonaaivesingiuiilily
maudssdundsnuuarasdussnaunmanivenishutomas

5.6  WAN15398UazaAUSIENANITIATIZANGANTIUNITI UGS DUVDILATDIBUA

nmsliinsiuanvezvanafnsnsuiin

MNMTTATIZINGANTTUNMITINTenAS esudAgas nnsTditureswanafin
W1 3 fheee Inawdsuiisuiuinsufes fesuianisduasiiouluaniiznisinau
YouA3eIsuRTiauSIsounsil neldteulun1siUasunlain1seaurensosuus
dnsuussiiunansenuilasiinturetudausig 9 YBIUATDILUS TINAIINNITIATIZN
Vel fiud1 n15919714Y09LA3098UAR1NNNSLY PET, HDPE way Mixed Plastics 19y
fwﬁul,%aLwéaﬁﬁummmﬁﬁuaxLﬁauﬁqmdwmiﬁwmmaaLﬂ%@qauﬁﬂﬂﬂﬂW'i‘L%ﬂfwﬂuﬁL%a
LazauInn1sduaziouluwuILAY X LashuILnY Y ﬁLLmIfiuLﬁuqaﬁummmismumm
Adoudfiuty luyaefivuianisduarioulusuinny 7 fuwdlduanas iesan
UsrAvsnmlunisunivdveatemasiigdunnniswnlviifauy salvilvouansduasdtou
anas ImssummmiguazLﬁauqaqmﬁﬁmﬁﬁﬂuuuumu Z w84 PET, HDPE wag Mixed Plastics
FAWNIAU 3.62 m/s2, 2.47 m/s? wag 2.13 m/s> AuaInu wazlunsdivestinsufiwatiy
fvuingeaausvunn 2.63 m/s’ Fauadenanarunidadunauianasdinadomasues
thifuasemanaiin dwmaliifnamudnvasnamividlisuieu i ngfnssunisduasiion
MARTUNULEI1 vunsduaieulunuILny Y (F1udie-va1veaaiesaud) fuuin
Msduaziiousiunnniwuiwnuduy 9 %ammwé’ﬂm%mmﬂﬂaiﬂﬂ'rﬁl,ﬂ?iauﬁsuauwm
Fouipwonaieseud uenaini Wewssulsunanisinsieiseninaisuresnanadin
W4 3 §h0819 nuin PET Slvunanisduasiiteulunsazniszaudiunnnin HDPE way Mixed
Plastics s?fqLLammamﬁmswﬂﬁﬁquﬁ 5.20-5.21 WARIVUIANTTAUALLTIOUTRUAT U
Tukuanny X, Y way Zﬁﬂ’]izﬂ’WEﬁﬂ@ﬂﬂ]Wﬂﬂ’]ii%’ﬁf’lﬁu%ﬂzwaﬂﬁaﬂﬁzﬁ 3 $79819 WAy
difuiiea
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—®—Diesel —#4 -PET -+ HDPE  =d=-Mixed Plastics —8—Diesel =—#4 =PET ++B%+ HDPE =dk=-Mixed Plastics
8 8
“‘é 7 ] N13LU 25% wislingagn %7 ] MIEU 50% usslingsn
E° 1 i
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€° ] B° 1
"Ea W& 4
< 1 s 1
2 ®2
1 1]
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—8—Diesel =B =PET  «+E#+ HDPE  ==h=-Mixed Plastics —8—Diesel =48l -PET ++E%: HDPE =k="Mixed Plastics
8 8
B ] MILINU 75% usalngage 1 & 3
27 ] gag 7 B 520U 100% usilageda
E 4 E 1
26 Es 4
ng 1 “'"“"‘-‘.,-_—— — = 4
251 B S 5
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i
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2] ER
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57  d@3Unani15ivy
MNMINaERUAIessuAlasnsldiTua nvesnanaRnssuin SeUseneudie PET,
HDPE uaz Mixed Plastics 1ln31A51zhaussauzv09A3 098U ARANYUENITININL wag
uafivlelds SrufangAnssunisduaziieuveanisssuddiwasuin 1 gu 4 Jamy
syuusEUIEALtoudieiin fnnuiisevvenaiesudad nelddeulunisiuasuulas
msvnu TngnaanisiasgiuazefnenaanasonanlaeagUlésd
NSNAEBUANTIAULTBNASEIBUS LieRauUIsuTisuauAudadoImnEs
$UM1zLUsn (BSFO) wavuseansamidsninudeuiusn (BTE) seninstinsiuesnatain
ﬁga 3 éf’;aem wazthuiee nansITeUsTlifiuin PET, HDPE uaw Mixed Plastics 5 BSFC
mmmmumum%mﬂ RENEE ezmmmwamﬂuwaauLuaqmﬂammmawamm
mmmmmsauwamawmmmmumsﬁa Wil WeuFeuiiousyninainsiuney Wmamﬂ
¥4 3 @081 wudn PET thuil BSFC #iunnnin HDPE wae Mixed Plastics auansiu wonannil
UszAnsninvesniessusdinsu PET, HDPE way Mixed Plastics LiaiUSsuttauiu
thsfufleanuin HDPE wag Mixed Plastics & BTE figaniniisfufisalunnaiszaiu lned
HDPE Suifutiniiuvesnarafindill BTE gean luvasd PET fid1 BTE fidindndrifufisa
FeauUAiniadenasuazarsusnoumaailuiduidomaaduadeidnaliian
ANLLANAITUYEIUTEANS N NUD AT BeEUR
nMslnngigadnuugninetlnivonnisssudainnisliidureswanadindae
n15fasaInauaulunszuengy (ICP) dnsin1slandudesainuiau (RoHR) wae
é’uﬂizﬁmémmLLUiﬁummmmé’uqqqﬂ (COVpra) handlififinin nslddhsuveznanadn
Juihtudemasdmiuedossudfeatuiinansgnudenudnvug sl Taefl PET,
HDPE uag Mixed Plastics dananie ICP uay RoHR AianaaiioUIsuifisuduiisufiea
oehdlsfinu PET ndunuind RoHR figsninidufion Ussnoududiarwarirlunisanszda
furnnirhiudenasdu 1 ineaeu luvmedl PET way HOPE fandnumnsiinnisgm
suidagnenti uonand Wiend i COVpry B0usauusiivsvendennuiiadosninly
e lvsivesnsueynana@nit 3 feee wudn PET, HDPE .y Mixed Plastics ﬁmﬁ@q
n11nsudiea Tngesunenadanaialédn PET, HDPE way Mixed Plastics fiafiesnnly
s lniidninsuiraaiiuldogadaaulunsdaes PET
nsuaesuafiwloldefiintuainmsldiiuresnarafnuansliifiusgredaou
Sanansznuiiiniu Tngainwanisideonuin nrslddnduvesnarafniudemaliuulld
nsUdosuafivloldedsUszneudie NOy, CO, HC waztwahditiindu Inanisiwnlusives
wwessudainnisld PET Wudaindsdudeliiinnisudesuafivgenit HOPE uaz Mixed
Plastics snuiulunsdives NOy finundiusunanisuaesdisnnin HDPE, Mixed Plastics waz

(%
o a

ihifufisa amaiazanananuailunisyassdedifndusilfnsmvsifildauysal
aeluvissnlniveseiosusd

uanaNi nnsTinsiduaresstwndniiiniuainnisiwilndvenaioseus
Tnsnsldusunsesasdeslunisifudegisnelddouluiivun uaztidegeduazonsly
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3miwzﬁwqaﬂiimﬂ'1iaawaﬁamaaaﬁﬂizﬂaﬂus’guazaaﬁawé’ﬂmiLﬂﬁauLLﬂaafwwﬁﬂ
dleldsuaudou (T6A) meldfanngamuguranslinszsinamaiminvesuazesiuy
uunsesdmiuindurssnanafinaannnininduiien i WeRensanuisuifisusewing
ihifuvsznanafiniia 3 faoega wuin PET ﬁmasmﬁ’mﬁﬂsuachuazaaa‘ﬁ'mﬂﬂ’jw HDPE uag
Mixed Plastics Fedanndosfunan1snsiaiavdivesnisssudiinissausig o lnoua
Fananidunaiiduideswnanantfinadomduasaudnuunawlvdfidaduain
n1sld PET Judeinds wonannil dlodimszingfinssunisaaiefivesesd Usvnauly
FUAYeRINYI 13’133”%azwmaamfuﬁqmmﬁmsamaﬁwaq@uazaaqﬁ&?’m'jwﬁwﬁuﬁLezja
1nedi PET, HDPE uay Mixed Plastics ﬁqmmﬁmiamaﬁaagﬁ 454 °C, 447 °C wag 503 °C
iy Tursisfufeaioumniinisdanssogi 552 °C Gaadindmiltsvenianisld
w¥smlumahuifseeendwduiiduwaghedmiunmsaansduazossfiiiny

MNRENTITIZiNgRnsTuNdaeurenaI ot Tua Nl dhdues
wanadnlneiUisuifisufuindufisatsdiifuin mslidifureenanadnifudomnady
dsmalfeTossudiivuianisduasifioufiuinnirdifufiea Tneflauianisduaziiten
fuualiifingetumunissnureaeieseudfiiuty il WowTsuifisunanislingey
sewisthsursewanaiiniia 3 faegs wud1 PET Suanisduasifouluusazniszay
funnin HDPE uay Mixed Plastics
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-_ PCS Instruments

TEST - DIESEL-01 FUEL - Diesel B7
PCS Instruments - HFRPC v2.18, Instrument D2008

Fuel Information

Test Information

UNIQUE TEST ID
D2008-202009141126

Wear Scar Information

Wear Scar X 250 um
Wear Scar Y 190 um
Wear Scar Avg 220 um
Start Temp/RH 26.1/504
Finish Temp/RH 26.9/46.8

10f1

pe wear scar
Somkiat on 14/09/2020 at 1

Fuel Type Unknown fuel sample Test Type ASTM D6079 (60degC)
Fuel Name Diesel B7 Test Avgs Temp 59.9degC Film 97%  Fric 0.148
Fuel SIN
Operator Name SOMKIAT
Upper Spec Batch 23032
Lower Spec Batch V1006/29
Time Test Started 14 September 2020 11:26
60.00 fry === = ——— Rk
f "
56.00 -
[ 0.90 measured by
52.00 | .
48.00 4 0.80
44.00 o
0703
,\ 40.00 ‘ §
) 8
o 36.00 060 %
g | H
@ 3200 %
- s
g 2800 4 g
£ S
12 24.00 0.40 g
20.00 =)
030§
16.00 [
12.00 - 0.20
8.00 N
0.10
4.00
0.00 ] 0.00
0.00 0:10 0:20

0 040
Time (hh:mm)

0:50 1:00 1:10

3:12

SUN 2.1 HANISATIVIATIE

U

wnaandinisvaeiuvessiufieg

" PCS Instruments

TEST - WPO-BOTTLE-01 FUEL - WPO(Bottle)
PCS Instruments - HFRPC v2.18, Instrument D2008

uel Inf ti Test Information
Fuel Type Unknown fuel sample Test Type ASTM D6079 (60degC)
Fuel Name WPO(Bottle) Test Avgs Temp 60.0degC Film 60%  Fric 0.167
Fuel SIN
Operator Name CH Service
Upper Spec Batch 23032
Lower Spec Batch V1006/29
Time Test Started 12 August 2020 21:25
60.00 —— e
i
=0 - # M 0%
52.00 ﬂ‘ -
48.00 B 080
J
44.00 { 5
0703
N 40.00 f 5
36,00 " 0603
g ! 8
@ 3200 - i ' S— s
3 | 883
§ 28.00 . a
5 ” | 0w
& 24.00 i o
g
20.00 1t T ’ a
| } 0308
16.00 | r
o
12.00 —+ 020
P
800
0.10
4.00
0.00 0.00

000 010 020 030 040
Time (hh:mm)

0:50 1:00 1:10

Microscope wear scar measurement 1 of 1
measured by Somkiat on 12/08/2020 at 22:58

UNIQUE TEST ID
D2008-202008122125

Wear Scar Information

Wear Scar X 350 um
Wear Scar Y 290 um
Wear Scar Avg 320um
Start Temp/RH 25.1/534
Finish Temp/RH 26.4/50.7

3 L%

9

JUN 2.2 nan1snsIviinsginuauRnsnaeaues WPBO
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Wl PCS Instruments

TEST - WPO-PE-01 FUEL - WPO(PE)
PCS Instruments - HFRPC v2.18, Instrument D2008

Euel Information Test Information
Fuel Type Unknown fuel sample Test Type ASTM D6079 (60degC)
Fuel Name WPO(PE) Test Avgs Temp 60.0degC Film 89%  Fric 0.167
Fuel SIN
Operator Name CH Service
Upper Spec Batch 23032
Lower Spec Batch V1006/29
Time Test Started 12 August 2020 18:51
= 1.00
60.00 1
56.00 0.90
52.00
0.80
48.00
44.00 0703
40.00 3
L5 8
2 36.00 ow0e
J 3
g 3200 050%
) 3
i 28.00 -| %
»9 2100 | ! 0400
\ 3
20.00 2
0303
16.00
12.00 - 0.20
rWMWW-MM
8.00
0.10
4.00
0.00 0.00
000 010 020 050 100 110

0 040
Time (hh.mm)

