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Abstract
Project Code: RDG4980166
Project Title : Full Energy-Chains Analysis on Biofuel Utilizations in Thailand
Investigator: Assistant Professor Dr. Pawinee Suksuntornsiri

Faculty of Engineering, BURAPHA University
E-mail Address: pawinee@buu.ac.th

Project Period : 1% July, 2006- 31° December, 2009

Utilization of Biofuel Energy Policy in gasoline and diesel vehicles in Thailand was related
to a partially blended portion of dehydrated ethanol and biodiesel in fossil fuel. It could directly
reduce fossil energy in the vehicle tank and GHG emitted from the engine combustion. In the other
hands, embodied energy in the upstream energy chain and the footprints of GHG emissions
inherent before entering the driving process were not considered. An impartial comparison between
two different energy systems requires life cycle analysis (LCA), including embodied energy and
GHG emissions in related input materials and services, energy production, distribution, and
transportation.

The aim of this research is to provide comparisons of net energy saving and GHG
emissions mitigation from these two different transportation energy policies in term of full energy
chain analysis, appeared in case studies. The data of Embodied Energy and GHG Emissions for
LCA from 180 commodities as of the year 2008 are provided in the prior result of the study,
derived from economic Input-Output Analysis (IOA). The data could be used as an inventory data
for any LCA study where embodied energy and GHG emissions in deeper subprocesses could not
be surveyed by process analysis (PCA). The boundary layer of LCA study could be extended to
the infinite subprocess. The Input-output (I-O) model was derived from 2000 |-O table and 1998
energy |-O data, but their important energy structure were updated in the power sector as of the
recent year of the power sector fuel mix. Results of the cases of LCA on ethanol and biodiesel
were found that GHG mitigation from the biofuel policies cause small impact to fossil energy saving
and GHG mitigation due to small portion of biofuel mixed in the fuels. However, increasing
percentage of the energy saving or GHG is not as high as the increasing percentage of the biofuel
mixed in the fuel, since direct emissions from the high portion of fossil fuel persists and indirect
emissions exists. It is recommended to encourage the energy savings and GHG emission
reductions in significant upstream process, particularly in the power sector, where impact to other

commodities is very high.

Keywords bio ethanol, bio diesel, life cycle assessment, greenhouse gases, input-output analysis
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a < a & v &
FvaInaLATEgnanis 9 Wawiusumslans
n
X, = > x; +Y (1)
i=1
A a a . o a dld‘ly v dll | s
lag o, fo wanRaainniansuda i (1w N mensndae) dadhaiaduladons
HAALANMANINAG j Rz ¥, fa Namﬁmnﬂmﬂmsw‘ﬁ@jﬁgﬂmﬂﬁuﬁgﬁﬁimﬁuq@ﬁm

18 1R A AL TN INRALRZNANEATIWIW N NMan1INEe LwuaIndlasliidas

6 a 6 %
23aUTznauvaI NG INTUIENaUAIY
= &) a 6 a a v a‘ly
mmimﬂnﬂumummﬂmwawammmaamﬂLﬂmgmvl,mmu

X=[1-A]'Y (3)

' 6 6 A a a & Py v a
I@ULL@]ﬂta{lﬂﬂitﬂaUTax‘]L’JﬂL@lai X A8 ﬂiuﬁmwaNﬂ(ﬂi’lNﬂﬁﬁuﬂ‘ﬂ@l@ﬂﬂﬂi‘ﬂ’]ﬂﬁdu3iﬂﬂ

@ '
o v I

PUFATINE Fenaliiia Mariedn (induced)  luAN@aInN1ITAT8NTHRATUNANINNAA



11

a_ A & S e ¥ & e o & @ v ¥ T A 4 15
LAIINIBW € JIUNIAULD ‘ﬁ’]LLﬂ’J‘lﬂLa’]Lﬂ%ﬂ?(ﬂﬂ“ﬁ‘lﬂ,ﬂ‘ﬂ’]ﬂﬂl’]&](ﬂﬂx‘iﬂ’]i@]%%’]‘ﬂ%‘ﬂﬂ%d leILlI‘H,

@ & o ¥ & s A G:lchlldl R o o A o ¢
AMUGDINTTUG BN TUINNFDS ezt utruis bUiTas ) IVINIALNDUUA

lagrzazidsavasasnlsznavlwaadnuasassgiaugasluning 2.1

\to 004 055 062 084 093 135 137 139 . Y,

from

004 Q 004,004 | A 004,055 | - . . . . . . Q004,201
055 a 055,004 . . . . . . . . Q055,201
062 a 062,004 . . . . : . . . Q062,201
084 a 084,004 . - - . - - . . Q084,201
093 a 093,004 . . . . . . . . Q093,201
135 a 135,004 - - - . - - . . Q135,201
137 a 137,004 - - - . - - . . A137,201
139 a 139,004 - - - . - - . . A139,201

a g0 . . . . . . . ai; |aizm

201 a 201,004 . . . . . . . . A501.201

A v = a a
NN 2.1 ‘[ﬂsamﬁaﬂawmwamu,amawam

WaAanunazaIm s digntandelsing nandasinveimaeIsgiamanniug
ldanndianmaenadasmanilaatugaring lasassundgiuiasillasiaiieeig g vasdudiuag

a d' ) v 1 A 1 @ A v A a e dy
mms‘n‘mLmﬁnﬂmaﬂi:mﬂummeJaummammﬂuﬂszmﬂ [40] @9
X=[I-A-M]"'Y (4)

a € | v s a A 1 o v a g 1 a
I@IEIL&J@]?TVH M LﬂuIﬂidﬁT]G‘ﬂ‘ﬂ’fﬂ&Iﬂ'ﬁwa(ﬂ“{]Lﬂ%ﬂﬂﬂ’]ﬂ?i%’]lﬂl’]i{{ﬂﬁ@]aﬂ‘ﬁlﬂﬂ"maﬂ\lﬁ@li')u

YBINALATHFND

Waihsumsnsdsziuninaniavsssmetarsgnatsaunwanidunlueaialdle

MU RS IANN A DINIINEINUTIN b T URNN1IAIT

EI=F.[I-A-M]'Y (5)
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lasudazadndsznavvadnniaas El fia aoiUSunsnasinudoniioiuueinananuad
WARTNNALATHIN G‘féavl,ﬁgﬂﬁmmﬁgwmmaa@Lﬁumam:mum‘swﬁaﬁwé’uaﬁfu@? lasudas
p9nUsznavveaduaing Ffa é’ﬁﬁmﬂ%wﬁamumomwaaﬂqﬂmﬂmmgﬁaa‘imuﬂmmﬁmaa
WE WA N UIDNANRATDILARZNIANTITHAS TITVMIINALTRATaINE I wALARzAIANT

HAAFBINT (k) QNUTIWIBNANINGG (1)

lumalszfudrindsnudanionaninvasudaznaarsgiasui s1fudasmnssi
FHANITUATZII Lﬁaaﬁnﬂﬁagaﬁy%mﬂ%wéﬁmuﬁ?u WwnmaneanuiyBmsldwasa
MnaaveIlina ‘[mmmmﬁawéﬁmuﬂgmﬂﬁ UGHEEY LLa:WSTamm}zuq@ﬁm Gatumnae
ﬁwmﬂszqﬂ@?ﬁ'ﬂwL@aﬂafﬁ'ﬂmwﬁmLLﬂ:NﬂNﬁ@I@zlvl,sjﬂ%'uﬂ‘ga*’ﬁayjaa:ﬁalﬁl,ﬁ@miﬁwmmﬁLﬂu

AMINUTIRIAUBLUALIZANURANAININNITUT TR L anunTndseunan e

iasnnwasnulunn 9 Sautu nafendsnulund nasnd uaswiinusugarie
a s, A a ) [ a o o
alinsdinfiniaanmelutszine (domestic energy) uaz ludfagtudszmalnafinsiugh
WA (import energy) N9lguni n&Asndl uazwasUTUFanY lasdmsssnasnuiluiads
MIKRauimaEIEgRannMaiaTEgna dauudsdndudesdinmaiundsnunldidrgrzoy
LssgnalutuaauLINLNsITuAs WAL lagusziBuauasmInunwasnuianalion
dayarinanltluluesiadunmmdauaznandataz A TnNINUHKINNT IRARNUYBINGINY

v A P
L°]J’]§I(°IJ ULTAY BGﬂiZLﬂﬁ@?NﬂLLﬁ@GiuﬂWWﬂ 22

Primary Energy

Country Boundary

v

Secondary Secondary
Energy » Energy

transportation

Final Energy Final Manufacturing,
ici Energy Business,
(Electricity) (Electricity) En