UNIQUE TEST ID
D2008-202008121851

Wear Scar Information

Wear Scar X 300 um
Wear Scar Y 260 um
Wear Scar Avg 280 um
Start Temp/RH 25.3/56.6
Finish Temp/RH 26.5/52.2

ear scar t1of 1
measured by Somkiat on 12/08/2020 at 20:36

Uﬁ 9.3 Naﬂ'ﬁﬁli'ﬂf\nLﬂi’]a%ﬂﬂ«!ﬁﬂ‘U@ﬂ’ﬁﬂﬁ@ﬁWﬂ@ﬂ WPBCO

2l PCS Instruments

Fuel Information Test Information
Fuel Type Unknown fuel sample Test Type
Fuel Name WPO(Mixed) Test Avgs Temp 60.0degC
Fuel SIN
Operator Name CH Service
Upper Spec Batch 23032
Lower Spec Batch V1006/29
Time Test Started
[ A ——- T 1.00
( gt
56.00 f aga=lt
52.00 /
48.00 1 080
4400 -4 l a
I 0705
b
_ 40.00 3
© 3600 | 060 &
g g
@ 3200 ! =
%ﬂ ! 050 %
§ 2800/ 3
£ ]
@ 24.00 H—} 040 o
‘ g
20.00 - 8
u 0308
16.00 -1
12.00 |
800 |
400 -
0.00 0.00
000 010 020 050 100 110

030 040
Time (hh:mm)

TEST - WPO-MIXED-01 FUEL - WPO(Mixed)
PCS Instruments - HFRPC v2.18, Instrument D2008

ASTM D6079 (60degC)

12 August 2020 23:36

Microscope wear scar measurement 2 of 2
measured by Somkiat on 13/08/2020 at 01:13

UNIQUE TEST ID
D2008-202008122336

Wear Scar Information

Wear Scar X 340 um
Wear Scar Y 250 um
Wear Scar Avg 290 um
Start Temp/RH 25.4/56.1
Finish Temp/RH 26.4/52.9

JUT 0.4 NaNIATITIATIEN
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Utilizing Waste Plastic Bottle-Based Pyrolysis Oil as an Alternative
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ABSTRACT: In the present work, an experimental investigation is
carried out on the use of waste plastic oil produced from waste
poly(ethylene terephthalate) (PET) bottles (WPOB) as an
alternative fuel for diesel engines. The physical and chemical
properties of WPOB were analyzed, and it was found that it has
fuel properties similar to those of petroleum fuels. The WPOB was
tested in a diesel engine to evaluate the effect of WPOB on
combustion and emissions characteristics. In addition, particulate
matter (PM) emissions generated by the combustion of WPOB
were analyzed. The combustion of WPOB was retarded with
respect to diesel fuel, resulting in higher carbon-based emissions.
The thermogravimetric analysis (TGA) results show that the
temperature to reach the maximum rate of soot oxidation was

Using WPOB as Blend Components

10%, 20%, 30% and 50% of WPOB present n diesel |
fuel

Results
POB20 is

recommended

Fuel Characteristics

Physical & chemical properties: |

3
N/ Engine Performance Test

- Engine performance
- Combustion characteristics
- Emissions & PM analysis

V {_Waste Plastic Oil(WPOB)

lower with WPOB combustion. Because of the significant delay at the start of combustion and increase in emissions, the direct use of
WPOB in the diesel engine is not recommended. It is suggested that WPOB can be used as a blend component to reduce the
amount of diesel fuel used in diesel engines. Thus, further study on the effect of diesel fuel blended with WPOB on the combustion
and emissions characteristics was performed. The results reveal that the maximum WPOB present in diesel fuel to avoid the increase

in carbon-based emissions is 20% by volume to keep combustion and emissions characteristics similar to those of diesel fuel.

1. INTRODUCTION

Thailand has been facing the problem of environmental
pollution, especially in the form of the huge amount of plastic
waste, which increased manifold during the Covid-19 pandemic
due to the increased use of plastic products resulting from online
food delivery and take-away packaging during this period. This
results in a significant impact on human health and causes
environmental pollution due to the fact that plastic waste cannot
be degraded by natural organisms and requires hundreds of
years for decomposition. This situation results in a high quantity
of plastic waste. According to the Pollution Control Department
of Thailand Report, plastic waste of approximately two million
tons was generated in 2020, which is about 12% of the total
municipal solid waste (MSW) by weight.' ™ Plastic materials
like poly(ethylene terephthalate) (PET) are widely used for
beverage packaging (especially drinking water and soft drinks)
due to their excellent combination of properties, which make
them suitable for containers. The extensive use of plastic PET
bottles causes a high quantity of collected PET waste in
landfills.” In addition, waste PET bottles comprise one of the
municipal plastic waste components. Currently, the amount of
plastic PET bottles used in Thailand amounts to more than 4000
million bottles per year. Therefore, a waste management

© XXXX The Authors. Published by
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technique is necessary to address the plastic waste problem,
which includes reducing, reusing, recycling, recovering, and
disposal. In fact, only 0.5 million ton could be recovered for
recycling, while the remaining plastic waste containers
eventually ended up in landfills. This situation originates from
an ineffective management system.” The technique of energy
recovery from plastic waste is of great interest in converting
waste to fuel for energy resources since it can help decrease the
plastic waste problem and rehabilitate the environment in
Thailand.

According to the literature review, many researchers have
studied the use of plastic waste in fuel production as an
alternative fuel in compression ignition (CI) engines. This is
because plastic waste is a petrochemical product that contains
mainly carbon and hydrogen atoms and has a high energy
content.”*” Fuel produced from plastic waste can be extracted
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by the pyrolysis process, which is the most appropriate
technology to convert polymer waste into fuel. Previous research
had found that the fuel characteristic of waste plastic oil (WPO)
was similar to that of diesel fuel,” notably, the physical and
chemical property characteristics of WPO, depending on the
feedstock type and pyrolysis process parameters (e.g, reaction
temperature, pressure, residence time, heating rate, and type of
catalyst). Sharuddin et al.” reported the production of fuel
derived from the pyrolysis process for various plastic waste types
including polystyrene (PS), polypropylene (PP), high-density
polyethylene (HDPE), low-density polyethylene (LDPE),
poly(vinyl chloride) (PVC), poly(ethylene terephthalate)
(PET), and mixed plastics. It can be concluded that the plastic
type influenced the characteristic and quality of the fuel
produced due to its difference in composition.

On the other hand, the experimental result of many
investigators demonstrated that the utilization of WPO in diesel
engines exhibited an increasing trend in brake-specific fuel
consumption (BSFC) and brake thermal efficiency (BTE) when
compared with those of diesel fuel. However, the exhaust
emissions resulting from the combustion of WPO, including
nitrogen oxides (NOy), unburnt hydrocarbon (HC), carbon
monoxide (CO), and smoke emission, tend to increase with the
use of WPO. In addition, WPO has significant influences on
combustion characteristics of the engine, wherein the use of
WPO leads to an increase in the ignition delay period along with
an increased rate of heat release (RoHR) and in-cylinder
pressure (ICP), which are important parameters in  the
combustion characteristics of CI engines.l "' However, some
researchers found that the engine performance using WPO as a
fuel in CI engines was higher than when using diesel fuel along
with a reduction in NOy, CO, and smoke emissions. This is due
to the chemical compounds in WPO."”™'° Furthermore,
characteristics of particulate matter (PM) emissions caused by
the combustion of alternative fuel in CI engines were also

investigated for an explanation of PM compositions. Adam et
al."” characterized volatile matters and soot as compositions of
PM of waste source fuel by thermogravimetric analysis (TGA),
which characterizes volatile matters and soot as compositions of
PM by monitoring the mass loss with temperature increase.
Therefore, the TGA technique is particularly interesting for the
PM emission analysis of diesel engines operating with WPO.

The purpose of this research is to study the possibility of the
use of waste plastic oil (WPOB) derived from the pyrolysis of
waste poly(ethylene terephthalate) (PET) bottles as an
alternative fuel for replacing fossil diesel fuel used in CI engines.
Its effects on engine performance, combustion characteristics,
and exhaust gas emissions were analyzed. Moreover, the soot
oxidation temperature of PM generated by the combustion of
WPO was also investigated.

2. MATERIALS AND METHODS

2.1. Preparation of the Test Fuel and Its Character-
ization. The waste plastic oil (WPOB) used in this study was
produced from waste plastic bottles (PET bottles) using the
pyrolysis process, which is a thermochemical degradation
reaction at high temperatures to decompose plastics in the
absence of oxygen or a low-oxygen environment to produce
liquid and gaseous fuel. The experiment was carried out in a
laboratory at Suranaree University of Technology, Thailand.
The waste PET bottles were reduced in size by cutting into
smaller pieces of around 1 cm’. The reactor was loaded with
about 1000 g of waste PET bottles with 25 g of CaSiO, catalyst.
The pyrolysis process was carried out using a small fixed-bed
reactor. It was heated to reach a temperature of about 450 °C,
using a heating rate of 15 °C/min and a reaction time of 30
min."* The products of this process are gas vapor, and these
products go through a condenser to produce liquid fuel (waste
plastic oil). These conditions produce a yield of an average of
70—80% of crude oil and 20—30% of solid residue. The diesel
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Figure 2. GC—MS chromatogram results for (a) diesel and (b) WPOB.

fuel used as a baseline fuel was a commercial-grade one available
in public fuel stations (blends of 7% biodiesel, mainly using
crude palm oil as the feedstock). The physical and chemical
properties of test fuels were measured according to the American
Society for Testing and Materials (ASTM) standard. The
chemical compound and functional group of WPOB and the
diesel fuel were characterized by gas chromatography—mass
spectrometer (GC—MS) and Fourier transform infrared
spectroscopy (FT-IR) techniques.

2.1.1. Chemical Characteristic Analysis of the Test Fuel.
The chemical compound and functional group were obtained by
GC—MS and FT-IR techniques. GC—MS is a chemical analysis
instrument for separation and identification at the molecular
level of chemical composition in a complex chemical mixture of
the produced fuel. The test fuels used in this study were
characterized by GC—MS using an Agilent Technologies 7890A
coupled to an Agilent Technologies 7693 ALS mass selective
detector. The techniques of GC—MS used for the analysis have
been detailed in ref 19. FT-IR is a technique that is used to
recognize the various characteristic functional groups p in

corresponded to the ASTM standard. The physical and chemical
properties of test fuels used in this study, such as kinematic
viscosity, specific gravity, density, flash point, fire point, gross
calorific value, cetane index, and distillation temperature, were
compared to those of diesel fuel. In addition, the lubricity of test
fuels was evaluated using a high-frequency reciprocating rig
(HFRR). The test conditions were based on the ASTM D6079
standard.”’

2.2. Experimental Setup and Procedure for the Engine
Test. The experimental investigation was performed to evaluate
and compare the result of the engine performance, combustion
characteristics, and emissions of WPOB with diesel fuel. A
single-cylinder, four-stroke, and water-cooled DI diesel engine
with a rate power of 3.5 kW at 1500 rpm was used.'” The engine
load was accomplished using a water-cooled eddy current
dynamometer. The experimental setup is shown in Figure 1.

The engine was operated at a constant speed of 1500 rpm and
at three different engine operating loads of 25, 50, and 75% of
the maximum engine torque conditions for all test fuels. The fuel

ption was measured on a volumetric basis with the help

the produced fuel. Upon interaction of infrared light with the
produced fuel, chemical bonds can absorb infrared radiation in
specific wavelength ranges regardless of the structure of the rest
of the molecules. FT-IR analysis of the test fuels was performed
using Bruker (TENSOR27-Hyperion) and was scanned in the
range of 400—4000 cm ™" with a resolution of 4 cm™'. Moreover,
elemental analysis of test fuels was analyzed by a CHNS
elemental analyzer (LECO CHN628/628S) to investigate the
carbon, hydrogen, nitrogen, and sulfur contents of the fuels.
2.1.2. Physical and Chemical Properties of Test Fuels. The
investigation of the physical and chemical properties is very
important for the possible application as an alternative fuel in
internal combustion engines (ICEs). The results showed that
the physical and chemical properties of the test fuels assessed

of a burette and using a digital stopwatch (resolution of 0.01 s).
Meanwhile, the in-cylinder pressure was measured by a PCB
piezotronics pressure sensor mounted on the cylinder head
connected to a charge amplifier to a data acquisition board
(DAQ). The Kubler crank angle sensor was used to detect the
engine crank angle during the combustion process of the engine.
EngineSoft software was used to analyze the combustion
characteristics of the engine. The exhaust gas emissions
comprising unburned hydrocarbons (HCs), carbon monoxide
(CO), and nitrogen oxides (NOy) were measured with a gas
analyzer (Testo 350 flue gas analyzer), which measures HC
emissions by the flame ionization detector (FID), CO emissions
by the nondispersive infrared (NDIR) method, NOy emissions
by the chemiluminescence method, and smoke emissions in the
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exhaust gas with the photodiode (filter paper) method (Testo
308 smoke meter). The technical details of the exhaust gas
analyzers are presented in ref 19.

For the test condition, the engine was first warmed up with the
test fuel with no engine load until the engine oil temperature
reached 70 °C, indicating that the engine was ready for
collecting the data. Also, the values of all test parameters were
replicated three times, and the values were taken on average to
ensure the reproducibility of experimental data. The exper-
imental data was provided using the confidence interval, which
was considered statistically significant with a 95% confidence
level to consider the trends of the results.

2.3. Experimental Setup and Procedure for Particulate
Matter (PM) Analysis. Particulate matter (PM) characteristics
produced during the combustion process of test fuels were
investigated under the same conditions. PM was collected using
a PM collector, as equipped with an exhaust pipe of the diesel
engine, with a constant exhaust gas flow rate of 15 L/min. The
time for loading PM on the filter paper was 30 min, and the
engine was operated at a constant speed of 1500 rpm and 50%
engine load. The Whatman glass microfiber filter paper-grade
GF/C (47 mm diameter, with 1.2 micron pore size) was used to
load PM caused by the combustion of test fuels. An analytical
balance (Sartorius BP221S) was used to evaluate the weight of
the PM emissions loaded on the filter paper by weighing the
filter paper before and after the PM collection. Thermogravim-
etry (TGA) analysis (Mettler Toledo, TGA/DSC1) was applied
to characterize soot as the composition of PM. All samples of the
PM-loaded filter were cut into small pieces of about § mm?, and
the weight of PM collected on the loaded filter used for TGA was
in the range of 2.0—5.0 mg, which was placed into the sample
basket of the thermogravimetric analyzer for heating in the TGA
according to the following program. The first step in the heating
program is the initial atmosphere of oxygen with a constant flow
rate of 60.0 mL/min. In the second step, the PM-loaded filter
was heated from 35 to 110 °C at a heating rate of 5.00 °C/min
under an oxygen atmosphere. Then, the temperature was kept at
110 °C for 5 min. The PM-loaded filter was heated up again from
110 to 700 °C at a heating rate of 5.00 °C/min under an oxygen
atmosphere. Finally, the temperature was kept at 700 °C for 5.00
min.

3. RESULTS AND DISCUSSION

3.1.. Analysis of Gas Chromatography—Mass Spec-
trometry. The quantitative analysis of test fuels by GC—MS
based on the percentage of peak results, which was calculated
from the total ion current (TIC) area, is presented in Figure 2.
The identified compounds present in diesel fuel are shown in
Table 1. The GC—MS analysis was performed for each batch
under identical pyrolysis operating conditions to ensure its
reproducibility for chemical composition in waste plastic oil
produced from waste PET bottles, and the chemical
compositions are shown in Table 2. The chemical composition
of fuels is very complicated because they contain different types
of compounds. Nevertheless, the results shown in Table 2
indicate that the average molecular weight of WPOB was 186.52
g/mol, which was lower than that of diesel fuel (229.99 g/mol),
and its chemical compounds distributed in the hydrocarbon
compounds range of C4—C,4 with a H/C molar ratio of 1.758,
which is close to the range of petroleum fuel. Moreover, the main
hydrocarbon compounds present in WPOB were in a group of
C4—C,y, as presented in Table 3, and commonly contain major
chemical compounds of benzene, ethylbenzene, heptane,

Table 1. Identified Compounds Present in Diesel Fuel

chemical information

compound name area (%) formula MW
octane 078 Gl 114.14
cyclohexane, 1,4-dimethyl- 0.82 CgHys 112.12
nonane 167  CgHy 128.15
nonane, 4-methyl- 1.61 CoHy, 142.17
decane 3.62 CoHy 14217
undecane 418 C,H,, 156.18
p-xylene 0.94 CgHyy 106.07
trans-2-dodecen-1-ol 1.09 C,H,,0 184.18
dodecane 599 CjHyg 170.20
benzene, 1-ethyl-3-methyl- 0.92 CgHy, 120.09
benzene, 1,2,3-trimethyl- 1.62 CsH,y 120.09
tridecane 6.39 C3Hyg 184.21
benzene, 1,2,4-trimethyl- 140 CoHy, 120.09
tetradecane 6.52 Ci4Hy 19823
1-tetradecene 157 CyyHyg 196.21
pentadecane 5.66 CiHy, 21225
hexadecane 595 C6Hyy 22626
heptadecane 5.69 Cy;Hss 240.28
octadecane 430 CyHy 25429
nonadecane 4.01 CioHy 268.31
eicosane 3.90 CyHy, 28232
heneicosane 3.19 CyHy 296.34
hexadecanoic acid, methyl ester 10.11 C\;H3,0, 27028
tricosane 236 CyuHy 32437
methyl stearate 2.06 CHy0, 29828

11-octadecenoic acid, methyl ester 7.59 CoHy 0, 296.27
linoleic acid, methyl ester 245 CsH30, 294.25
pentacosane 119 CyHg 352.40
hexacosane 113 CyHy, 366.42
heptacosane 0.62 CyHgg 380.43
octacosane 0.34 CygHsg 394.45

nonacosane 033 CyHg 408.46

toluene, and xylene, which represent light hydrocarbons similar
to gasoline fuel,*" while diesel fuel was found to possess a high
hydrocarbon content of approximately 46.18% in the hydro-
carbon compound range of C;3—C .

The FT-IR spectra of diesel fuel and WPOB are shown in
Figure 3. The FT-IR spectra results showed that similar main
peaks of FT-IR spectra were seen for WPOB compared to that of
the diesel fuel, which indicated similar functional groups for both
fuels. The main peaks were observed at the wavelengths of 2954,
2922, 2853, 1746, 1605, 1460, and 722 cm™" for diesel fuel. The
presence of a large intense bond was observed for C—H
stretching at 2954, 2922, and 2853 cm™'; C=O0 stretching at
1746 cm™'; C—H bending at 1605 and 1460 cm™'; and C=C
bending at 722 cm ™. The FT-IR spectra of WPOB show the C—
H stretching at 2956, 2923, and 2855 em™; C=0 stretching at
1720 ecm™'; C—H bending at 1456 and 1377 ecm™'; C=C
bending at 887 cm™'; and C—Br stretching at 697 cm™". The
results of both fuels indicated that the diesel fuel shows the
presence of mostly alkene and alkane compounds, while the
presence of aromatics with some alkenes and alkanes was
observed for WPOB, which further confirmed the GC—MS
results.”

Carbon (C) and hydrocarbon (H) contents are the
parameters for the quality of fuel. The results obtained after
the elemental analysis results of WPOB and diesel fuel are shown
in Table 4. It shows that C and H contents of diesel fuel are
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Table 2. Identified Compounds Present in Waste Plastic Oil Produced from PET Bottles

compound name
cyclohexane
heptane
heptane, 4-methyl-
heptane, 2,4-dimethyl-
2,3-dimethyl-3-heptene
nonane, 4-methyl-
6,6-dimethylhepta-2,4-diene
cyclohexene, 3,3,5-trimethyl-
octane, 3,5-dimethyl-
toluene
acetic acid, butyl ester
undecane
1-decene, 2,4-dimethyl-
ethylbenzene
o-xylene
pxylene
benzene, (1-methylethyl)-
m-xylene
benzene, propyl-
1-methoxy-2-propyl acetate
benzene, 1-ethyl-4-methyl-
benzene, 1,2,4-trimethyl-
styrene
benzene, 1-ethyl-2-methyl-
benzene, 1,2,3-trimethyl-
benzene, 1-methyl-3-propyl-
a-methyl styrene
benzene, 1,2,4-trimethyl-
benzene, 2-ethyl-1,4-dimethyl-
benzene, 1-ethyl-3,5-dimethyl-
benzene, 1-ethyl-2,4-dimethyl-
ethanol, 2-butoxy-
benzene, 1-ethyl-2,3-dimethyl-
benzene, 1,2,4,5-tetramethyl-
benzene, 1,2,3,4-tetramethyl-
benzene, (3-methyl-3-butenyl)-
benzene, 4-ethenyl-1,2-dimethyl-
benzene, 1,2,3,5-tetramethyl-
benzene, heptyl-
hexadecane
benzonitrile
naphthalene
1-decanol, 2-hexyl-
heptadecane
octadecane
ethanol, 1-(2-butoxyethoxy)-
ethanol, 2-(2-butoxyethoxy)-, acetate
naphthalene, 2-methyl-
nonadecane
eicosane
heneicosane
phenol, 2-(1-methylethyl)-
docosane
benzene, 1,1°-(1,3-propanediyl)bis-
1,3-diphenylbutane
1,3-diphenylpropane
N-methyl phthalimide
tricosane
1,4-diphenylbutane

area (%) chemical information
batch 1 batch 2 batch 3 formula MW
087 0.00 0.00 CgH,, 84.09
0.84 0.00 0.00 C,Hy, 100.12
1.63 1.25 1.25 CgHyg 114.14
1.07 5.92 5.83 C,Hy 12815
657 0.00 0.00 CyHyy 126.14
060 0.00 0.00 CioHys 14217
046 0.00 0.00 CoHyg 124.12
053 0.00 0.00 CyH,, 12412
210 0.00 0.00 CoHyy 14217
510 3.50 353 C,H, 92.06
0.82 0.00 0.00 CH,,0, 116.08
058 0.00 0.00 CyHy, 156.18
2,04 0.00 0.00 CpH,, 168.18
859 11.40 1196 CyHyo 106.07
225 0.00 0.00 CyHyy 106.07
375 0.00 0.00 CyHyo 106.07
316 319 322 CH,, 120,09
243 216 212 CyHy, 106.07
0.85 0.00 0.00 CyHy, 120.09
0.63 0.00 0.00 C.H,,0, 13207
130 232 227 CH,, 120.09
1.35 0.00 0.00 CgHy, 120.09
7.38 7.83 8.01 CgH, 104.06
0.64 0.00 0.00 CyH,, 120.09
301 328 328 CyH,yy 12009
0.96 2.25 223 CyoHyy 134.10
494 6.69 649 CyHyo 118.07
220 0.00 0.00 CyH,, 12009
0.85 217 211 CyoHyy 134.10
1.08 0.00 0.00 CyoHyy 134.10
1.62 2.38 231 CoHys 134.10
0.99 0.00 0.00 CeHy 0, 118.09
0.76 0.00 0.00 CyoHyy 134.10
1.08 0.00 0.00 CoHyy 134.10
223 3.51 348 CuoHye 134.10
0.52 0.00 0.00 C,H,, 146.10
035 0.00 0.00 CioHyy 132.09
059 0.00 0.00 CoHy 134.10
0.69 0.00 0.00 CyiHyg 176.15
0.00 134 141 CyeHy, 22627
0.80 0.00 0.00 C;HN 103.04
1.02 219 211 CyoHs 125.06
207 0.00 0.00 C, HayO 24226
0.00 137 1.36 CyHyg 24028
0.00 1.76 171 CyeHyg 254.30
242 263 2.60 CeH,50, 162.12
024 0.00 0.00 CigHzO, 204.13
034 0.00 0.00 CyHp 142.07
1.05 128 126 CigHyy 268.31
0.00 252 252 CaoHys 28233
0.00 259 2.64 CyyHyy 29634
0.29 0.00 0.00 C,H,,0 136.08
1.69 2.57 2.56 CuHyg 310,36
0.00 6.56 657 CisHyg 196.13
046 0.00 0.00 CyeHyg 210.14
314 0.00 0.00 CyHyg 196.12
0.66 0.00 0.00 CyH;NO, 161.04
0.95 1.84 1.84 CyHys 324.37
0.53 0.00 0.00 CyHye 21014
E https//doi.org/10.1021/acsomega. 1c07345
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Table 2. continued
area (%)
compound name batch 1
tetracosane 102
18-norabieta-8,11,13-triene 0.54
a-N-normethadol 0.49
pentacosane 0.63
hexacosane 0.78
heptacosane 0.00
naphthalene, 1-phenyl- 038
octacosane 0.00
nonacosane 0.00
anthracene, 2-methyl- 041
naphthalene, 2-phenyl- 0.29
triacontane 0.00
phenanthrene, 3,6-dimethyl- 026
9-phenyl-5H-benzocycloheptene 0.18
retene 1.25
1-acetyl-20a-hydroxy-16-methylene- 069

batch 2 batch 3 formula MW
270 267 CuHg 338.39
0.00 0.00 CyoHag 25621
0.00 0.00 CyoH,,NO 29720
207 2.03 CyH,y 35241
183 189 CaoHy 36642
1.04 1.04 CyHyg 380.44
0.00 0.00 CyHyy 204.09
148 144 CasHg 39445
0.59 057 CasHen 408.47
0.00 0.00 CiHy, 192.09
0.94 091 CyH,ys 204.09
0.69 0.68 CyoHe 42249
0.80 0.79 CyoHyy 206.10
0.00 0.00 CpoHy, 218.10
336 332 CiHye 23414
0.00 0.00 CyHyN O, 338.19

Table 3. Range of Hydrocarbon and Carbon Number
Distribution of WPOB and Diesel Fuel

percentage of area

carbon number distribution diesel WPOB
Cs—Cj, (gasoline/light fraction) 24.65 69.33 + 11.40
Cy3—C)y (diesel/middle fraction) 46.18 13.95 £ 372
Cy9—Cy; (fuel oil/middle fraction) 25.56 9.01 +3.11
>Cyy (residual fuel/heavy fraction) 3.61 7.71 + 4.58

83.230 and 11.020 wt %, respectively, while C and H contents of
WPOB are 80.740 and 11.912 wt %, respectively. This carbon
content was also lower with respect to diesel fuel, which
indicates a low energy content when compared to diesel fuel.
Moreover, the sulfur (S) content is high in WPOB, making it
unsuitable for use as a fuel in cDmErcssiDn ignition engines,
resulting in increased SOy emissions.”*

Table 4. Elemental Analyses of Diesel Fuel and WPOB

composition (wt %)

elements
carbon (C)
hydrogen (H)
nitrogen (N)
sulfur ()

diesel
83.230
11.020
0.018
0.000

WPOB

80.740
11912

0.769

3.2. Analysis of Fuel Properties. The results of physical
and chemical properties are shown in Table 5. It can be indicated
that the kinematic viscosity of WPOB was comparably lower
than that of diesel fuel, and these values were lower than the
minimum value for the diesel fuel standard due to the lower
molecular weight of WPOB, resulting in a lower viscosity.”* The
specific gravity and density for WPOB are 0.825 and 824 kg/m?,
respectively. These values were also lower with respect to those
of diesel fuel, These properties are associated with the efficiency
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Figure 3. FT-IR spectra analyses of diesel fuel and WPOB.
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Table 5. Physical and Chemical Properties of Test Fuels

fuel properties test method diesel WPOB
kinematic viscosity@40 °C (cSt) ~ ASTM D445 337 1.70
specific gravity at 15 °C ASTM D1298 0.830 0.825
density@15 °C (kg/m®) ASTMDI298 829 824
flash point (°C) ASTM D93 78 28
fire point (°C) ASTM D93 86 34
gross calorific value (M]J/kg) ASTM D240 4348 39.45
cetane index ASTM D4737 61.09 28.77
lubricity (um) ASTM D6079 220 330
distillation temperature (°C) ASTM D86
IBP (°C) 188 50
10% recovered (°C) 228 140
50% recovered (°C) 290 196
90% recovered (°C) 342 294
FBP (°C) 348 314
400
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Figure 4. Distillation characteristic of WPOB compared to these of
diesel fuel.
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Figure 5. Comparison of the engine performance of WPOB as
compared to diesel fuel: (a) BSFC and (b) BTE.

of fuel atomization, which directly relates to the quality of air—
fuel mixing. However, the very low viscosity of fuel can result in
high consumption of fuel.”*° A low flash point and fire point
were found with WPOB because of the high content of C,—C,
(light hydrocarbons) and the low boiling point, which had a
worse effect on safe storage and handling.”’ On the other hand,
the gross calorific value and the cetane index of WPOB were less
than those of diesel fuel. The cetane index of test fuels was
calculated by the empirical equation as a function of distillation
temperature values of 10, 50, and 90% recovered and of the
density or API gravity at 15 °C.”” The difference in properties of
test fuels is expected to result in different combustion and
emission characteristics, leading to a difference in engine
performance.