NN 2.2 UEAIM T IRAHIRVDINAIUSIALZTWAN 9 g szine
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wazmnUSnawaanulu weing Fyn 9 asduenaumansngniuedudiiauiaiiounszan
¢ swsanunudinamafeutsizaunizanainssuuiassgiaduinnInee ldan

wasng EF lapdszfinainluian add
EF = emission factor. EI (6)

& & o A o @ . A o A ;& ' o A

mumsﬂ@LaaﬂmagamaawmmﬂummaamiﬁszmumuﬂsmmmsﬂamJaammmsau
m:fﬂmumﬂ@mmnmiﬂizLﬁuéﬁﬁwﬁamu@ia%mﬂNawamaulﬁia:mﬂmswgﬁm MGRRLE
WasannmIdanlaa sl aisaunIzanaInNanITuNRIIBANLLLLHUWUEY IPCC  (the revised
1996 IPCC guidelines) i ﬁ]xLﬁmﬁLLﬁ”aﬂﬁuau"l@aaﬂvlmﬁazgﬂﬂa@ﬂdaﬂ@ial,ﬁaﬁﬂ%mm
WRI91% (apparent energy) Wi 9 gﬂé’umﬂ UAMNUUIWAIIBUaILIzINANDIN AN ITwiN
- 3 r=| U o dl | Qo a dl A % v v A o = %
ddnslawasnuiiduiassnisndan ldifanissuandals LazdalTnduaInasnwnauns

o A ' ' = o A W R o ° ' v A
wazwasunaunuilduimrunandiunisvainasnweadadiy 39dasrinnsdiudysind
wasiunauknd luduwimluluiaadredu laswaniuwiniansdfud iy inasauan

wIaNsnLaualag Lenzen [41].

A o a A o . Aa o o A \ o A A

Wad N inn1sUs I nauina s nlazasin1slaatsasuiaiTannizananlutaanna
uudal azldgutdoysnamuninilulfidudsinslunsesvevivavesnisdszfiu LCA
IuLﬁum\mszmumsﬁuﬁﬂﬁMmmmLiﬁﬁoluﬂ’ﬁl,ﬁuﬁagavl@ﬁﬁammmaummaamsﬂsnﬁu
LCA lansgnauatiug

[ 1 [ o a .

2.3 n1sﬂsnﬂ§amfmamnawaaammaamﬂmswamv[vxlﬁ'l (Power sector updating)

WasmranilszfiuarinasauuazasinstsatdoguisiFounszanainluiasainain
¥ v g; I o dd‘ % &/ ¥ dl | aAa A o Y A v o
Tydunuarniuarinairsiuwinandeyaiidusidlunasdviliifiadassdolunive:
ianlFlunisdsziiin LCA Adasnmitaystfagdundifidadinanindeyaassdadunsnaauas
Handadaaldiaadariie 5 I Mufsdayanisliwdinuuiiaumaiasgiaatuigaduas
U 1998 vhlWdayadendadouszninszuuiassgialinindasuudaslasaiedadonmtaus:
lavsadanmsldwasnuazainadaeanuingefevasgudayaainan

Mmﬁ%’aﬂﬁﬁﬂﬂ’ﬁﬂ%’ﬁﬂgﬂﬂida%"mmﬂmmﬁ@"l.wqﬂﬂﬁl,ﬂuia;daﬁﬁuaﬁ'ﬂﬁq@wh“?'iﬁ)zﬁ
ﬁagaLﬁaamﬂwaNﬁ@"LWWﬁﬁ?mﬂuﬂﬁ]{fymwﬁmﬁﬁNam:wmiaﬂ%mmwéﬁmuumLLa:ﬂ%mm
m‘sﬂa@ﬂa'asJLLﬁ”aL%aum:amLmeﬂﬁq@ [42] I@]mﬁwmsﬂ%’uﬂ‘gﬂmaa‘i”wﬂﬁ]%'ﬂmmﬁmlu
waind A uazdiudplasaiediionsldwdsnuluaeing Flaslddayalanaiondsnu
wazMIHA AN UY anssnulWihilaa. 1998 2000 2005 way 2008 [43] [44]

a

LLu’Jma’Luﬂ’ﬁﬂ?uﬂgﬂmaa%"wwé’amuiuiwL@amiﬂiuﬁuwﬁdmuﬁﬁ HRZLBER A9%h

miﬂ%'uﬂgﬂmaa%”'mmﬂ"ﬁwé'amul,l,@ia:mﬁa’lumamwﬁm“ﬁwﬁfu VL@TﬁﬂmiﬁJ%'uﬂ;wh

6 o & g ' A a ' a a Y A
asndsznoy £, Sududandiunsldnasnusiio 1 denanfavasniansnia Wil lulsu
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. ' s d > ; @
(subscripted ) lageunniaas M,, Fuduunnaesmadasnudaisanain 1y Iu‘ﬂﬂfﬂquu
dosn £, lulgw

Wasnn g, iudandudiinunisliwdsnusiia & neasideyadnaniazasnians
Wi lHY (manmsnda ;) Swasidu T/million Baht;
Fy
Ty :Z (7)

aenudunniaat M, iweldlunsmadasuudasdandu 7, ludldgtudedr 7, udl

3%
M, ¥y
SH, ,
fkj,n — SHk,b (8)
fkj,b T]k,avg.n i Ugen,n 1- TDl,n 1- Un
Ulmvg,b Pb ngen,b 1- TDl,b 1- Ub
lag

SH,, @8 wWesiduasinuiianisnaa Wianiawdsie £ devSuimnisnda lwin

novuameludszindlud »
My 08 S103zENEN M IUMIHE R INFvR s Szinalaslfizowmdssfia & Tul #
2 U =
P fa e WA lul » (Bahtkwh).

Ny 08 AUBNTMNlUMING R IWA SRR 90 s2malud »

T&D ﬁaLﬂﬂﬁﬁ%%(ﬁmigzyL%ﬂ?\lﬁﬁmumUﬁ%\‘i(transmission and distribution loss)lu1)

loss ,n

U, fe wesidudmslsiniesdlumanmanda Wil lud lul »

Mwd 2.3 ugeensianuudsssandimnsliidamassiadn 9 lunananaa i
%ﬁﬁmﬁuiwﬁmnﬂﬁﬂuLLﬂadlunﬂ g Divhanvimsatsan Aetl ae.1998 2000 2005 kaz 2008
ivszannnlunsndelnihvesdssnaannidamwdesiiaasg 5 wgalwWT 2.4 Teaneng 9
mmf:ﬁm’lmnia;dmwmm‘lWﬂwaaﬂszmﬂvlmsl [7] ﬁmﬁayaﬁlﬂumsﬂ%’uﬂgamﬁu 9 UEA
Tunmndi 2.5 miﬂ%'i_n.h;ama‘”m%humﬂﬁ%aLwaﬂumﬂmswﬁ@VLWWWLﬁuf:ﬁ‘*ﬁaﬁ‘hﬁ'@ﬁﬂ?i"L&ivl,@i”

a 1 o v Y { v A N 1 ) v Y
Avanlusiwaasmaidn Wi ndsemeaiowiudsludgiugs lddn g win
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Fuel mix in Thai power sector

100% -
90% - B oth
80% - O natural gas
70% - coal&lignite
60% - 0O diesel oil
50% - O fuel oil
40% 1 ] hydr
° 1897% D hydro
30% . 18.47% ’ 7
o

20% 7 i) 7

20.28% R %///// ézz.zo%/
0% 11.45% - 7//

6.96% 1.10%
5.96% 7.02% 4.39% 536%
0%
1998 2000 2005 2008
year
AINN 2.3 dassidanaslnnisuaaliiizasilszmnealng
‘D fuel oil O diesel oil E@ coal&lignite O natural gas ‘
. 49.31% 49.55%
50% e

45%

38.6

38.06% 39.52%

40.44%

41.00%

40%

35% 1

30% 1

25% A

20% -

15% A

10% -

5% A

2%
37.70%

0%

37.35%  36.84% 37.32%  36.90% 37.39% 37.61%]
] 2.59%
BO.159
1998 2000 2005 2008
year

] ] v
N 2.4 dszanSawadszasniseaatiiianidandeasianas o
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1.6

1.4 @ 2000/1998 W 2005/1998 [12008/1998
12 -

0.6 A
0.4 —
0.2 A

price ratio Total efficiency ratio of remaining  ratio of remaining
ratio from T&D fromselfuse

AN 2.5 aasd@inaa il Uszansansinvasnmanisuaa il drnnmasannis

gadeluaadinaznisizias

gadIusIA1 Wi dizdninnlumandalwih danduinionnmagyidoly
sogauazmlg ideslunsnda Wi lulde g uaasluansen 4 Weakunniaasds g an
dwrmazldrunniaas M, inaldlunsuivdyadansm 5, Wil n ded 4, Tullgww a