Meanwhile, the lubricity of WPOB was evaluated using
HFRR. It was observed that WPOB possesses poor lubricating
properties with respect to diesel fuel, as can be found from the
wear scar diameter values of test fuels. This may be due to the
lower viscosity of WPOB."** The distillation characteristics of
test fuels were tested according to the ASTM D86 standard
method. The experimental results of the distillation temperature
of both fuels show that the lower front-end volatility (10%
recovered), mid-boiling point (50% recovered), and back-end
volatility (90% recovered) were found with WPOB than with
those of diesel fuel. Moreover, WPOB showed a 57% recovered
percentage fall within the boiling point temperature range of
gasoline (40—200 °C) and a 43% fall within the boiling point
temperature range of diesel fuel (200—325 °C) (see Table 5 and
Figure 4). This characteristic could be related to the chemical
composition of the test fuels and can impact the combustion
characteristics of the engine.”” However, the final boiling point
of WPOB was within the acceptable maximum limit of the
ASTM standard.

Some studies have recently been published on improving the
physical and chemical properties of waste plastic oil by various
methods such as refining or blending with diesel fuel to make the
waste plastic oil suitable to be used as an alternative fuel in diesel
engines. The distillation process is one of the methods to
improve the fuel characteristics of WPOB using a refinery unit.
However, the disadvantages of the distillation process are its
high energy usage and increasing cost of fuel production.
Therefore, blending with diesel fuel is interesting to improve the
fuel characteristics because of its simple method and easy usage
along with reducing gas emissions from IC engines.’™*

3.3. Analysis of Engine Performance. The experimental
results were analyzed to determine the engine performance of
the diesel engine by running on WPOB compared with diesel
fuel operation. Generally, important engine parameters such as
specific fuel consumption and thermal efficiency were evaluated
based on the engine characteristics in IC engines.

In this study, the brake-specific fuel consumption (BSFC) can
be calculated as the mass flow rate of fuel per unit of engine brake
power at the engine speed of 1500 rpm. The BSFC of the engine
is an important parameter to evaluate the engine performance.
The variation of BSFC against engine operating loads for WPOB
and diesel fuel is shown in Figure 5a. The experimental results
showed that the BSFC of WPOB and diesel fuel decreased with
the increase in engine operating load. The BSFC of the test
engine in the case of using WPOB was higher than that in the
case of using diesel fuel for all engine operating loads, which
perhaps resulted from the lower viscosity and gross calorific
value of WPOB. More fuel may be required to produce the same
engine power output.”***
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Figure 6. Comparison of combustion characteristics of WPOB as compared to those of diesel fuel at (a) 25% maximum torque, (b) 50% maximum

torque, and (c) 75% maximum torque.

Additionally, the brake thermal efficiency (BTE) indicates the
ratio of the brake power output established by the fuel energy
supplied to the engine. The variation of BTE against engine
operating loads for diesel fuel and WPOB is shown in Figure Sb.
The BTE increased with the increase in applied engine load
significantly with both fuels. This may be attributed to the
reduction in heat loss in the combustion chamber as the engine
load increases, and also the quantity of injected fuel affects the
rise of the cylinder temperature.'*** Comparing the BTEs of the
engine, the results show that the BTE of WPOB was lower than
that of diesel fuel for low-engine load operation. Owing to their
higher aromatic content when compared to diesel fuel, more
energy may be required for the breaking of aromatic bonds.
Another reason that may contribute to the lower BTE of WPOB
when compared to diesel fuel is the longer ignition delay period
of combustion with WPOB.***” However, the BTE of WPOB
was found to be higher than that of diesel fuel during middle and
high engine load operations. This may be due to the better
mixing preparation of air and fuel, which resulted in better
combustion.*

3.4. Analysis of Combustion Characteristics. In this
section, analysis of combustion characteristics of WPOB and
diesel fuel was carried out on the diesel engine. The combustion
characteristics from fuel combusted within the combustion
chamber of the engine are directly affected by fuel properties and
engine design parameters. Combustion characteristics of test
fuels in this study were investigated based on the cylinder
pressure to analyze the combustion process. The cylinder
pressure data of 100 cycles were measured and analyzed. The
important parameters in the combustion phenomenon of the CI
engine are the in-cylinder pressure (ICP) and the rate of heat
release (RoHR). RoHR can be derived from energy
conservation according to the first law of thermodynamics
where products of combustion were assumed to be ideal gases.*”
The combustion characteristics obtained under this study are
summarized as follows.

The experimental results in Figure 6 show the variation of ICP
and RoHR against the crank angle for WPOB as compared to
that for diesel fuel at different engine operating loads. It can be
observed that the ICP and RoHR increase as the engine
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Table 6. Difference in PM-Loaded Filter Weight for WPOB
and Diesel Fuel

weight of filter paper (g)

test fuels before after percentage
diesel 0.0921 0.1211 +31.49
WPOB 0.0905 0.1732 +91.38
0
—— Diesel J |
- ~
~ ~ WPOB

-0.0001

-0.0002

-0.0003

DTG (1~C)

-0.0004

-0.0005 \

-0.0006
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Temperature (*C)

Figure 8. TGA analysis for PM emissions of WPOB and diesel fuel.

operating load increases for both fuels. The reason for increasing
ICP and RoHR is due to high amounts of fuel supplied to the
engine with an increase in engine operating load. In addition, the
pressure in the combustion chamber of the engine depends on
the burning rate of the fuel during the premixed burning phase.*’
Obviously, a longer ignition delay at the start of combustion was
obtained with WPOB, resulting in the higher peak of ICP and
RoHR compared to that of diesel fuel.”" Such combustion
characteristics of WPOB are not favorable to the ideal

M Dicsel f§ WPOBI0 [ WPOB20 [5] WPOB30 R WPOBS0

(a)

BSFC (g/kW-h)

200

BTE (%)
o

Engine load (% Maximum torque)

Figure 9. Comparison of engine performances for WPOB blends: (a)
BSEC and (b) BTE.

combustion process and can have adverse effects on exhaust
gas emissions. The main reason that can justify the long ignition
delay at the start of combustion was the lower cetane index of
WPOB.**

3.5. Analysis of Emission Characteristics. The total
hydrocarbon (HC) emissions of the CI engine are a result of the
incomplete combustion caused by the unburned fuel inside the
combustion chamber due to overmixing of the fuel and
overpenetration of the fuel spray during ignition delay.*’ The
variations of the HC emissions under various engine operating
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loads for WPOB and diesel fuel are illustrated in Figure 7a. It can
be seen that as the engine operating load increased, HC
emissions tended to increase for both fuels. Comparing WPOB
and diesel fuel, the HC emissions of WPOB were higher than
those of diesel fuel for all engine operating loads. This is mainly
due to the longer ignition delay of WPOB, which results in less
available time for complete combustion leading to higher HC
formation.** However, the oxygen content of the methyl ester
present in diesel fuel can participate in better complete
combustion.*

Carbon monoxide (CO) in the CI engine are
formed mainly due to the incomplete combustion of the fuel
during the combustion process, which is exacerbated by the
deficiency of oxygen, the poor mixture preparation, and the
residence time. Usually, the CO emissions from diesel engine
combustion are low because the diesel engine is normally
operated with a lean air—fuel mixture."”*’ Figure 7b represents
the variation of the CO emissions under various engine load
conditions for diesel fuel and WPOB. It is observed that the CO
emissions increase as the engine operating load increases for
both fuels. On comparing WPOB and diesel fuel, the CO
emissions of WPOB were found to be higher than those of diesel
fuel for all engine load operations. This may be due to the lower
gross calorific value of WPOB tending to produce less energy
during the combustion process, resulting in the higher

possibility of incomplete combustion.** Also, the longer ignition
time can justify such higher CO emissions when WPOB was
used to operate the engine.

The nitrogen oxide (NOy) emission in exh gas
of CI engines is the bination of two comp ts, namely,
nitric oxide (NO) and nitrogen dioxide (NO,).*’ The variation
of NOy emissions under various engine operating loads for
diesel fuel and WPOB is illustrated in Figure 7c. It was observed
that NOy emissions increase as the engine operating load
increases for both fuels. A higher in-cylinder pressure and
temperature were found as the engine operating load increased.
The NOy formation in diesel is mainly dependent on
the temperature of combustion inside the cylinder, where a
higher in-cylinder temperature was more favorable to form
NOy.”"*! The NOy emissions of WPOB were higher than those
of diesel fuel for all engine operating loads. The main reason for
the increased NOy emissions is the higher peak of RoHR during
the premixed combustion caused by the longer ignition delay of
WPOB, where a higher amount of fuels was prepared before
ignition, leading to a stronger combustion and a higher heat
release rate.”

The variation of smoke emissions under various engine
operating loads for diesel fuel and WPOB is illustrated in Figure
7d. It was observed that smoke emissions increased with the
increase of engine operating load for both fuels. On comparing
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WPOB and diesel fuel, the smoke emissions of WPOB were
higher than those of diesel fuel for all engine load operations.
This is mainly due to the less available time for the combustion
process and also the high aromatic content, which contributes to
PM formation, resulting in higher smoke emissions obtained
with WPOB.”

3.6. Analysis of PM Emissions. The difference in the PM-
loaded filter weight obtained with test fuels is shown in Table 6.
It is clear that the combustion of WPOB produced a higher PM
content compared to diesel fuel. This increase in PM emissions
is in agreement with the increase in smoke emissions caused by
the combustion of WPOB with respect to diesel fuel. In addition,
the TGA results in Figure 8 present the percentage of weight loss
and its first derivative (DTG) profiles related to the heating
program of TGA. It was found that the temperature to reach the
maximum rate of soot oxidation (second peak of DTG) was
lower with WPOB combustion, which implied that the energy
used to oxidize soot was lower and soot was easier to
decompose. This is the benefit of using WPOB as an alternative
fuel, as was found in the study.

3.7. Possibility of Using WPOB as a Blend Component
in Diesel Engines. The significant delay at the start of
combustion and the increase in NOy, HC, CO, and smoke
emissions make the direct use of WPOB in diesel engines
unsuitable without any engine modification. It is suggested that
WPOB can be used as a blend component to reduce the amount
of diesel fuel used in diesel engines. To accomplish the objective
of the study related to the possibility of using WPOB in diesel
engines, an experimental investigation was carried out with four
blend ratios of WPOB and diesel fuel, namely, WPOBI0,
WPOB20, WPOB30, and WPOBS0, where the numbers refer to
10, 20, 30, and 50% of the WPOB present in diesel fuel,
respectively. Further study on the effect of diesel fuel blended

with WPOB on engine performance, combustion characteristics,
and emissions was performed and has been discussed.

3.7.1. Analysis of Engine Performance. The comparison of
the engine performance characteristics obtained with the four
fuel blends versus diesel fuel for all engine operating loads is
shown in Figure 9. From the experimental results obtained, it
can be seen that the BSFC increases with an increase in
concentration of WPOB in diesel fuel due to the lower heating
value of fuel blends compared to that of diesel fuel,'"* whereas the
BTE decreased slightly when increasing the concentration of
WPOB in diesel fuel at a low engine load operation. However,
the BTE tended to increase as the presence of WPOB increased
at middle and high engine load operations. No significant change
in BSFC and BTE was found when less than 50% WPO was
blended with diesel fuel. The presence of 10% WPOB in the fuel
blend shows very similar BSFC and BTE compared to diesel
fuel.

3.7.2. Analysis of Combustion Characteristics. The
experimental results in Figure 10 present the variation of ICP
and RoHR with the crank angle degree for fuel blends. It is an
important observation that increasing the concentration of
WPOB tended to increase the ignition delay period when
compared with diesel fuel for all engine operating loads. This is
mainly due to the poor ignition of WPOB during the early stage
of the combustion process, resulting from the lower cetane index
of WPOB. ™ The higher percentage of WPOB in the fuel blend
tended to increase the peak of the in-cylinder pressure and heat
release. The longer ignition with increasing amounts of WPOB
in the fuel blend can be used to justify the higher peak.'”*
However, the combustion characteristics of WPOBI10 were
found to be similar to those of diesel fuel in terms of ICP and
RoHR.
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3.7.3. Analysis of Emission Characteristics. The comparison
of the exhaust gas emissions characteristics for fuel blends
compared to diesel fuel for all engine operating loads is shown in
Figure 11. Tt can be observed that the exhaust gas emissions of
the engine comprising HC, CO, NOy, and smoke tended to
increase on increasing the concentration of WPOB in the diesel
fuel. This is mainly due to the longer ignition delay period of
WPOB blends along with the less available time for the
combustion process. Also, the higher aromatic content present
in WPOB can be the reason for the higher smoke and PM
emissions compared to diesel fuel.*

4. CONCLUSIONS

In conclusion, an experimental investigation was carried out to
evaluate the effect of pyrolytic plastic oil derived from waste PET
bottle (WPOB) on engine performances, combustion character-
istics, exhaust gas emissions, and soot oxidation temperature.
The summary of this study can be discussed as follows.