LRAIIA1319N 5

dufidanaidudnieas M, dwmivldlunsuivdysdandn 7, ul ndadn 7, ull
3% AIugadluasen 5 Avnndt 1 Twensnanuusadliidninaanaunlue i osssua
o & a 2 ) A v o o a a a, a & !
wazwaswh lumanda llih ludninssarmannsdadsmnfauazianfaSannnan §auses
‘: s A 1 a a a a Y d‘i/ a a A v J
iduian doa diufinaass dszdninmlunsndalwiansamdmnoiefiuwldugadu
ﬂg/ 1 U a L] ' 4
e lWigsuwinnandau magyidsluspdiwazmls iiedlunndalideninadadn

LLWnL@]a%miﬂ%'uﬂgamnﬁfn

@139 2.1 Fuel mix updating factor (M ) to F, ;1998

Fuel type M, , 2000 M, , 2005 M, , 2008
hydro 1.108 0.621 0.568
fuel oil 0.537 0.259 0.034
diesel oil 0.122 0.147 0.058
coal&lignite 0.874 0.597 0.549
Natural gas 1.093 0.964 0.763

others 0.952 0.555 1.033
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24  msdszdndSanmnisdandasgufsisaunszanainidsugne ludszine (GHG

Emissions in the economy)

U dnlFunenITlandaa s aunIszananFuwauazuImsbwlseinelun1539ud
TarruwaniranisdsztindsuimnisUaala o uAglSannIzanINAAINTINAIBNAIINW b1k
TLAULIHNAMULIINITAY the revised 1996 IPCC guidelines anUszgndld [32] (33] [34] law
o AR AR a 6 d' 1 d‘lv a a dl o L% 1 a a a
mmmﬂsmmmiuauwa:auag’LumamaoWaasﬁawmmgmmgﬂaLLa:wmim’naww:ﬂimm
dq, a =) dl o U =) dl =Y Qs dq/ =) 1 gj dll =
Wwarwdswaadaning gl uianssuAtAan 1 Isuan U Batwa Lyt Lazliha 91NNy
Punumidseddasuizizaunszanluassaialdlddssfinluluesdatonmnfaussnania lu

' o o o o a [ { o a = &
LL@a:Laumwaomﬂmwwaawaamu’%auuﬂsmmwmmuﬁmngmmﬂmgﬂmﬁﬂmmma
NG LN e8I WNNTHUSE LA g TUL1UNAT I LUl LN THAALAZNANAR LaUEIRILNSIING
Ugunlazgniudwimnanue Suwasnwnasnlusswasnuingarnoiuziniamzainids
M3 (import energy) istulitaann wasnundopiiludsimenuldnniuduwinllud
g; 1 a g a dl U ﬁl & = A =) T Aa Q/ gj a U 1 a (273
AILALIN ﬂsmmmamamlmwaLﬂm@\q@ulummaeﬂﬂslvl,:um@msaumﬂuuﬂ@umnmmma

A
LIaUNISIN

msifiamstantsasufaiawnszaniwaziinanmsnimssuedlunszuinmInaass
LaENTEUIRMTT W TeIMINEA AN AN IHEAGNS 9 myvUszilindSunmasuenlasanlod
ﬂsuﬁuﬁnﬂﬂ%mmmsu‘ﬂmL%@Lwﬁdﬁﬂuﬁ%‘ﬁﬂizqﬂﬁmﬂ the Revised 1996 IPCC guidelines
for National Greenhouse Gas Inventories [32] [33] [34] , Module 1 Energy tier | lagySunm

ANSUAWAIWITHIN

Consumptio n( phy unit) x Conversion Factor (

tC
) x emission factor (—)
phy unit 7J

Carbon Content (GgC) = 1000

9)
% v a 6 A o = [ v A 6 ad '
BNILNI Uﬂimmmiuaumgnﬂﬂmuvlnzvl,@ﬂsmmmsuauqmﬂﬂa@ﬂaaﬂaaﬂm (Net

Carbon Emission) uaziSanmanivaulasanlodngniaaddesaaninaansadminlaan

. 44 .
Actual CO, Emissions (Gg CO,) = ) x Actual Carbon Emissions (Gg C) (10)

Ny energy module 114 the Revised 1996 IPCC guidelines for National Greenhouse

Gas Inventories 5zupf’1ﬁﬁ%%’ﬂﬂﬂsu%Inﬂwé'adﬁu%amaffm:ﬁa’hﬂ%mmﬂﬁuau‘ﬁﬂa@ﬂ&iam
] % a 6 A:i > < [ A a A d'
aaﬂmazmﬂﬂuﬁimmmsummmmmﬂﬂmu"l,mwnmzmumiﬂQﬂwmm:L@lﬂmmaawmam

3unI1 29astavasasuan (closed carbon cycle) [32] [33] [34] LLazL%aLwﬁammﬁ@VLﬁgn



18

ﬁn"lﬂlﬁﬁmﬂui’@qau W TATEUIBATHRANAIRAN AIBUIIDaINUSTUIANITUD WL BEINL

ﬁvlﬁgﬂﬂa@ﬂéamaaﬂml,wigﬂﬁ'ﬂtﬁu"ﬁﬁul,aa [32] [33] [34]

1 a 1 23 g 3; J 1
lusruvainmsusaiiumstaadsasudaiinu wazluadaeanlsd (CH, waz N,O) JSIGH
> g: a a ‘g’ a a dl % a a g; eas a
NUNIUTIN D TRALTANRY LazUIztNNUaIRaNTTNN I TWRIT T T ATH Imﬂs:qﬂmﬁmsﬂs:mu
970 the revised 1996 IPCC guidelines in energy sector laslusiuvainsuaataasuiandiaas
a g Y o v ¥ a { o { { v a A v
FRARNWATIGTRUALE TES HIwAanIsuNIudIn o uaaLsan brwamn T3 nTeya IPCC
& ' o A @ &a Ao A & A9 o o Y
uWnieasmIUaadaasuisinys wazluaszaan loananIsunT U T oG ALTaN LTI WRNLYINAL
0.006 kg/TJ L&z 0.003 kg/TJ @UR1AU

lumaisurinandSunansdaadsesudaisaunszan s CO, CH, uwar N,O ludn
\WnuirigSunm co, Wisuwinluzsany 100 U ldlge@n global warming potentials (GWP’s) 91n
The Third Assessment Report (2001) 284 IPCC [35] LU 1 23 Uaz 296 eNaUs16L

2.5 ﬂ'liﬂizLﬁ%"i’g%’ﬂiwmizuuwﬁw’m (Life Cycle Analysis on Technical Energy System)

= A KR = a o o Aan ] 1 [ o :‘l" a 123
lumsfinwnstifnedSaufauiginstievasinlowesn  nmsisonaults
loygas waz lulafioaunaunuindbiuudy wasthdudioa luiudSuunasns wazdSunm
mitsadsesuiaiounszaniildens8snnaignn 1ISO 13602-1:2002 Technical Energy Systems
(TES) [45] law TES gnfienudnduasdsznovvasszuy gunal wialssnuihnuiuiuiie
o A A a & A o v A 4 v ) A 11 o A
8319 1ilna wievensdenaduszuunvimihiudougd ey auds vie sIRUNEINUAIE
[ { A I A & o d { o
niwendu 9 nngunildidudngunienld [45] 190 13602 \uiaasiiantiesmisany
o a o o A & \ a [
RAIN IAENNTAUTTINELAL IR TZA T LUNR I leazanBslulaslanzasnsBesrun luszau
\dn (micro level) TES anunsatduwlansszuuniduszuudsy wiaszuuniduszuusinszning
=3 s Aﬂl £ A et dl
FULAN 9 wale 9 srnuansnnu Sendenevludisszuunfanasinu szunlfougy

WRIIH ITUUUBEIRNTLY TTUURIONERIaALAY W7z UUNLTwNIZUIBNITITWR I

MIINATZAMIETAZHNANES (inputs and outputs) 284 TES "L@Tgﬂﬁ“fmmalﬂu 2 Un
a9atsznay fe mybnaiuaslnasanluumiunuai(d) uazluuwiununanB) lagnsiga
(input) luunuas (A) umslwavasdunindasuuazinmanineidasnunmsaauiieaing

. ¥ . v o ¥ vy Lq
FUUNAINURIUWN 1w guUnIal uazussnuluniaine Aeasszuuiiuen niluduvasnaln

€¢:l' < A dv AAdg o A ¥ [l 1 a &
guUnsaifidu hardware w3a software AuUNLE #IaTaya11Ia17 EIUHAKRA (output) INUNUAS
deznavluene vez veade vesninauluslodald madsaddesds 9 wiu uis wisuFe