® The chemical compositions of WPOB and diesel fuel were
characterized by GC—MS. It was found that the main
hydrocarbons present in WPOB were in a group of Ci—
C,; with the major chemical compounds of benzene,
ethylbenzene, heptane, toluene, and xylene, while diesel
fuel possessed a high content of C;3;—C,s. In addition,
similar FT-IR spectra were seen for the diesel fuel and
WPOB. However, WPOB shows the presence of mostly
aromatic compounds. The fuel property characterization,
including a lower kinematic viscosity, specific gravity,
density, flash point, fire point, gross calorific value, cetane
index, distillation temperature, and lubricity, of WPOB
was compared to that of diesel fuel. The API gravity of
WPOB was higher when compared to that of diesel fuel.

® The engine characteristics show that using WPOB in the
diesel engine tends to increase the BSFC and BTE.
Moreover, the combustion characteristics of WPOB were
retarded during the start of combustion with respect to
those in diesel fuel, which result in an increase in HC, CO,
NOy, and smoke emissions. However, the TGA results
show that the temperature to reach the maximum rate of
soot oxidation was lower with WPOB combustion. This
result shows that the direct use of WPOB in diesel engines
is not recommended. Therefore, it is suggested that
‘WPOB can be used as a blend component to reduce the
amount of diesel fuel used in diesel engines.

e The results of this study further demonstrate that the
maximum WPOB that should be present in the diesel fuel
to avoid the long ignition delay during the start of
combustion and the increase in HC, CO, and smoke
emissions is 20% by volume to keep the engine
characteristics and emissions similar to those in diesel
fuel, especially when the engine was operated at middle
and high loads.
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ASTMAmerican Society for Testing and Materials
BSFCbrake-specific fuel consumption
BTEbrake thermal efficiency

COcarbon monoxide

Didirect injection

DTGderivative thermogravimetry
FT-IRFourier transform infrared spectroscopy
GC—MSgas chromatography—mass spectrometry
HChydrocarbon

HFRRhigh-frequency reciprocating rig
ICPin-cylinder pressure

ICEsinternal combustion engines
MWmolecular weight

NOnitric oxide

NO;nitrogen dioxide

NOynitrogen oxides

PETpoly(ethylene terephthalate)
PMparticulate matter

RoHRrate of heat release
TGAthermogravimetry analysis

WPOBwaste plastic oil bottle

WPOwaste plastic oil
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Abstract

The present study aimed to investigate and compare the effects of waste plastic oil/ethanol
blends focusing on physical-chemical properties of the fuel and performance, combustion
characteristics, and emissions of a diesel engine. Waste plastic oil produced by the pyrolysis
process was mixed with ethanol. Experiments were conducted on WE10 (10% ethanol and
90% waste plastic oil, v/v) at four engine loads and a constant engine speed of 2,500 rpm.
The experimental results showed that the blended fuel possessed higher cetane index, lower
viscosity, density, flash point, and heating value when compared with diesel fuel. The
engine test revealed that the use of WE10 led to an increase in indicated specific fuel
consumption and a reduction in indicated thermal efficiency. The addition of ethanol to
waste plastic oil led to increase in peak of heat release rate in consequence of the retarded
start of combustion. The WE10 tended to increase NOX, CO, and HC with respect to diesel
fuel. However, lower NOX was found for the combustion of WE10 when compared with
WPO.

Keywords: Waste plastic oil, ethanol, diesel engine, performance, emissions

Introduction

Plastic waste has become an indelible (PS), polyethylene-terephthalate (PET), low

component of municipal solid waste (MSW),
as being used in a wide range of products due
to its durability, light weight, and low cost. It
is a mixture of various plastic products, mainly
made from polyvinyl chloride (PVC), polystyrene

density polyethylene (LDPE), high density
polyethylene (HDPE), and polypropylene (PP)
plastics. Polyethylene (PE) and PS are the most
available plastic types among municipal plastic
waste (MPW). From the onset of invention of
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plastics, accumulation of plastic wastes gives
rise to environmental problems. It may take
billions of years for plastic to degrade
naturally (Miandad et al., 2016; Bridjesh et
al., 2018).

Plastic waste is managed by different
techniques such as reducing, reusing, recycling,
waste- to-energy (WTE), and disposal at landfill
sites. Conventional mechanical recycling
techniques such as sorting, grinding, washing,
and extrusion can only recycle 15-20% of all
plastic waste types. Beyond this level, the
plastic becomes contaminated with materials
like soil, dirt, aluminum foils, food wastes, and
paper labels. The uncontrolled incineration
and open burning of plastic waste have caused
air and waterborne pollutants. Therefore, in
recent years, various plastic-to-fuel (PTF) or
WTE technologies such as gasification,
pyrolysis, refuse derived fuel (RDF), and
plasma arc gasification along with chemical
recycling methods have gained significant
attention for the management of MPW
(Miandad et al., 2017). Plastic waste is an ideal
source of energy due to its high heating value
and abundance. It can be converted into oil
through the pyrolysis process and utilized in
internal combustion engines to produce power
and heat. Some researchers showed that the
properties of the waste plastic oil (WPO) are
practically like diesel fuel and the engine could
be operated using neat WPO. Experimental
engine results from previous studies have been
reported that WPO exhibited higher brake
thermal efficiency (BTE) and higher regulated
exhaust emissions such as nitrogen oxides
(NOx), hydrocarbon (HC), and carbon monoxide
(CO) with respect to diesel fuel combustion
(Kalargaris ef al., 2017; Maithomklang et al.,
2017).

It is known that biofuel tends to improve
combustion efficiency and emissions. Among
oxygenated fuels, bioalcohol and biodiesel are
widely used as alternative fuels in spark
ignition engines and compression ignition
engines, respectively. To extend the use of
alcohol in compression ignition engines,
alcohol is used as blend component in diesel
fuel. Many studies have shown that combustion
of biofuels is likely to reduce concentration of

toxic compounds in engine exhaust, particularly
nitrogen oxide, and carbon dioxide that leads
to the greenhouse effect. However, the use of
blends containing very high percentages of
alcohol in diesel engines can be limited by
some poor properties of alcohol such as
lubricity, viscosity, cetane number, and blending
stability (Jamrozik, 2017; Sukjit et al., 2017).

In this study, the effect of waste plastic
oil blended with ethanol on physical-chemical
properties of the fuel and performance,
combustion characteristics, and emissions of a
diesel engine characteristics were studied. The
physical and chemical properties of test fuels
were measured according to ASTM standards
and engine experiments were conducted on
a four-cylinder and naturally aspirated diesel
engine to evaluate the performance, combustion
characteristics, and emissions.

Materials and Methods

Test Fuels

To study the effects of the alternative
biofuel on engine performance, combustion
characteristics, and emissions. Ethanol was
blended with waste plastic oil. It was previously
reported that the presence of 10% ethanol in
diesel fuel showed the emission benefits to
improve NOx and soot trade-off without any
engine modification (Sukjit ef al., 2017). So,
10% ethanol was selected to blend with waste
plastic oil (WE10) and its fuel properties,
engine performance, combustion characteristics,
and emissions were investigated. The basic
physical and chemical properties of tested
fuels and commercial diesel fuel as reference
fuels were measured according to ASTM
standards and was shown in Table 1.

Experimental Setup

The experiments were conducted on four-
cylinder, four- stroke, naturally aspirated, water
cooled, and direct injection (DI) diesel engine.
The specifications of the engine are shown
in Table 2. The schematic diagram of the
experimental set up is presented in Figure 1.
The tests were performed at a rated speed of
2,500 rpm and 4 different engine loads (50, 70,
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Figure 1. Schematic diagram of the experimental installation
Table 1. Physical-chemical properties of test fuels
Properties Method Diesel WPO Ethanol ‘WE10
Kinematic viscosity at 40°C (cSt) ASTM D445 463 307 126 254
Specific gravity at 15.6°C ASTM D1298 0.830 0.800 0.789 0.795
Density at 15.6°C (kg/m®) ASTM D1298 829 799 789 794
Flash point (°C) ASTM D93 76 36 13.5 26
Gross calorific value (MJ/kg) ASTM D240 4539 4490 29.7 43.13
Cetane index ASTM D613 60.18 68.98 8* 68.03
Latent heat of vaporization (kJ/kg) 1= 260 - 840 . -
* Cetane number
Table 2. Specifications of diesel engine and mass flow rate (intake air and fuel). A
T Siiillion Testo 350 analyzer was employed to measure
Tigmemode WAL CO and NOx and Horiba ME:XA- .584L was
water cooled, 4-cylinder, used to evaluate HC. The specifications of the
Engine type 4-cycle, gas analyzing device is shown in Table 3.
direct injection
Bore 93 mm
Stoke 2 Results and Discussion
Compression ratio 18.4
Displacement 2449 cc
Rated power 64.9 kW at 4,000 1pm Engine Performance
Max. torque 171.5 N-m at 2,000 rpm In present section, performance parameters

90, and 110 N-m). To record cylinder pressure
traces, a Kistler 6052C pressure transducer
mounted at glow plug adapter and connected
was via a Kistler 5064C charge amplifier to a
data acquisition board. The crankshaft position
was measured using a Kistler 2164C crank
angle encoder set. Other standard engine test
rig instrumentation was used to monitor
temperatures ( intake air and exhaust gas) ,
pressure (lubricating oil), humidity (intake air),

such as ISFC and ITE of the engine according
to operation load for all the test fuels are
presented and analyzed.

The variations of ISFC as a function of
engine load for test fuels are shown in Figure
2. ISFC is a measure of how much fuel is
consumed per power output. It can be seen that
the ISFC decreased as the engine operating
loads increased for all fuels. The waste plastic
oil (WPO) showed higher ISFC when compared
with diesel fuel, while the blended fuel (WE10)
showed higher ISFC than the comresponding
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Table 3. Specifications of the gas analyzing device

Measured quantity Measuring range Resoluti Accuracy

TESTO 350
NO 0 to 4,000 ppm 1 ppm +5 ppm
NO» 0to 500 ppm 0.1 ppm +5 ppm
co 0 to 10,000 ppm 1 ppm +5 ppm

HORIBA MEXA-584L
HC 0 to 20,000 ppmvol 1 ppmvol -
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WDiesel 2WPO SWEL0 | e —==wed =
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400

300
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Load (N-m)

Figure 2. Indicated specific fuel consumption
(ISFC)

W Diesel BWPO BWELD J

Indicated thermal efficiency (%)

Load (N-m)

Figure 3. Indicated thermal efficiency (ITE)

waste plastic oil because of the lower calorific
values of ethanol (Wei et al., 2018).

The ITE which is inversely proportional
to ISFC is shown in Figure 3. Higher ISFC was
obtained from the combustion of waste plastic
oil, resulted in the lower indicated thermal
efficiency with respect to diesel fuel for all
engine loads tested. With the addition of ethanol
to waste plastic oil, it can be noticed that ITE

40 30 -10 0 10 b1 30 4
Crack angle (degres)

Figure 4. In-cylinder pressure (ICP)

obtained by WPO and WE10 was slightly
different.

Combustion Characteristics

In- cylinder pressure (ICP) and rate of
heat release (ROHR) for all engine operating
loads are depicted in Figures 4 and 5, respectively.
The first law of thermodynamics was used to
calculate the heat release rate with Equations
(1) (Sukjit et al., 2018)

4
do_y dv. 1 ,dp

a6 71738 741 de W
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where dQ/d@is the rate of heat release, p is the
in-cylinder pressure, ¥ is the combustion
chamber volume, and &1s the crank angle. The
constant specific heat ratio () of 1.35 was
used for the calculation.
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Figure 5. Rate of heat release (ROHR)

The start of combustion refers to the
crank angle at which heat is released at the
beginning of the premixed combustion phase.
The results in Figure 5 reveal that the start of
combustion decreased (shorter ignition delay)
as the engine operating loads increased for
WPO compared with diesel fuel. The addition
of ethanol to waste plastic oil tended to delay
the start of combustion, resulting in longer
ignition delay. The lower cetane number of
ethanol can be used to justify such increase in
ignition delay (Choi and Jiang, 2015). In
addition, the higher latent heat of vaporization
of ethanol tended to increase mixing time
between air and fuel, leading to the delay in the
start of combustion. This longer ignition delay
tended to reduce the temperature of in-cylinder

gas mixture. With longer ignition delay,
there was higher volume of premixed mixture
ready to combust when combustion started.
Consequently, the higher peak of premixed
combustion than in case of diesel fuel due to
the longer ignition delay of the ethanol blend
was observed (Sukjit ef al., 2017).

W Diesel EWPO GBWEI0

Nitrogen oxides (2/kW-h)
o

Load (N-m)

Figure 6. Nitrogen oxides emissions (NOX)

Emissions

In this section regulated emissions such
as NOg, CO, and HC by the combustion of test
fuels were discussed.

NOx emissions are shown in Figure 6.
Oxides of nitrogen present in emissions is the
combination of nitric oxide (NO) and nitrogen
dioxide (NO3). The formation of NOx is highly
dependent on high combustion temperature,
long residence time, and high oxygen content.
Comparing WPO with diesel fuel, there was
an increase in NOx emissions. However, the
presence of ethanol in WPO was beneficial to
reduce NOx emissions because of the higher
latent heat of evaporation of ethanol which
needed more energy to vaporize before mixing
with the air, resulting in the lower in- cylinder
temperature during the combustion process
(Yilmaz and Davis, 2016; Sukjit et al., 2017;
Jeevahan ef al., 2018). In addition, the lower
heating value of ethanol can be another reason
of the lower combustion temperature which
lower NOx emissions can be obtained.

CO and HC emissions are shown in
Figures 7 and 8. The formation of CO emissions
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Figure 7. Carbon monoxides emissions (CO)

is due to the insufficient oxygen level during
the combustion. This lesser oxygen molecule
reacts with the carbon molecules within the
low temperature combustion process. In
a diesel engine, the formation of CO emission
is the symptom of an incomplete combustion
process. Also, the air- fuel rich zone and
improper mixing of the charge are the other
factors for the formation of CO emissions.
The formation of hydrocarbons is mainly
depending on the air fuel ratio, chemical
properties of tested fuels, spray characteristics,
and operating conditions (Lopez et al., 2015;
Gowtham ef al., 2019). It can also be noticed
that the CO and HC for WPO and WE10 were
higher than for diesel fuel, which may be apart
from the delay of combustion, the high latent
heat of vaporization of ethanol which tended to
promote incomplete combustion can be used to
justify the increase in CO and HC (Sukjit ef al.,
2012).