LRTHANTENUAaRILIAGaNNLAA NN LN uiA[45]

MR LN UNEK  (B) slu@T’mmsﬁwingjs:uu (nput) Usznavlueis  wasu

(energyware) WIHNWIUNTEUAUNITIZULNEINY iagaslumsﬁuﬁm:uu faqlunwuﬁmzuu
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Vi Tanau hadundedn nanEa (output) Tuuwiuau 8199 JUNRINUNNAa LS (energyware)
u‘%msﬁ‘l@ﬂugﬂwﬁamu (energy service) NANRAIIN (by-product) Lwn1IUaatassuns yan1ae

WIDVBILFUINNNINAA[45]

o & o ° o A ' o ° ~ A v

AN NTUAIINTzUUWRIY (TES) Nuanad1enunaly 9 JeuuayinmsilIsuisuni

ardosflonuniienin?  (functional unit) AWNABUAZANBUNUTEINA 9 TTUUWRINUAYN
= P = a v o ° ' v A « A A a & @ Y

Wisuiiey Sslasdndusrinazivuansinonsiniidunanianiiadselonn wazltwsiiosiuaag

, o dd o, Y a &<
‘VSWJU%u’m‘ﬂﬂ’muﬂuLﬂu@l’JW}ﬂuﬂ’li’JLﬂi’]:‘ﬁuu 9

M3UselinIgINITIN (LCA) gﬂﬁmuvﬁdnﬂumsﬁmmLLa:miﬂszLﬁumiﬁnLiTﬂLLaz
naKAauazNansznudaFauadandnlyldvasrsuunfanie o ANBADTYVDITLULUY 9 AIU
BlTurasgrumsiinuaszuuwassutsduunduwunasgiulunisiivuassuuwassnuie

= =) A R g; =) = =) a v dy U 1 %
wWisuisunsdidnwinsesnsdilIauiisuluniidei lagld TES  sawnvawiasgiuns
U3elininansTia 1S014040:2000 [10]

4

V193 UWNIUIARIPINITIQ  1S014040:2000 [10] Lﬂmﬂ%aaﬁaﬁﬁomﬂumsﬁgw
miama‘lum‘sﬂ%’uﬂgaammu:ﬁm?&aLn@ﬁamaamswamwﬁmﬁmﬁmami’g%’mmﬁqwamﬁwﬁ
laganasgiwmstsziin Usznavlldas 4 Tunawnsizndu nénde Juasumifisnadhnang
U8ZUBULYS (Goal and Scope) ﬁgu@aumﬁ@ﬁ’lﬁmﬁﬁﬂmi (The life cycle inventory phase: LCI
phase) %u@laumi‘l.liuﬁuwamzﬂu(the life cycle impact assessment phase: LCIA) LLﬂz“ﬂy’m}au
M3aBUNENA (Life cycle interpretation) °11mJLm@maa{iy'u@laulumw‘hLﬁumﬁms’]zﬁfuﬁuagjﬁu
wmdalumidsadunssiaamlumsinein 9 anvanuazanunhslunmsinsvasudaznsd

& ' ' 0/ J o 9 ' =
BULDNUULANANINWIINUUNULLNRNLVDILARLNNIANBILCA

ﬁ'uﬂaumi%'@ﬁ’lﬁ'mu%?mmi (The life cycle inventory phase: LCIl phase) Wuawaan
A o & @ Ao & A Y = A o & &
Nernumafvdeyandndu  weldussqihnansvesnmsfinsnneivue - 9 2uasuns
UTzlUUNANIZNY (the life cycle impact assessment phase: LCIA) ﬁi’mqﬂizaaﬁlﬁa%’@m%su
Tayaifindutsznavtoyalutuaeu LCI iatildmansnidilaluanuimdgynldefanadon
vad X & " & - _ _ e &
4@t Tunaugariufa Tuaauniselinna  (Life cycle interpretation) Luauaauniiayyl
wazdnsal  eueuuzuwInIdiuljsuazaaaulaian lasruneuitdaizaandainuiieny

WhransuazrauuaNinua b luauaanisn [46]

a8 a & o o a [y A o v A &
nIteN LCA Uqﬁﬂimuuﬂigﬂ']l%UijuﬂquLth\sJ']ULL@&T@ULm@ﬂﬂ’]ﬁu@vL@LWUﬂmu@lau

o o @ & A , & = ' o o @ =
MO TN UNITURZTUADUNIDTUNLRNAYINTUL T8N NMIANBNTTNENNIIHINITIA
(an LCI study) T4n5An=swillnilaununsdnen LCA dndnwiiasn lailauaaunsdssiliues

N32NU (LCIA phase) L¥inthi [46]
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2.6 'Jgﬂ'liﬂﬁ']%ﬂ'liﬁLﬂi'\g‘ﬁﬁﬁ]"ﬂElﬂ']iﬂa(ﬂLtazﬂaﬂaﬁli’]ﬂﬂﬂﬁialﬂiqzﬂL wNn9

N3¢UINN1T (Combined PCA and IOA)

’Lumsm‘%ﬂuLﬁUuwavlﬁﬁqaﬁﬁumﬂmimme%mwﬁ\i%’smw’mmﬁ‘]’uimuwmm'ﬁ’ia
ATENN3ANEN299 39 LN a s wE S o R s uva s aInasE MW U UL o IR BiiaLda
RELIE AR TagfiSanlvaasnananannmsTudNriey unseUaTesITNaINUATaLToa
A wdtfiosaniiunisenfiszinuavauwaludInseInTEUIBINIE NI N TEUUNAIIT A
wanANINWbALINNW e "eﬁavl,ﬁmmmlauL°1J@mszmumiﬁuﬁﬂﬁlﬂum:mumiﬁ"lzjfmEmmméuq@

3%mi°nmmlaum@1mzmumiﬁuﬁ'ﬂmﬂuﬂs:mumsﬁ"l,&iﬁmaumeﬁuq@mm‘mﬂszﬁ'}
lalasldinaianisUssiindadun1snaauaznNanae (Input-Output - Analysi)  1UsLiudIun
WA ULRILaz 3 TUanldasufaaunszanudsnnnszuinmsduinauisdeuatiug
FI3unIFNTHIN SENIHEIUNNTILA TR TSN THAALAZNANE AL AUNNTILATE AL AUNN
N3eUIUNIT (Combined PCA and I0A)

Iutﬁumamzmumiﬁmmimiﬁﬂﬁﬁaﬂ"ﬁagamzmumﬂ@ﬁLﬂiﬂ:ﬂmﬁﬁﬁumd
NIEUINNIT (Process Chain Analysis: PCA) lagananInsniTms life cycle inventory (LCI)
ﬁﬁoﬁamﬂmmgm 1ISO14040: LCI %oﬁumaumuﬁﬂu Environmental Impact Assessment 1::'%
ﬁ"l,ﬁ@ﬁLﬁumﬂumiﬁﬂmfﬁﬁaamnLflumiﬁnmL%aLﬂ%umﬁUuLLazleiﬁﬁa;gamﬁﬂmmam%
MUNTNETLNENITINNG LCI daomsaasinninanlele [45]

AU TH ARSI ULEENTUaalR888aN11231N I TIA TR TITU N THAALALHANAA
ﬁaaﬁammmmamquLﬁumam:mumiﬁm{ﬁ"l@”ﬁaé'}ﬁuaﬁfu@T wadToldadadfilan
AadsannamInaaLasfwsluau duse NNy 0 eI FURILTINAINANEATIN
MAMSHAAIW lirhaunnmemsfiadiidefananald STmmamunsiienzidtsnmnga
LR NARAALTNALNNTAATZAAUNINTZUIUNT (Combined PCA and 10A) Builufifisaldunn
%usl,uﬂﬁgﬁ'mﬁaamﬂLﬂu'%%'miﬁmmmﬂ%'uﬂgaﬁaL%ﬂ“ﬂaamiﬂi:Lﬁuﬁmﬁwﬁamuuazmi
Uaadaasuan1izhliannnIsussiiunuy 1I0A  adld [10]  wazlunieassnudnusuisnaa
Aananaannmisanszuanmiswinianislailansllannisiensiuoy PCA 41] ldde