Conclusions

The effects of waste plastic oil/ethanol blends
on basic physical-chemical properties of test
fuels, performance, combustion characteristics,
and emissions were studied. According to the
experiment outcomes, the following conclusions
were drawn:

110
Load (N-m)

Figure 8. Hydrocarbon emissions (HC)

i) The blended fuels (WE10) possessed
higher cetane index, lower viscosity, density,
flash point, and heating value when compared
with diesel fuel.

ii) The use of WEI10 led to an increase
in indicated specific fuel consumption and
areduction in indicated thermal efficiency.

iii) The addition of ethanol to waste
plastic oil lead to increase in peak of rate of
heat release in consequence of the retarded
start of combustion due to higher latent heat of
vaporization and lower cetane number of
ethanol.

The WEI10 tended to increase NOx, CO,
and HC was obtained with respect to diesel
fuel. However, lower NOx was found for the
combustion of WE10 when compared with
WPO.
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Abstract: The characterization of pyrolysis oil obtained from mixed waste plastics and its utilization
in a compression ignition engine were investigated. The chemical compositions and physicochemical
properties of distilled waste plastic oil (WPO) and crude waste plastic oil (CWPO) were analyzed. The
experiment was conducted with a variable compression ratio diesel engine at various loads and com-
pression ratios to evaluate combustion characteristics, exhaust emissions, and engine performance.
The experimental results show that CWPO contains the highest percentage of carbon atoms in the
C4-C11 group, while WPO contains the highest percentage of carbon atoms in the C12-C20 group,
similar to the main compositions of diesel fuel. According to the preliminary study in chemical
compositions and physicochemical properties, WPO and diesel fuel were selected for the engine test
at different compression ratios of 16, 17, and 18 and different engine operating loads of 25%, 50%,
and 75% of maximum engine torque at an engine speed of 1500 rpm. It was found that increasing
the engine operating load and the compression ratio tends to increase the brake thermal efficiency.
Increasing the compression ratio results in a significantly shorter delay time in a combustion state. A
lower cetane index and a higher percentage of long chain carbon compounds (C12-C20) could be the
main factors affecting higher NOx, CO, and HC emissions with the combustion characteristics of
WPO, compared to diesel fuel. The disadvantage of emissions by the use of WPO can be alleviated
when the engine is running at maximum load and a high compression ratio.

Keywords: waste plastic oil; compression ratio; emission; diesel engine

1. Introduction

Fuels for energy is very important to industry, transportation, and agriculture. Cur-
rently, the fluctuation of fuel price conditions affects the cost of production and the country’s
development in various fields. Therefore, the government has promoted the use of re-
newable energy as an alternative to incentivize people to use other fuels, to replace diesel
fuel and to reduce the demand for oil. Thailand mainly relies on imported energy from
abroad, because it is unable to increase the domestic production of petroleum to meet
demand. The development of renewable energy will seriously reduce the dependence on
and import of fuels [1]. Thailand has continued to increase the use of renewable energy
as a result of alternative energy development policies with the goal of increasing the use
of renewable energy in all sectors of society and reducing the consumption of energy
from fossil fuels. This will also reduce the import of energy from abroad [2,3]. Moreover,
Thailand is faced with a large amount of solid waste. Large, medium, and small cities
all face unsanitary waste management issues that affect the environment. Data on the
situation of waste in Thailand show that, in 2018, there were approximately 27.93 million
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tons of waste, with a rate of solid waste of 1.15 kg per person per day. Approximately
39% of the total solid waste (10.85 million tons) and 35% of solid waste (about 9.76 million
tons) generated has been properly disposed. Approximately 7.32 million tons of solid
waste have been improperly handled [4]. Generated plastics are about 12% of the total
waste and take a long time to decompose [5]. Therefore, engineering waste management is
necessary because, at present, there is technology to effectively manage this waste. One
technology that has received attention is oil production technology from plastic waste
through the pyrolysis process, due to its potential to convert plastic waste to energy in
petroleum-based fuel. This is in line with the National Energy Integration Framework of
the Ministry of Energy, devised to develop energy strategic plans in the name of the TIEB
(Thailand Integrated Energy Blueprint) 2015-2036, which pays attention to energy security,
economic, and environmental aspects of society [3].

Pyrolysis is the process of chemically cycle-debasing long chain polymer particles into
small chain hydrocarbons in the absence of air or oxygen at the relatively high temperature
range of 300-500 °C [6]. The three significant products from those pyrolysis methodologies
are liquid, gas, and char, while the quantity of each product largely depends on such
parameters as the type of feedstock and on pyrolysis procedure parameters, such as temper-
ature, the type of reactor, pressure, residence time, heating rate, and the type of catalyst [7].
With respect to the feedstock, plastic waste mainly consists of high-density polyethylene
(HDPE), low-density polyethylene (LDPE), polyethylene terephthalate (PET), polyethylene
(PE), polystyrene (PS), polypropylene (PP), and polyvinyl chloride (PVC). Studies on the
thermal degradation temperature of common plastic materials under thermogravimetric
analysis have revealed that degradation begins at a temperature depending on the plastic
type and the heating rate. The breakage of carbon chains was induced at a temperature
above 325 °C for HDPE and was completed at about 470 °C. Additionally, the degradation
process was accelerated at a higher heating rate. The lowest temperature of the starting
degradation was obtained with PS. It has been suggested that all plastics initiate degrada-
tion at a temperature below 400 °C [8]. The liquid oil derived from the pyrolysis of various
types of plastic waste contain physical and chemical properties similar to those of fossil
fuel [9-12]. Therefore, waste plastic oil (WPO) is favorably appropriate to be developed as
an alternative fuel in internal combustion engines [13].

Several experiments have been conducted on the use of plastic waste derived as a
fuel in compression ignition diesel engines. Previous investigations of using WPO in
diesel engines compared with diesel fuel operation are summarized in Table 1. Most
of the investigations show similar trends of increase in brake-specific fuel consumption
and brake thermal efficiency, with increasing concentrations of WPO in blends of diesel
and WPO. Moreover, oxides of nitrogen (NOx), unburnt hydrocarbon (HC), and carbon
monoxide (CO) tend to increase with the use of WPO. In a recent work, Kalargaris et al. [14]
studied the effect of pyrolysis oil from polypropylene on the characteristics of combustion,
exhaust emissions, and engine performance at different temperatures of the pyrolysis
process in a diesel engine. The experiments showed that the pyrolysis oil promoted steady
engine operation with a longer combustion duration, a lower engine performance, a higher
NOx and HC, and lower CO emissions when compared with the engine operating on
diesel fuel. Venkatesan et al. [15] studied the combustion characteristics and the engine
performance of a diesel engine fueled with WPO blends. The brake thermal efficiency
(BTE) for the WPO blends was found to be slightly higher than that of the diesel fuel. The
engine performance and combustion characteristics of the diesel engine were significantly
affected by the physical and chemical properties of WPO. Furthermore, at the highest load
conditions, WPO blends yield better results in comparison to diesel fuel with respect to
peak pressure, the rate of pressure rise, in-cylinder pressure, and the rate of heat release.
The use of WPO as an alternative fuel in diesel engines tends to result in an increase in
BTE, NOx, and smoke emissions, while BSFC, CO, and HC emissions decrease with an
increasing engine load [16-22].
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Table 1. Summary of previous investigations on using waste plastic oil (WPO) in diesel engines compared with diesel fuel

operation.

Diesel Engine
Specifications

Types of Fuel

Performance

Combustion

Emissions

BSFC

BTE

icp

RoHR

NOx

co

HC

Smoke

Ref.

AKSA-A4CRX46TI,
4-cylinder, 4-stroke,
68 kKW at 1500 rpm

WPO

¥

*

f

?

f

f

[14]

Kirloskar AV1, DI,
1-cylinder, 4-stroke,
3.7 kW at 1500 rpm

WPO

[16]

AKSA1-A4CRX46TI,
4-cylinder, 4-stroke,
68 kW at 1500 rpm

WPO

[17]

4JA1, DI,
4-cylinder, 4-stroke,
68 kW at 1500 rpm

WPO

[18]

Kirloskar TAF1, DI,
1-cylinder, 4-stroke,
4.4 kW at 1500 rpm

WPO

[19]

Eicher E483, DI,
4-cylinder, 4-stroke,
Max. Power 70 kW

WPO

[20]

Kirloskar TV1, DI,
1-cylinder, 4-stroke,
5.2 kW at 1500 rpm

WPO

[21]

DI, Turbocharger,
4-cylinder in line T/C,
4-stroke, 70 kW

WPO

[22]

DI, 1-cylinder,
4-stroke,
3.7 kW at 1500 rpm

WPO

[23]

Lombardini-Kohler
FOCS 1.4,
IDI, 1-cylinder,
4-stroke,

[24]

Kirloskar TAF1, DI,
1-cylinder, 4-stroke,
4.4 kW at 1500 rpm

WPO

AKSA-A4CRX46TI,
4-cylinder, 4-stroke,
68 kW at 1500 rpm

WPO

[26]

DI, 1-cylinder,
4-stroke, 3.7 kW at
1500 rpm

WPO-RME

[27]

Kirloskar TV1, DI,
1-cylinder, 4-stroke,
3.5 kW at 1500 rpm

WPO-POME
WPO-COME

>

[28]

Kirloskar TAF1, DI,
1-cylinder, 4-stroke,
4.4 kW at 1500 rpm

WPO-BU

v

f

1

?

*

v

[29]

f—i.ncreases, ‘ —decreases, WPO—waste plastic oil, RME—rice bran methyl ester, POME—palm methyl ester, COME—castor methyl

ester, BU—Butanol, DI—Direct injection.
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Currently, there is an increasing amount of research on alternative fuels for engines,
and due to energy, environmental, and economic problems, it is necessary to encourage
studies on alternative fuels to reduce the amount of primary fuel consumption. For the
adoption of WPO gained from the pyrolysis process for compression ignition engines, it is
necessary to study the effects of various factors. Therefore, this research aims to investigate
the effects of changes in the compression ratio on the characteristics of combustion, exhaust
emissions, and engine performance when using WPO as an alternative fuel in a variable
compression ratio diesel engine. The outcome of this research can promote WPO as an
alternative fuel for diesel engines and accords with alternative energy development plans
in Thailand.

2. Materials and Methods
2.1. Fuels

In this work, crude waste plastic oil (CWPO) and distilled waste plastic oil (WPO)
obtained by fractional distillation were studied. The mixed plastic waste used as feedstock
in the pyrolysis process was collected from Nakhon Ratchasima, Thailand, and included
bags, bottles, and other products made of plastic. The diesel fuel was commercial diesel
fuel (B7), which is diesel fuel containing 7% biodiesel by volume, according to the Ministry
of Energy. The master plant that processes mixed waste plastic into fuel by pyrolysis is
located at Suranaree University of Technology.

Pyrolysis is the thermal decomposition of plastics in the absence of air or oxygen.
Waste plastics are gently cracked by adding a catalyst, and the gases are condensed in a
series of condensers to yield a low-sulphur distillate [28]. The pyrolysis reactor system
is of a continuous vertical type. The plastic waste from the MBT system was used as
a raw material for fuel production. The principle of operation is that the plastic scraps
are conveyed to a screw feeder at a rate of approximately 250 kg/h, where the screws
are preheated to allow the plastic to melt and be ready to evaporate as a vapor when
heated up. After that, the liquid plastic flows into the reactor and then the continuous
stirred tank reactor, where the reactor is temperature-controlled at 350-400 °C. When the
plastic changes from liquid to vapor, it flows into the fractional distillation tower at a
temperature of 340 °C, and at this distillation tower, it separates the heavy and light oil
vapor molecules. After that, the oil vapor enters the condenser and flows into the oil/ water
separator, and the oil that is produced, i.e., CWPO, will flow into the storage tank. We used
an oil distillation system to improve the quality of liquid fuels from plastic waste by using
a vacuum separation tower to separate the mixtures into the form of individual elements
(fractions). The middle fraction or diesel fuel, i.e., WPO, is taken from the center of the
distillation tower, and the lighter part (the light fraction) or gasoline is released from the
top of the distillation tower.

2.2. Gas Chromatography Analysis

Gas Chromatography—Mass Spectrometry (GC-MS) is extensively used as a method
for the chemical characterization of the fuels. The presence of the compound identification
of test fuels was used to determine the chemical compositions. One microliter was injected
into a GC-MS system equipped with a DB-wax capillary column of a length of 60 m, an
internal diameter of 0.25 mm, and a film thickness of 0.25 um. The operating conditions
were as follows: The helium gas flow rate of approximately 1.0 mL/min was utilized as a
carrier gas. The temperature of the GC oven was performed in a temperature-programmed
mode at 70 °C for 3 min, raised at 3 °C/min to 180 °C, and finally ramped to 250 °C (held
for 25 min) at a heating rate of 10 °C/min. The inlet gas temperature was maintained at
250 °C with a separation ratio of 20:1. The mass spectra detector was operated in a mass
range from 35 to 550 m/z with a 250 °C source [28]. GC-MS data are often demonstrated
as total ion current (TIC) intensity. The data obtained from TIC can be used to identify the
chemical composition of the test fuels.
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2.3. Experimental Setup and Procedure

The study on combustion and emissions characteristics was conducted using a variable
compression ratio (VCR) diesel engine, a single-cylinder and four-stroke engine with a
direct fuel injection system. The air was naturally induced to the combustion chamber,
while water and a water-cooling system were used to control the temperature of the engine.
The engine was coupled with an eddy current dynamometer to provide the engine load.
The technical specifications of the engine used for the investigations are described in [28].
A schematic diagram of the experimental installation is shown in Figure 1. The engine
operated at 1500 rpm with three different engine loads (25%, 50%, and 75% of the maximum
engine torque) under compression ratios of 16, 17, and 18. The fuel consumption of the
engine was calculated by the fuel volume and testing time, which were recorded by a
burette and stopwatch, respectively.

o o Air stabilizing tank
7oL
' = Fuel pipe Air hose pipe
— 4
1 1
Fuel tank L _ el aictow e

Exhausl gas analyzer
I —_—

Charge amplifier T-.
! | pag

1
1
— 4

Engine oil Temperature

Engine load & Torgue Monitor

|| Eddy current dynamometer

Figure 1. A schematic diagram of the experimental installation.