Tywandszmamitimesmadsiiunszuaumsduingas3sns 10A #a winnszuaums
Ftin I ANN1289MTNAAINNAIU TN AT WINFBINTIEHUNT LRI T8 T uiasdas
suudldaudslunszuaunsduwinandnsdszimanuianviniuaussiald s nuinaaanls
Uszina wananidelfymdudoysvadlassairaassghafidulassaisluadarnlinns
Uszifin 10A  sulludasavadlilassafrotfasominaailasssomiontuluadalud itinns
STNATTI NN IHA AR NARAATHL DY %ﬂumﬁ%’ﬂﬁwlﬁl,aauummﬂum‘sﬂ%uﬂ;ﬂmaa%ﬁa
I(ﬂﬂﬁﬁﬂﬁﬂ%’ﬂﬂgﬂummaamﬂmmﬁmﬁﬁﬁﬁmu,azﬁwammmiaimoa%"wLﬂsugﬁﬂums
ﬂsuﬁuwé’omumﬂﬁq@ffuﬁamﬂmma@"lm?\h [42]
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2.7 U%3189N1391N3)AN3870 (Life cycle inventory: LCI)
= = a s s Aan A L= = ™ ™
lunmsfSoufigunaanmsdsaluigans@ia (LCA) wis e nUgdnun1sanigang
Aa A A ' o & ° AdAae a A A o
e (LCI) angasRenuandsnunuazautsnnzvilalunsdinfisuiisgiunsofiniasanyay
NIFBIFINULVNN NN WLYINT [10]

AWTUNTU T AWMILTI B oW RI T AW Il s na In e laga3aLa 21299 3% 29 LEwa 39714 Lb
THADBNTEUIBNITNIATILALNTEUIBNNTA W I uTULsn 9 wuazltidinTshidunns
NIzUIWNIT (Process Chain Analysis: PCA) Fadsenavludenszuiumsivdsasudidn
N32UIBAITNINATI NIZUIBAINIEaNNTTIT PCA  Usznau la1anIzuiwmsHauLTaLwg
FAIANWNULTDLNRINAFTA NITUIBNNTNAALTALWRITIAW m:mumsaﬁ'@ﬁ'@]qﬁu NTLUIWANT
YU LLazi'mqauﬁ%ammﬂm:mumﬂm:ﬂgﬂ laglusunan PCA Hazgaansadnuunasgn
1S014040:2000 [45] Faidunasgulunstsnlunipanstie uazanasgu 1SO13602-1 N3
a 6 o a . a & a A
ATITATTULNAINUNMINALA (Technical Energy Systems) NSzUIUMIHAATBLNAITININWIN
N3AN BT WNTEUIWNITNAALU UL HaIT T WATEUIRAITLTINI BT LI §1RTU

2 g’ g: =1 di d' 1 v K a =3 L2 £ va A a
NITUIBNIABUINTUEN D% 9 ﬂvluaﬁuwsanwnaImymimmuLnuma;‘{avlmzlmﬁﬂszmu
WAINBNIUHINTABMINEATUTBL 9 °]JaiUL°]J(§I°IJax‘iﬂ’]‘ﬁLﬂi’]tﬁﬂiZU’Juﬂﬂ‘ﬂ@UI"&E’]WITEJQN
WRIBLANITUaaU U ARITaWNIZINNNNEAN N NNENNUTLNA N UL NN NIANIINR R
F9ladarlunsdnstlasdITmsieneAadumsnaauaznanada (Input-Output Analysis: 10A)

=4 aql’ v o 1 d' dql’ a a ﬁ I3 =} a A g; U [

Tuwn1s@nsh laminunain NSl 8 auw T ot wa I nahan il I uwa n o ian ikt iy
MuleNNIENITULAROUIDLWANLYINAY LAZHIRLA LRV LWANITILATIER LA BILATIZA LR UNI
NITUIBNTNVOULUAVDITZULNRINY (the technical energy system :TES) v luns
ATIZRLFWNIINTZUIBAIT LN TZUIBAIINIIA T L IZ U UNRIINUNIILR AN USUIAWAIINUNI

n‘ U a 1 23 A s s 1 a 1
a39N1lT USurmwnsdaadassuisiTaunszanainnsawadlunszuinnisnandatSuimniiag
v dldl 1 Qs s = =} o U ‘é Qs a 1 23
‘wmwnLmﬂm:uuwmmmﬂmumﬂmxgnuuvbmu%m WadnLazdSImnsUaalassung
L%aumzaﬂLmaluw%'wmm:ﬁnLﬁﬂumzmumsﬁuﬁwaam:mumwﬁmLamuaafﬂzgﬂ%mezﬁ
[ ° [ & a o s & P < 1 v XK v R
LRUNIINTZUIBNT WA AUTWNRDI SIAUTUAEN 98Y Vl,ﬂaaumzmvl,ummimmmma;&avl,ma

ﬁnLﬁwﬁa;&aLmuga@mﬁaﬂiuﬁuwmuﬁ'ﬁ%ﬂﬁﬂmiwamLLazwawamia"Lﬂ
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Tun1saawasinwlaznislandaaguan11zannITUTUL U R wiinaw ot wa LA I8 e LU T 1
NI TARUITA I MTUT LR UANGANTINNLINNTANTUUES (transport service) 71 L9aNNNANT
U3z dwinanITIaUDY well-to-wheel basis AIUWHAINTINNNNTTLTI0LUGIINNITANBILUNT
nvn}’nﬁo oA A e o AN od | @ v & ' o A . .
2pi3sinua Nz ansasudnaIn1saaud lenwinnuliidunuioninA unit  function)
VITLUUNRINHAN § NNIAN©
PMNNITAUARUILAINN (unit function) VaITRBUMANNIANINNWTaIWEILA R ITRUAE
mMydTuRswihduiraind ki duszoen1alunstud 1000 Alawwas auaaslunIwd 3.1 input
ﬁLﬁwﬁs:uuwﬁaaﬂuﬂizﬂaﬂﬂﬁasl PunLAR TR WIS 85% WaSMTBE Satilus ylunisiig
UV M0 NTLALALTDLNRILN AT ylﬁmﬂm"lmm%al,wﬁaawymi USu1mh 15% laglsu1as a1n
nysuandluiaSasandainal@iiauAsriTannszanaani i wnia A NI NLEUNTI

NITUIUNITRANVAITZLUNWRIIN WL
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I Economy I
e y A"
I S | |
| Refinery | | Ethanol | 5 — __L__l
-——r— I Production | Jj9usehoEEﬂ | Business |

i T T T A | services |
-—Y_ _ N A L — o
!_Gfs_lclhﬂe_! | Ethanol |

| | 99.5% :

I L—5—=

I 10% viv

90% viv _

Passenger car

q' 1 1 Qs Qs ‘:; v dl” a
NN 3.2 WaafsﬁwaamuwaaszuuwaamuﬂmmLwaa E10

1000 km

WaRasanlunszuinm e naInwnInTin navasinnnuiawianaslwmdalwauss
Togadsandinaludaniinduludusanmsawddondomds [47] d1damnsawdaes
I FINEIUBITO BT NLAN E10 22UanesannTdinawasurfioisaiwdafuduilseanos 3% [49]
WSUSAT A IuNELdaIWasa RN TaAef W oL duasele [47] AMFNLAYDIFIUHFNVD

dqz a A 4 v o AKX ::lv A
L°1iaLW@OY]LﬂEl’)"llE]GﬂiJﬂiEHﬂﬂH’]uLLﬁ@]dlu@’]i’NV] 3.1

A & a & o a ° e A o o
MU aswran il sudui g oA wRINITON TV LA I DI WAN T TZUUNNTUTUAAIINS
HoulTolWaILUUA ALYt LazaaTaIwnINgNtaTIwaas Nty ldasune 5% 1
iy 25% laglauddndasdsundanIasand LL@ivl,&iLm:ﬁﬂ%”l"ﬁl,%aLw'fa‘aﬂiunﬂﬁﬁ'masuéﬁu
' o o o ' A ' & &a a & a v A
1 §IMSUOATIEIBNINNNINNTI 25% HuAT LT lnInawdNa u1TandsilaswTaingsle s
. . s { ' o & ' o %
Flexible Fuel Vehicle (FFV) T98313auUSURaua s nauuadiasInes laade 0-85% &1ATU

INUUATLAY LaT1%aA 100% RaTyMINIRaITNLAI8IT I aNFLE W [49]

[ U
157191 3.1 qmauuﬁwmmuwaummL%ﬂtwﬁa

Density* (kg/liter) LHV* (MJ/liter) Oxygen by weight
Gasoline 0.749 32.23 0%
Ethanol 0.792 21.19 34.70%
MTBE 0.742 26.05 18.20%

LUa9%1I9N [8]

G997 3.2 LEAINAINNMTUILABEATIEIWNNTANRIVDIS AT ERLIL A TDINR VB
Wowasufaloau E10 uaz E20 lapsanauildasdaindsvoitonasufaloauiasiuieai
ANNTOUVEY MTBE ﬁwauag’ﬁw Tu [48] waz [50] squﬂé'@mdmwauwhﬁu 10% weilw [51]
szq'jn%aLwﬁoLLﬁ”ﬁImﬁumiﬁﬁmﬁmumaaaan%mu 27% laswaluwindwusalaanfifeasne
FSUMIERLUUED FenmIdwmnudassiunaNas MTBE 15% lagUSunasiiatials
fl0an®lan 2.7% G9na1 MNEIMHENSINETI IFENANNToUIBITDINEIAARY 2.87% FnTU
Usunmeandanidasmasindanuilwdamdusalosasdasmaomueafios 7.5% lag
USNaTLYingis aohwdalnas E10 uaz E20 3eXU5inmeandiaufiunnifoswadansauadd
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PNAANNTIUVDITOINGY DATNFIBNFN Laziilat il uannuavadIszazn I nvi@uann

MUY DO TEIBNINNADINITATZ N T ILE A AU LRAIL AN 3.3

A15791 3.2 N15UIL AR ATIEIBNITAARIVDID A1 aWLU R DI TDINRIVDY E10 waz E20

AANMNTanTianas NaAaIIBAIANLLRBILTaINEGY
Reference to Gasoline Gasoline CPG
Premium Gasoline -2.87% -2.87% Na.
E10 -3.43% -3.43% -0.57%
E20 -6.85% -6.85% -4.09%

P ¥ 1 A a 4‘!4 1 a | .
A19791 3.3 ANNADINVTFIRBNFNNLINNDADITULNINININY (liter/km)

Fuel Gasoline MTBE Ethanol FMHRUTILA
Economy (km/liter)
CPG 10 0.085 0.015 - Na.
EI0 9.943 0.0905 (+6.49%) - 0.0101
(-0.57%) (+0.57%)
E20 9.591 0.0834 - 0.0209 (+4.27%)
(-4.09%) (-1.86%)
| Economy
| | | 4 A
P N
A A A 4 A 4
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— VYV
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S
)
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Swduuaaslwnni 3.4 T@Uluﬁunuﬁa%u@ﬂszuwm 8.61 undedas iudiuvasingdvan
Wi 60.4% lunsdidnwnitlénssuudgmindnmsinanaanlddaiohanlsus:lomiluns
bnlgndud1znasdunig nenansensds (53] ﬁizqdmawaaU"l@TLﬂuﬂm{wwhﬁu 10% V83
LT heaTiNAe o LLa:mﬂﬂ‘%mmﬂﬂﬁﬂwhﬁ‘u 282.49 ‘ﬁmﬁlzmmmwmmuﬂﬂmﬁﬁlﬂums
wnzdanldiviiy 31.31 Alandy wazifafiansananlaseaetasomInaaussnanse [29] o
wuhlumenamizUgnduddzndidaslfiadunudioludandin 5% lanaidunuves
mﬂmﬂwwzﬂgﬂﬁuémmtﬁwaaﬂszmﬂ"lwULLamlumwﬁ 3.4 mﬂauualﬁﬂﬂﬁwmmm
71@1LmuijmﬂﬁﬁLaulﬂumﬂwwzﬂQn"l@?ﬁ”'mw@mﬂmiﬂsuﬁmﬁaaﬁuwu’hﬂm‘fwﬁvl,ﬁmﬂ
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13%

Wages and Salaries
43%

Agricultural Services
23%

Fertilizer and
Pesticides

0,
Petrolgu{% Refineries
1%

Banking Services Cutlery and Hand
3% Tools
Coastal & Inland 1%
Road Freight Retail Trade~_ Wholesale Trade
Water Transport 49
Transport 2% ()

1% 19

ATNN 3.4 d'mu,u'aﬁuvg%maomﬂmﬂwwﬂgnﬁuﬁﬁﬂmﬁa

A ﬂizgmﬁﬁa;&amnmswaﬂﬁﬂmm’&@u,azwaw'&maaﬂizmﬂ"lmtJ [29]
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electricity
Plant Investment 7.1% man power
9.9% 14.0%

process water
1.8%

chemicals
8.0%

cassava raw mat.
59.2%

A 1 [l Le a v g/ A a L + o
NN 3.5 ﬁ?%tlﬂﬂ@l%‘f‘!%ﬂaﬂﬂﬁiﬂa(ﬂLaﬁ1%aa15%’lﬂ1ﬂﬂﬂ(§l%7!%i.!ﬂi%‘lﬁi')&l%ﬁﬂ

kWh/liter
0.300
0.250 » - B Tuber handling raspering
7. i
0.200 ’
O Liquefaction&Saccharification
0.150 B Fermentation
0.100 Distillation
@ Dehydration
0.050
O Effluent Treatment

EtOH from chip EtOH from root EtOH from
Cassava Cassava Molasse

1 v
AN 3.6 ﬁ?%LLUGWﬁGG']%El%ﬂﬂiNaﬁL?Jﬁ’l%ﬂﬁ1%%'lﬁ)']ﬂ8d%ﬁ'lﬂ$ﬁﬁ\‘]

TusSinanasnunasslunszuiunsniaenueslithiudaimsluih 0254 kwhiliter
T(ﬂﬂﬂ%mmwﬁaa’mmﬂmy'agﬁnizuaunﬁiﬁﬂﬁLLﬂammLLa:V‘iﬂﬁLLﬂaLﬂfﬁ‘ﬂmﬂuﬁ’]ma luns
drnduilldnsdeaungiuimndunsaiaaniuduniowiuae winudatemuaaan
molasses 1A1RAZEINITNRANSIUAGDIMTIMNTzLIRMIR UMt il aduinanas

lansnuaszanu 65% (gﬂiﬂWlunwwﬁ 3.6)
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FSrTudSunmwasniazdSunmntdaadsasunaTannszanudslunszurnnisauniin
(Upstream Process) U84n13Wa® E10 (e E20) maoﬁa%’amsﬁ%ﬁwg’mﬁL@m:ﬁ PCA flAda
3; Y o a v Y o A s a 1 23 A ai 2
m%m”[@mnmLmﬂm“[@y’l,magawmwmmuuazﬂsmmmiﬂa@ﬂaaymeiaum:aﬂﬂ@mﬂ
MTAIATIZR I0A suwinvastlaa. 2005 I@ﬂlﬁﬁagaﬁunuﬁﬁLﬂT’mizmums PCA v11Usznay
@13°9% L unanoudadsn g nuNaEIEgNIaNaI TN INE AL NANR®

FIUNENUSIN M 90 % (N6 E10 uaz 80% dwiundl E20) laguSunasdusiniuundu
(Gasoline)  lanluganuo9nszuiunisduiives Gasoline alddaya IOA 270 sector 93
Petroleum Refinery lagUSunmwadauuazdSunanisdandsdesuizisaunszanuelslu
ﬂi:ﬂ’suﬂ’]‘iﬁuiﬁ (Upstream Process) 284N1IN&A Premium Gasoline ﬁ?uLﬁa\‘]ﬁ]’m Premium
Gasoline Lilusgnngnwas MTBE ag19ilszunm 5.5% lasdSunasdailunandnainlsonan
i wazlududfindesn 94.5% lapUSunasie Gasoline Lunandaannlsonauindudadn
ﬂ‘itﬁﬂﬂalmzuuLﬂmgﬁammﬂathﬁaﬁafuﬂ%uwm Upstream  Process 39vi1m3dsziiiuain

Ty 3nTaua I0A 91N sector 93 Petroleum Refinery

' A & ' a Z’
Tugrwuau@ILTu Ethanol hha1NNIIANHINUINNIINES Ethanol IINNINUIAA
A oA g o a2 4 & oA i
(molasses) Gﬁma’nLﬂma@;maammﬂq@lmﬁmmmmaluﬂs:mﬁuu"LuLwmwa@lamm
daImMInung lensuloueld asnuisenansallainmndnsliiaewds E10 ewulpuie
% U A a > o [ dl d a Y gﬁ a
LAILADINNNINE® Ethanol mﬂuumﬂmaﬂu‘nq@ TINTLUIWNNTHES Ethanol 31nuwilav a2l
Ao o £ = o a & & v A .
ATTUIWMINTUTaUINNTIY  TITadpnsuaanuuananazduiladuiiidu Consumable input
v o A [ ) A o & )
uidsildadsludiuvasmsasmuluaiasinygdnyol LAz 1599Ue 8

@137197 3.4 N3V ENISHNTINUAIALAITHFNIAINAI13TIENIHAAUAZNANAR

Tunsmansunalggas

iladan1542 WEUINALATHIND

Salary 201 Household

Cassava root 004 Cassava

Cassava chips 050 tapioca milling

Alpha Amalase

Amyloglucosidase

Molasse 055 Sugar

Calcium chloride 084 Basic Industrial Chemicals
Premium Gasoline, 093 Petroleum Refinery