EngineSoft software was used to analyze the combustion characteristics. A data
acquisition card (DAQ) placed between the engine and computer converted the analog
signal to a digital value. The PCB Piezotronics pressure transducer was mounted on the
cylinder head for the measurement of the in-cylinder pressure. A Kubler crank angle
sensor was used to detect the engine crank angle. The in-cylinder pressure data were
averaged for 100 cycles in succession at each crank angle. A Testo 308 smoke tester was
used to determine smoke emissions, and a Testo 350 flue gas analyzer was applied to
determine carbon monoxide (CO), nitrogen oxides (NOx), and hydrocarbon (HC). The
technical specifications of the exhaust gas analyzer are shown in Table 2.

Table 2. Specifications of the engine exhaust gas analyzer.

Parameter Measuring Techniques Measuring Range Resolution Accuracy
TESTO 350
NO Chemiluminescence 0-4000 ppm 1ppm +5 <100 ppm
NO; Chemiluminescence 0-500 ppm 0.1 ppm +5 <100 ppm
CcO Nondispersive Infrared 0-10,000 ppm 1ppm +10 <200 ppm
HC Flame Ionization Detector 0-40,000 ppm 10 ppm +400 ppm
TESTO 308

Smoke index Photodiode (filter paper) 0-6 0.1 +0.2
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The measurements of the various parameters were recorded only after the engine
attained the steady state. To assure the reproducibility of the experimental data, each test
was duplicated three times, and the average value of the reported parameters was then
evaluated. The statistical significance of the experimental data was provided using the
confidence interval with a 95% confidence level to consider the trends of the results.

3. Results and Discussion
3.1. Test Fuels

The physicochemical properties of distilled WPO and CWPO obtained by fractional
distillation were studied. Analysis of fuel properties is essential, as it can ensure the
suitability of a fuel for use with a compression ignition engine. Standard grade diesel
fuel with 7% biodiesel (B7) was used for our baseline study. This percentage of biodiesel
present in the diesel fuel was prescribed by the Thailand Energy Business Department in
January 2019.

3.1.1. Chemical Compositions

The distillation characteristics of hydrocarbon fuel have an important effect on their
safety, combustion characteristics, exhaust emissions, and engine performance, especially
in the case of waste fuels. The WPO from pyrolysis and the diesel fuel were tested by per-
forming a simple batch fractional distillation on a laboratory scale. The distillation curves
of the test fuels were tested according to the standard ASTM distillation apparatus. The
distillation curves of the test fuels obtained under standardized conditions of temperature
with a percentage of recovered volume and distillation curves of standard gasoline by
Lobato et al. [30] are compared in Figure 2. The distillation curves of CWPO were closer to
those of gasoline, with a distillation temperature between 76 and 252 °C. On the contrary,
the distillation temperature of distilled WPO was much closer to that of diesel fuel as the
recovered volume increased, with a distillation temperature between 188 and 324 °C. Lines
in Figure 2 also confirm that WPO can be used as an alternative fuel in diesel engines.
This is due to the distillation temperature that is desired to produce motor engines. This
can be done with hydrocarbon fuel with boiling point ranges between 35 and 185 °C for
gasoline, between 180 and 350 °C for diesel fuel, and between 180 and 350 °C for vacuum
gas oil [31].

400

—e—Diesel —a - Gasoline --a- CWPO -+-WPO

©w
=il
S

@w
=1
S

Distillation temperature (°C )
o 4
[=3
(=]

0 10 20 30 40 50 60 70 80 90 100
Recovered volume (%)

Figure 2. Distillation curves of test fuels obtained by fractional distillation.

GC-MS (compare with Section 2.2) for the test fuels was done to its chemical com-
position and is shown in Figure 3. The area percentage (%Area) is presented in Table 3.
The test fuels consist of different amounts of hydrocarbons, which were separated by their
carbon atomic weight from the minimum carbon atom (C4) to the maximum carbon atom
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(>C20) and can be categorized as C4-C11, C12-C20, or higher than C20. The C4-C12
group represents light hydrocarbons (gasoline fuel), which generally contain hydrocarbons
between C5 and C9. The C12-C20 group represents middle hydrocarbons (diesel fuel),
which generally contain hydrocarbons between C16 and C20. Table 4 compares the test
fuels and shows that there was a similar trend between WPO and the standard-grade
diesel fuel. Both WPO and diesel fuel have carbon atoms in the C12-C20 group [13,28].
However, CWPO has a high percentage of carbon atoms in the C4-C11 group. Based on the
results of the chemical composition tests, CWPO was estimated to have a similar chemical
composition to fuel in the category of the gasoline group, and the WPO has a chemical
composition similar to diesel fuel. The chemical compositions obtained by GC-MS are
consistent with the distillation curves, and the distillation curves of WPO and diesel fuel
are similar. As a result of this finding, WPO was used on a VCR diesel engine to evaluate
combustion characteristics, exhaust emissions, and engine performance in comparison to
diesel fuel. Different plastic sources used in the pyrolysis process to produce oil resulted in
different chemical compositions of CWPO, which may have affected the result of the engine
tests in different ways. This can be supported by the chemical compositions (by GC-MS
analysis) of WPO derived from the mixtures of plastic waste used in our current study and
in previous studies [28]. In addition, different GC-MS results of liquid oil from pyrolysis
of different types of plastic waste were reported in [32]. Therefore, the distillation process
may be needed to control the chemical compositions of fuels derived from plastic oil.
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Figure 3. GC-MS chromatogram for (a) Diesel, (b) CWPO, and (c) WPO.
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Table 3. Components of diesel and WPO by GC-MS analysis.

Carbon Content Diesel CWPO WPO
C4 ND 277 ND
c5 ND 0.84 ND
Cé ND 3.76 ND
7 ND 5.38 ND
C8 2.54 34.02 1.03
9 5.61 19.94 0.73

C10 523 28.49 2.28
€11 4.18 0.53 571
C12 7.08 0.75 9.78
C13 6.39 ND 10.08
Cl4 8.09 ND 11.03
C15 5.66 0.67 10.48
Cle 5.95 0.19 8.71
Cc17 15.80 0.26 7.90
C18 4.30 0.32 8.88
C19 16.11 0.36 7.86
C20 3.90 0.24 8.10
c21 3.19 0.36 3.63
Cc22 ND 0.27 229
C23 2.36 0.20 1.08
C24 ND 0.19 0.43
C25 1.19 0.20 ND
C26 .13 0.18 ND
Cc27 0.62 ND ND
C28 0.34 0.08 ND
C29 0.33 0.08 ND
ND—Not detected.

Table 4. Carbon content of the test fuel compared with diesel fuel by GC-MS analysis.

Area Percentage

Carbon Content

Diesel CWPO WPO
C4-C11 13.38 95.72 9.74
C12-C20 75.00 279 82.83
>C20 11.62 1.49 743

3.1.2. Chemical and Physical Properties of the Test Fuels

The physicochemical properties of CWPO, WPO, and diesel were tested according to
the American Standard of Testing Methods (ASTM). The characteristic properties of the
test fuels are shown in Table 5. The kinematic viscosity, flash point, calorific value, cetane
index, and distillation temperature of CWPO and WPO were lower than they were in
diesel fuel. In addition, the kinematic viscosity, surface tension, flash point, and distillation
temperature of WPO were higher than those of CWPQ. Thus, the characteristic properties
of CWPO were more similar to those of gasoline. However, the kinematic viscosity, specific
gravity, density, gross calorific value, and distillation temperature of WPO were closer to
those of diesel fuel.
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Table 5. Basic physicochemical properties of CWPO, WPO, and diesel fuel.

Properties Test Method Diesel CWPO WPO
Kinematic viscosity at 40 °C (cSt) ASTM D445 3.44 1.66 3:11:

Surface tension (mN/m) ASTM D971 - 27.77 27.85
Specific gravity at 15.6 °C ASTM D1298 0.835 0.900 0.824
Density at 15.6 °C (kg/m?) ASTM D1298 834 899 823
Flash point (°C) ASTM D93 66 35 54

Gross calorific value (MJ/kg) ASTM D240 45.56 37.72 45.24
Cetane index ASTM D976 56.57 - 46.7

Distillation temperature (°C) ASTM D86

10% Recovered (°C) ASTM D86 228 112 232
50% Recovered (°C) ASTM D86 290 164 276
90% Recovered (°C) ASTM D86 348 252 324

3.2. Engine Tests

We investigated the use of WPO in a VCR diesel engine. WPO was compared with
diesel fuel. The present study focuses on engine performance, the characteristics of com-
bustion, and engine exhaust emissions.

3.2.1. Engine Performance

The variation in brake-specific fuel consumption (BSFC) with engine loads at different
compression ratios is shown in Figure 4. BSFC is the fuel flow rate needed by the engine
to produce unit power. The BSFC decreases with any increase in engine operating loads
or compression ratio. This may be due to the efficiency increase caused by the cylinder
temperature increase, the reduced ignition delay period, or the total timing increases,
which bring about the better combustion at higher engine loads and higher compression
ratios [33,34]. Moreover, the BSFC of WPO was higher than that of diesel at all compression
ratios due to its lower gross calorific value, as can be seen in Table 5, showing that more
fuel is needed in the combustion process to obtain the same power output as diesel
fuel [16,29,35].
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Figure 4. Variation in brake specific fuel consumption (BSFC) with engine loads.

The variation of brake thermal efficiency (BTE) with engine loads at different compres-
sion ratios is shown in Figure 5. BTE indicates the conversion of the energy in the fuel to
brake power output. Increasing the engine operating loads tends to result in more BTE.
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The BTE of WPO was found to be lower than that of diesel fuel at all engine loads and all
compression ratios. More energy is needed to break down the heavy hydrocarbon chains
(C13 to C22) in WPO, which might explain the lower BTE of WPO [29]. BTE also increased
with the increase in compression ratio for all test fuels, since the increase in compression
ratio also increases the in-cylinder temperatures, which improves combustion and thermal
efficiency [36,37]. This improvement in BTE could also be attributed to the reduction in
ignition delay as the compression ratio increases [38].
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Figure 5. Variation of the brake thermal efficiency (BTE) with engine loads.

3.2.2. Combustion Characteristics

The variation in heat release rate and in-cylinder pressure is summarized as follows.

The variation in the rate of heat release (RoHR) and in-cylinder pressure (ICP) with
the crank angle for WPO and diesel fuel at different engine loads is presented in Figure 6.
ICP measurements play a key role in combustion analysis of the thermal energy produced
during the fuel combustion process in each engine cycle. The RoHR was calculated using
the in-cylinder pressure, which is measured according to the first law of thermodynamics
and isentropic relations [39]. ICP and RoHR were found to increase as the engine load
increased in all tests due to the higher charge of the mixture that was carried to the
cylinder [40]. Compared with diesel fuel, a lower in-cylinder pressure was obtained with
WPO at medium and high engine loads for CR18. In addition, the start of the combustion
of WPO, compared to that of the diesel fuel, was more delayed. This may be due to the
lower density of WPO, which can result in a lower bulk modulus. In addition, the lower
cetane index of WPO could explain the delay time in combustion with WPO [18,41]. A

higher engine load leads to a shorter ignition delay period and longer combustion periods.

This is due to the increase in temperature inside the combustion chamber, which tends to

improve the quality of the air-fuel mixture, leading to a decrease in the ignition delay [42].
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Figure 6. Variation in heat release rate and in-cylinder pressure with the crank angle.

The ICP and RoHR variation with the crank angle for WPO and diesel fuel at different
compression ratios are illustrated in Figure 7. The maximum ICP was found at CR18.
Maximum ICP mainly depends on the quality of the fuel oil, injection timing, ignition
timing, and the atomization of fuel [26]. From Figure 7, it can be seen that, as compression
ratio increases, ICP also increases. This increase in ICP may be attributed to the better
mixing of air and fuel during the initial stage of combustion [42]. On the other hand, as
the compression ratio increases, the peak of the RoHR decreases. In general, a higher
accumulation of injected fuel over a longer delay period can result in a higher RoHR in the
premixed combustion [43]. A higher compression ratio leads to an advance at the start of
combustion because of the higher in-cylinder temperature and pressure, which results in
better atomization with a higher fuel vaporization rate, leading to an earlier ignition or a
shorter ignition delay [44].
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3.2.3. Emission Characteristics

The engine-out emissions comprised carbon monoxide (CO), nitrogen oxides (NOx),
unburned hydrocarbon (HC), and smoke, which were produced by the combustion of
distilled WPO and diesel fuel, were investigated under different engine operating loads
and compression ratios. The specific emissions that relate to the mass flow rate of emis-
sions per unit power output were calculated for carbon monoxide, nitrogen oxides, and
unburned hydrocarbon.