E10, E20, and other
petroleum products

Electricity 135 Electricity

Process water 137 Water Supply System

Construction of 139 Non-Residential Building Construction
Ethanol Plant

Ethanol 062 Distilling Blending Spirits
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d‘r a a 1 =} s d‘ly a a d' Qo s A J &
dawdsWasdatudoinu lasdawdslulefimanldiumssduayuauunude B5  suiu
FIUHAENLUTIIL 95 % nnAnALTAnYWIIT (High Speed Diesel) uazdn 5% Lilu Biodiesel
(B100) §1%35UM3LE biodiesel B100 inananihdnnaniaslulzindgnigataTnuwwainng
N LCA 84 Sheehan et.al. (1998) [54] WuinlwnslTiTalwds B100 naunuinduaiaalusn

JaanuntoaadSunamstaadassuia CO, Lane 78 % [55]

fusunalulatnitnde luladaalunsdnedsivualwdunszurwnisnde luladas

. oA S ¥ o & a ¢ A ¥ o & a &
wuysalitasuuudennaanmihduhausaaivngamuninay sahaiudusinaduiu
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1180 @atiaatlanIzuInnIINABNABUNSNNIITIATZALFUNIINTZUINANT (PCA) NRIWUHS
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IATIZALFUNINTZUIWANT (PCA) gﬂﬂi:LfJuI@U’L%gmiaQaé’wﬁwéﬁmmmxﬂ%mmms
UaaUaauui®iTawnIzanannITUss i vl NI THRALASNANA® ATHANBIVDINTIT
& a a & ~ ¥ o oA a a o Y o
Wwarwdsluladimaluenwwinuzazidunsdiniinaunuinduwl lasifoudsasovindwnay bula

a o ' = o ol a o ed 1 a
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U

4.1 nMsldawmaslufisa

. . A 6 A a % v o & A 2/ e A a
Biodiesel falaaaas (ester) fNanuntandalaanluiugainiaiiuine lasiiaan
UfAse13z1ing Triglycerides  lwihdunuusanagas wazlrausslnsenidunsa niaeds o9
Ja9tiuainlFeing 15w NaOH wia KOH udiislitunlasqmautidvas Biodiesel Nllgmaniw
(2 [ a A dq’ 1 o aaa A = A‘ s
rdasnnaniagduidneaannaduien uazdiunszuiunmsiu jAzenauy soldaziuny
nmLLa:qm%Qﬁlumsﬁwﬂﬁﬂ%m [55]

W@uAnwIM a1 lula A nUN A UNTAL 91NNIINUNIUITIWAIINVAY Shahid and
Jamal [57] INTNLNUBBIRNINGIANRAINTN 50 i IshE luladiraduluiaIasondsuany
& ' o A & A a A A a £ ~
meluduszoznaws 9 azdinaliiaIassoudiiaanuFenie hasanndaiuiiadwnien
ﬁ"aﬁmLLa:Lﬁ@msﬁ@amaamemzuaﬂgu fnlulafLranNEANIBATE LRI INT T LaRLADY
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pashiuisriahdudaimansngnuivdplitguanvusawizindidssiuvihdudmannau
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A A o 2 Ao o v a o @ a AA A
nuatespudliliongmilinuuu 9 Jaliduusihldiduihiululefisanldiunanimanza
maduhdunaylulafimanuinunuinazyinlfiaasoudimainnuse (brake horse power)
A o o Py A S o L = o | A Aakf , o
ndauazaanmIFwifashingaliniantasudinmsadunatn myaatdas NO, skauas

lafinsUaadsaas SO, way CO, NMILH In s unaNwad B100 Lol waIngy [57]

nneued EPA lulafioalujlvesesneinusmunninanuauiuiiudioasin
A o ' > ' { { A o ' ~
Dlavndswldlunnaandiuwnay uddandunsunidunionfodanaiw 2%, 5%, wia 20% 549
i3und1 B2 B5 uaz B20 gninsnsuddiulngdiliuusinlilgluledimaniisiunauninnit B5
v a & a o [y Yo o A Aa A A
waznAaTnouduITBsniinmsiudsziuminliihdululefisanTaunauuinniih &
a %) %) &/ > = d' o v A d' a d}/ a 6
NuaziBramsiudiulnediudlesnntmualasdnda (58] Madasunmaduonainoud
910 D100 1tdw B2 w32 B5 s1unanssyinlanwininszuuni1silawmraiwdsuadsnaweiiln
2uudsuaanmMIdenindusuuaa lul@Lrint [49] waz EPA 3189w inaNnsanad luladiss
Taluwaamarnnanluin 20% laalivinlwiasasaudidanie welunuwssinlvlsluwaTas BUAIUY
[49]

s qy A g‘ e {ai a a 1 fd‘ a ] o
gannimwdfesihdusasinsudnidalulefioaizganirsnoudiidy (58] udn1via
Y = A g a & a ) A o iy A & a &£ o
003N IFUIU R TaIWEINUTANUUANE1gINNNLHBINEA TN IFIILR 0L TN RIT WAL
WOANTIUMITLl anweanmealuanzdud anwnnsIneT gannlvesidusnsiauiiugdl
NaGaUSH TN UUNLANRID UK wazauanmeluensasud  [59] INNNINaFaL
= A o = A [ ' [ A a .
wWisusulusatalassslasdTouifsunuanunmuiuaadna 1913913195 (volumetric
energy density) National biodiesel board (2007) [13] vasdszinasnigolnimanwiilule
~ Y o 4 A v = A Y o X A v A v ¢ o a a
AraanihduanaasaInTalreaMIFuLResihiwsanadsla lnatfssnuiihaudlesdew
flaa LiasannaianuTeusasamasllasfoudiaian 131,295 Btu/gal uwazluladioaiian
117,093 Btu/gal f9nuanaNuFUURaTaindsluladioaisninnin 2%-3% Worapun et al.
2006 [60] MuUIIIINMINAsaLIAIsIsudaauuugUdsalasltiramdsluladiaasiniiiu
A v o A & a A | A A A v a o
N lBUaD 1A3098UAazNusIDnanad 4.1 % lasdn output VaLAIBILUANAARINAN INALALIA LA
v A 4 v . a8 - . & ¥ o4
ANNTEUNGININ T3 NREL [61] lenuziihlilddnisidasundasdasinisaulfeasainin
gaandaInUaNNTauianaslumIlfsuudusihawluladins

4.2 msuaaluladia (Production)

U o =Y g’ > 1 { g/ = =Y Qg
Zhang et al. [62] ldWanzuiunmindaidululafimauuudaitasanibdiuiruigns

a ¥ o v o 9 . “ e L x4
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waluladfidunzninszmunzauniuiiesanidnialuiudaszgs (free fatty acid :FFA)
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4.3 N131921d% LCA

di a Z’ | a =) =) L gj =3 o a o
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W nNNauazuaULLa (Goal and Scope) AAYINUTINUNIILALYINUILHE
4.3.1 1ihwang (Goal)

A a a AR = = P re a
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A Ao A &l
AU3lnanTulsnaudaisa
lunsiunaan LCA  aaidSanudd 9 tudndeanuliiinannimieineneaasla
A @ : - @ =2 =2 o = a o A o
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(functional unit) VBITZUUWAINY
4.3.2 22ULYA (Scope)

NRNNNNTLUIELAU LCA NMITLUTLUG compression ignition (CI) LRz spark ignition
. Aa ve o & A ' A o o Ad = [ &| '

(SI) engines NN I TULTaWRIAITRAN Ul UNEVRINTTLL AN R unwaz T un T8

A o o oA P a A a o & A A v & =< A2

HududadvainInaunutTawdsllasidoum s TamwaITInIn  [14]  asnulumsdnuniiae

MAUARUIAUNN (functional  unit) LTUNBANTINNNNTTLITOLUG  NNTZULNRIN BRI
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MIUTHAUFUNINTELIBNT I DIATIZALEUNINT=LINANT (PCA) Tuszuunwasanunls
E a L 2 i Py o
wawwdslulafimanauii TuannsznunsnnalauiTeanannizuInmIizlanansat
T53uRuindutay naw waznda luladios auss B100 luuaunudlasidondios saun21a9
Py o A & A o Aq o & a a
ORI LRzTUATOEUG MW 3 LRAITZUUNAINUVaIszuLNTiTawnas lulafimanay lay
gauitdunszuiunisdunisvesdlasidoudioatuiadnTaun198131nANANTHA AT
Ulandon wanigwdsinunszuiunsduingu 9 fonsadiszuunasnuizgniszfiungan
wsnazUInnansdasdsssudaiteunszanuisnngindayaarinasnunazlinimwnns
UaadaasuiaiTannszanilssfinanluiaaassnMsNaauasHanNae (I-O model)