The variation in specific nitrogen oxide (NOx) emissions with engine loads at different
compression ratios is shown in Figure 8. Nitrogen oxide (NOx) is nitric oxide (NO) and
nitrogen dioxide (NO;) in the exhaust of internal combustion engines [45]. The experiment
showed that the NOx emissions decreased as the engine operating load increased for all
test fuels. In general, specific quantities can decrease as power output increases. A lower
oxygen availability can be taken into account for a reduction in NOx when an engine is
run at a high engine load. As compared with diesel fuel, the NOx emissions of WPO were
higher than those of diesel fuel. This was due to the longer ignition delay owing to the long
chain carbon compounds in the WPO [46]. In addition, the increase in the compression
ratio increased the NOx emissions of WPO and diesel fuel. Increasing the cylinder pressure
at a higher combustion temperature tends to be conducive to NOx formation. Furthermore,
the advance in the combustion state due to a higher compression ratio can increase the
combustion duration, leading to improvements in the combustion process that result in
higher NOx emissions. Evidence of the advance at the start of combustion and the higher
in-cylinder pressure as the compression ratio increases is shown in Figure 7.
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Figure 8. Variation in the nitrogen oxide (NOx) emissions with engine loads.

The variation in carbon monoxide (CO) emissions with engine loads at different
compression ratios is shown in Figure 9. CO emission is an intermediate product in the
combustion of hydrocarbon fuels that contain no oxygen in their molecular structure [47]. Tt
is formed mainly due to incomplete combustion, which is exacerbated by a lack of oxygen,
the in-cylinder temperature, and the residence time of combustion [45]. We observed that
increasing the engine operating loads resulted in a decrease in CO emissions for all test
fuels. The reason behind these decreased CO emissions may be due to the increase in
combustion efficiency as engine operating load increases [34,48]. Comparing the test fuels,
higher CO emissions were found due to the combustion of WPO. The lower cetane index of
WPO, which tended to delay the combustion state, resulting in a reduction in the residence
time of combustion, can explain the higher CO emissions from the use of WPO. This can
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be more effective in increasing CO emissions when the engine is run at a low engine load
condition, where the ICT is not high enough to convert the injected fuel to vapor. In
addition, a higher amount of long chain carbon compounds (C12-C20) in WPO tended to
cause more difficulty in combustion, leading to an increase in CO emissions [48]. The CO
emissions increased as the compression ratio changed from CR16 to CR17. However, the
CO emissions were considerably reduced when the engine operated at CR18, especially
at a low engine load. The CO emissions of WPO tended to decrease as the compression
ratio increased and the engine was run at a maximum load. A higher combustion efficiency
was found at a higher compression ratio due to a higher charged air temperature, leading
to improved air-fuel mixtures and faster fuel vaporization, resulting in more complete
combustion (Figure 5).
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Figure 9. Variation in the carbon monoxide (CO) emissions with engine loads.

The variation in unburned hydrocarbon (HC) emissions with engine loads at different
compression ratios is shown in Figure 10. In general, HC emissions indicate a very similar
qualitative behavior to CO emissions. Both HC and CO emissions are useful for evaluating
combustion efficiency. It was found that, as the engine operating load increased, the HC
emission increased for all test fuels, at low and medium engine loads. However, at a high
engine load, the HC emissions tended to decrease due to a more complete combustion.
Comparing the test fuels, more HC emissions were obtained with the combustion of WPO
compared to diesel fuel. The presence of 7% biodiesel present in standard diesel fuel
enhanced the combustion process due to the oxygen content of the fatty acid methyl ester.
Moreover, a lower cetane index and a higher amount of long chain carbon compounds
(C12-C20) led to a longer ignition period and more difficulty in combustion, which can ex-
plain the higher CO emissions of WPO [18,27]. As compression ratio increased, in-cylinder
pressure and temperature increased (Figure 7). This improved the air-fuel mixture, leading
to a more complete combustion. In addition, a shorter delay at the start of combustion
with an increasing compression ratio led to a longer combustion process, where lower CO
emissions were found at higher compression ratios.
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Figure 10. Variation in the unburned hydrocarbon (HC) emissions with engine loads.

The variation in smoke emissions with engine loads at different compression ratios
is shown in Figure 11. Smoke emission is an indication of poor combustion caused by
an over rich air-fuel mixture [45]. Smoke emissions increase with increases in engine
operating loads when a rich mixture is burnt in the cylinder [33]. Compared with diesel
fuel, a lower smoke emission was found with the combustion of WPO. It is noted that the
diesel fuel used in this study is standard grade and contains 7% biodiesel. In general, the
presence of oxygen in biodiesel is evidently associated with an improvement of smoke
emissions. It was expected that the smoke emissions from standard diesel fuel would be
lower than those of WPO. These lower smoke emissions could be explained by the lower
viscosity and lower distillation temperature of WPO (Figure 2), which can improve fuel
atomization, resulting in an enhancement in the combustion process. These two factors
were more likely to contribute to the reduction in smoke emissions with WPO when the
engine was run at low and medium loads, together with a high compression ratio. As the
compression ratio increased, smoke emissions tended to decrease for all test fuels. The
higher combustion temperature and shorter delay time of combustion could explain the
lower smoke emissions at higher compression ratios. However, the combustion of WPO
with an overly rich air-fuel ratio, when the engine was run at the highest load, tended to
increase smoke emissions as the compression ratio increased. This implies that the effect of
lower viscosity and distillation temperature cannot reduce emissions at the highest engine
load and compression ratio.
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Figure 11. Variation in smoke emissions with engine loads.

4. Conclusions

The effects of compression ratio on combustion characteristics, exhaust emissions, and
engine performance using WPO obtained from the pyrolysis process as an alternative fuel
for compression ignition engines were studied. The results of GC-MS show that CWPO
in this study contains the highest percentage of carbon atoms in the C4-C11 group and
cannot be directly used as fuel in a compression ignition engine. WPO was prepared by
distillation to improve the quality of the pyrolysis oil, and its properties were very close to
those of diesel fuel. It is notable that different plastic sources used in the pyrolysis process
can result in different chemical compositions of CWPO. Thus, the distillation process may
be needed to control the chemical compositions of fuels derived from plastic waste.

The WPO was tested in the variable compression ignition diesel engine to evaluate
combustion characteristics, exhaust emissions, and engine performance. Diesel fuel was
also tested in the engine as a baseline fuel. The findings from the engine test can be
summarized as follows.

e A lower cetane index and a higher percentage of long chain carbon compounds
(C12-C20) resulted in higher NOx, CO, and HC emissions caused by the combustion
of WPO.

e The disadvantage of emissions by the use of WPO can be alleviated when the engine
operates at a high engine operating load and a high compression ratio.
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Nomenclature

BSFC brake-specific fuel consumption
BTE brake thermal efficiency

cO carbon monoxide

CWPO  crude waste plastic oil

CR compression ratio

GC-MS  gas chromatography—-mass spectrometry
HC hydrocarbon

cp in-cylinder pressure

NO nitric oxide

NO, nitrogen dioxide

NOx nitrogen oxides

RoHR  rate of heat release

TDC top dead center

VCR variable compression ratio
WPO distilled waste plastic oil
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Abstract. This research was to investigate the production of biodiesel from palm oil and
palm kernel oil by using transesterification process in a reactor with different stirred method
ie., mechanical-stirred (MS) and ultrasonic (US). The conditions for transesterification
process were operated at a methanol to oil ratio of 12:1, KOH loading of 1.5% wt of oil
with different reaction time of 60, 90 and 120 minutes. Moreover, the purpose of the present
work is to evaluate the potential of produced biodiesel in diesel engines on performance and
emissions. The result showed that the maximum biodiesel production yield of 82.61% and
lowest kinematic viscosity of 4.78 cSt were found in the batch of palm oil using MS with
reaction time of 60 minutes. However, the palm kernel oil gave the highest biodiesel yield
0£f92.59% and lowest kinematic viscosity 3.39 cSt using US with reaction time of 90 minutes.
The biodiesel from palm oil (POME) and palm kemel oil (PKOME) were analyzed for fuel
properties and found to be within acceptable limits of ASTM standards. The POME and
PKOME were then tested in a single cylinder diesel engine, and their engine performance,
combustion characteristics and exhaust emissions were analyzed and compared with diesel
fuel operation. The experimental results show that the POME and PKOME provided
increasing in brake specific fuel consumption whereas brake thermal efficiency was
decreased. According to the effect of POME and PKOME on combustion characteristics,
it was found that POME and PKKOME leads to lower in-cylinder pressute and rate of heat
release together with start of combustion decreased when were compared to diesel fuel.
Moreover, the results of exhaust emissions showed that POME and PKOME were higher
carbon monoxide (CO), unbumed hydrocarbon (HC) emissions in comparison to diesel fuel
while nitrogen oxide (NOX) emissions were observed lower. However, PKOME gave
results of lower HC and smoke than POME. The use of biodiesel from palm oil and palm
kernel oil can be a potential substitute for diesel fuel and could also be helpful for
circumstances of fuel energy crisis as a renewable energy source.

Keywords: Biodiesel production, palm oil, palm kemel oil, diesel engine, engine performance.
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1. Introduction

Nowadays, the rapid growth of population and economy has resulted in the substantial increase in energy
demand. The recent years, the energy consumption increased 1.8% which was reported by the Energy Policy
and Planning Office Thailand [1]. Moreover, the energy sources from fossil fuel have been gradually depleted
and are one of main causes of pollution. As a result, searching for alternative fuel sources has become initial
importance in the energy production field. Vegetable oils are renewable and potentially illimitable sources of
energy such as biomass, biodiesel, bioalcohol and other biofuels [2]. Vegetable oils are mainly composed of
triacylglycerols consisting of long chain fatty acids chemically bound to a glycerol backbone [3]. They are also
obtained from renewable sources, biodegradable, nontoxic and reduction of many harmful exhaust emissions.
In the last decade, various studies have investigated the use of biodiesel in diesel engines. The studies have
reported that biodiesel can provide a decrease in hydrocarbons (HC), carbon dioxide (CO»), carbon monoxide
(CO) and a slight increase in nitrogen oxides emissions (NOx) because of an advanced combustion process
[4]. Biodiesel is a biodegradable fuel which contains fatty acid methyl or ethyl esters. It can be produced from
many different raw materials such as vegetable crops, animal fats, algae or waste cooking oil. In Thailand,
palm oil is the most readily available oil for producing biodiesel. It has been reported the average rate of
annual palm oil production increased approximately 13.18% per year for palm oil production in during 2017-
2020 [5].

The biodiesel production is widely conducted through transesterification reaction between raw materials
and alcohol in presence of a catalysts or without catalysts [6]. This process reduces the viscosity and improves
fuel characteristics of raw materials to enable their use in diesel engines. Alcohols used in transesterification
reaction are those of short chain carbon such as methanol (CH;OH) and ethanol (C2HO). The most primary
alcohol used in biodiesel production is methanol mainly due to it is less expensive than ethanol [7]. The main
factors affecting transesterification reaction and the rate of production are raw materials, molar ratio of
alcohol to raw materials, reaction time, types of catalyst, catalyst concentration, mass-transfer rate, reaction
temperature and types of reactor [8-9]. The biodiesel production process confronts different problems related
to the reaction reversibility and immiscibility of raw materials and alcohol, which result in low quantity and
quality of produced biodiesel. At present, this problem can be solved by using ultrasonic, microwave, and
hydrodynamic for biodiesel production which helps to improve transesterification rate and increase biodiesel
yield [10].

Ultrasonic reactor is one of the methods recently used for biodiesel production. The use of ultrasonic
has gained significance over the years, because of ultrasonic can promote homogeneous mixture between the
raw materials and alcohol through acoustic cavitation. Acoustic cavitation is the growth and brutal collapse
of pre-existing microbubbles under the influence of an ultrasonic field in liquids, which generate an increase
in temperature in the reaction medium when exploded. This phenomenon is able to reduce the reaction time
and increase the reaction speed [11-12]. Several researchers have performed transesterification reactions by
using ultrasonic reactor. Manickam et al. [13] conducted the transesterification of palm oil and reached the
highest yield of 93% by using ultrasonic reactor, compared with the mechanical stirred reactor. Ultrasonic
has been used by numerous researchers to decrease reaction time and energy consumption. Consequently,
the yield of biodiesel production was higher when ultrasound was applied. The reason is that the increasing
of mass transfer of immiscible reactants [14-15].

Even though, studies of biodiesel production, research and development of different stirred method of
biodiesel production to adapt them for high quality of produced biodiesel, there are a few studies related to
the effect of mechanical-stirred and ultrasonic reactor on quality of produced biodiesel from palm oil and
palm kernel oil. Therefore, the topic in the present work is to determine the effect of different stirred method
on quality of produced biodiesel. As comparison between different stirred methods for biodiesel production
from palm oil and palm kernel oil i.e., mechanical-stirred and ultrasonic. Due to chemical compositions and
properties of both palm oil and palm kernel oil are suitable as raw materials of biodiesel. Palm kemel oil is
characterized by its high content of lauric acid fatty acid (C12) and the fatty acids of biodiesel from palm oil
are high content of palmitic acid (C16). To get the most benefit in utilizing the product derived from the
palm fruit in Thailand. Furthermore, this study aims to investigate physicochemical properties of the
biodiesels according to ASTM standard and their effect on engine performances, combustion characteristics
and exhaust emissions in a diesel engine at different engine operating loads.
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2. Methodology

2.1. Biodiesel production

2.1.1. Transesterification reaction

In this research, experiments were carried out to prepare biodiesel from palm oil and palm kernel oil by using
reactor with different stirred method. The purpose of these experiments was to compare stirred method and
reaction times for biodiesel production with the higher oil yield under the same conditions. Palm oil and palm
kernel oil are commercial vegetable oils for food grade. Available in department stores in Thailand. Both
types are 100% purity, according to the available information by manufacturer. Methanol and potassium
hydroxide (KOH) used in this study are analytical grade. The experiment was performed in a chemical
laboratory at Suranaree University of Technology, Nakhon Ratchasima, Thailand. The experimental setup
for biodiesel production is showed in Fig. 1.
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Fig. 1. Experimental setup for biodiesel production (a) mechanical stirrer and (b) ultrasonic.

Transesterification reaction was carried out in beaker glass equipped with thermometer, mechanical-
stirred and ultrasonic reactor. The palm oil and palm kemel oil were reacted with methanol using granulated
KOH as catalyst through mechanical-stirred method (MS) with a constant stirr