HaNIENUNNTU I I uA USunmna91% wazlSumnsUantdosuiaiownszan G
Usznausiy CO, CH, uaz N,O lagtsziiunsuaalaasannuadaztdun1anszuinnnsaisisns
ﬁﬂi:ﬂqﬂ@?ﬁnﬂummwao the revised 1996 IPCC guidelines &lnaNlun1sILaIIeHh LCA 7
ROAANBINUNINTZIN 1ISO14040:2000 ugasluasad 4.1
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—p» CO;
___ Blended : || Travellin
biodiesel »| Vehicle = A

—» CO;

——CFD—>»{ Vehicle TDr_a‘t’e'“"g
Istance

P a a P A 1o
AINN 4.1 ﬂ’]ilﬂsﬂﬂl‘nﬂﬂﬂ']sﬂﬂﬂ’] LCI UWIZLLNIININING

A13199 4.1 BPINANLNONVDI 1SO14040

ISO14040 terms NLazdLa
Goal Fuel substitution from D100 to blended biodiesel
Scope Infinite upstream links

- Inventory analysis inputs entering the TES until meet the targeted service

- upstream links of inputs before entering the TES evaluated by IOA

Functional unit Distance of transportation
Co-product GHGs
Process Driving vehicle

Fuelling system

Qil transportation
Oil mixing

Biodiesel production
Palm oil refinery
Palm oil extraction

Palm Plantation

Elementary flow Fossil and Renewable energies
Raw materials
Electricity from grid and self generated from waste biomass
Water
Chemicals

GHGs

Ancillary input Capitals
Installations Labor

Maintenance
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| Cumulative indirect embodied energy in capital materials, supplies and components |
, manufacturing, upgrading
[
Y
electricity | TE Palm Seed
[[Cwaer 4 o
» Palm olein
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Curnulative indirect embodied energy in capital materials, supplies and components
manufacturing, upgrading

I
h J

TES

)

Oil Fuelling Blended . Travelling
transportation biodiesel Vehmle|— Distance

High Speed Diesel

|
A 4

Decommissioning

. U
AN 4.3 Szuunasswilssuiiauaasnsmanawastllasidanda

M137191 4.2 @hqmauﬁ'ﬁwaalufﬁjﬁmaLtazﬂ‘[@mﬁﬂuﬁma

LHV density different in LHV different infuel economy U3aasnaas

fuel
(MJ/L) (MJ/kg) (kg/L) byvolume By mass by volume §TEY]

D100 36.42 42.85 0.85 - -

B100 33.30 37.84 0.88 8.57% 11.69% -8.57% 9.3694%
B2 36.358 42750 0.8506 0.17% 0.23% -0.17% 0.1716%
B3 36.326 42.700 0.8509 0.26% 0.35% -0.26% 0.2577%
B5 36.264 42.600 0.8515 0.43% 0.58% -0.43% 0.4302%
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Pericap
11%
Fruit Palm
mass Stearin 30-35% B100 88% by
Palm by volume volume
(bunch) Waste Crude oil
bunch 49% by RBO olein 65-70%
30% by mass by volume
mass
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NUIUNAG inputs ANGaINTI6a 10001 ﬂ7ﬂtﬂiﬂjﬁ€)77ll£f#ﬂ?ﬂlya\7

biodiesel plant  Palm stearin oil 1,033 kg 047 Coconut and Palm QOil
Methyl Alcohol 997. 341 L 084 Basic Industrial Chemicals
Sodium hydroxide flake  3.07 kg 084 Basic Industrial Chemicals
Potash alum 0.0284 kg 084 Basic Industrial Chemicals
Man Power 0.4545 manday 301 Wages and Salaries
water 2,727 L 137  Water Supply System
electricity 10.330 kWh 135  Electricity
process heat 433.76 MJ

refinery plant CPO 2,987 kg 047  Coconut and Palm Oil
bleach 59.74 kg 084 Basic Industrial Chemicals
citric acid 0.299 kg 084 Basic Industrial Chemicals
phosphoric 2,539 kg 084 Basic Industrial Chemicals
Man Power 1.136 manday 301 Wages and Salaries
Process heat MJ

Palm oil Palm Bunch 8,708 kg 011  Qil Palm

extraction
Man Power 1.136 manday 301 Wages and Salaries

Palm plantation electricity 7 kWh 135  Electricity
fertilizer 327 kg 085 Fertilizer and Pesticides
water 6,530 L 137  Water Supply System

Man Power 82.95 manday 301  Water Supply System
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Direct Energy (Fossil)

EI fossil 1 20
Direct CO2
co2

Direct CH4

300

250 T
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—e— Direct N20

150
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100 +
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Agricultural Services $a#
Stone Quarrying
Other Mining and Quarrying
Animal Feed
Basic Industrial Chemicals |84
Paints Vamishes and Lacquers
Petroleum Refineries §&
Glass and Glass Products
Structural Clay Products
Iron and Steel |4
Railway Equipment i
Electricity
Pipe Line
Railways ¢
Road Freight Transport $-)
Ocean Transport
Sanitary and Similar Services

Synthetic Resins and Plastics | &
Coastal & Inland Water Transport X

"
g
Y
K
=

024 | 033 | 036 | 040 | 041 | 055 | 057 | 061 084 | 086 | 087 | 093 | 100 | 101 | 102 | 105 | 124 | 135 | 136 | 149 | 151 | 153

AN 5.1 Embodied energy and GHG emissions intensities from selected commodities.
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toe/million liter Energy Ratio
1800 o 2.50
1,600 - 1.91
1,400 + + 2.00
1,200 + 1.47
1.26 . 1

1’000 1 \./ 150

800 1

600 | 502 1.00

400 263 0.50
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Gasoline Ethanol IOA  Ethanol PCA-IOA MTBE

1 Embedded Primary Energy EFFR Available HV —s— Energy Ratio

AN 5.2 Primary Fossil Energy Contents in Fuel Components by Volume
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GHG contents in Fuels

GHG
CO,
ton/million liter
1,000
ez GHG

200 + 1 ——co2
800 | | —E— CH4
700 | | —ENO
600 | 569
500 +
400 +
300 +
200
100 +

61 + o:ozs
/

é o
7////% | |
% 4 0.005

Gasoline Ethanol IOA  Ethanol PCA- MTBE

AW 5.3 GHG’s Contents in Fuel Components by Volume

Plant Investment
8.96%

cassava raw mat.
40.09%

chemicals
6.23%

electricity
23.51%

man power
19.74%

process water
1.47%

AW 5.4 Embedded Primary Fossil Energy in Dehydrated Cassava Ethanol

Plant
Investment
9.9%

cassava raw mat.
41.0%

chemicals
6.6%

electricity
21.9%

man power
19.2%

process water
1.4%

n’l‘wﬁ 5.5 Embedded GHG Emissions in Dehydrated Cassava Ethanol
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gram ot o1l eqv. Energy Ratio
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AN 5.6 Primary Fossil Energy Contents of a Passenger Car Consuming Different

Fuels Traveling on equal Distance
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AW 5.7 Total GHG Emissions of a Passenger Car Consuming Different Fuels

Traveling on equal Distance
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AINN 5.8 Comparison of volume required on D100 volume equivalent
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Cost Share of B100

Diesel consumed in Oil
Transport 100 km

0.0% " .
Man Pow er Oil Extract ° Methy! Alcohol 997 KOH(Sodium hydroxide

0.4% 20.3% flake)
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Potash alum
0.0%
electricity

0.1%
w ater

0.1%
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Man Pow er Refine
0.3%

Palm Bunch
76.8%

A o 1 Y o v a ¢
ANN 5.9 Llﬁﬂdﬂﬁi'lﬁ?%(ﬂ%‘q%%'l Lm‘l%nsznaumwuﬂﬂau

2.50
2.00
O Palm oil extraction
O refinery plant
W biodiesel plant
1.50 -
1.00
0.50 -
toe/1000L CO2 ton/1000L CH4 kg/1000L N20 kg/1000L

ATNN 5.10 5miﬂaiaumaawé'aa'muazuﬁ"aﬁaunszanﬁudaagﬂunizmunﬁéfuﬁﬂumi

Ham B100

ANNN 5.10 u,amé’mws’:mmaawé’ammmmﬁ"m%aum:anﬁ'amMﬁ(ﬂﬁLLNaa%i&lu

v :‘ a 1 dl dq, Y & o 1 o [23 A
NITUIWMIAWIN LUNNINRG B100 §IUAINA 5.11 BIALRURAGINUDINRIINBLATLARITOUNIZAN
uralutiasingw B100 Ia Uﬂ'%mmwéﬁmuwga%aﬁmwgjﬂum:mumiﬁuﬁwadl,ﬁaﬁ’]ﬁuvluia
amaﬁfuagﬁluwaﬂﬁwﬁa 60% a%islum%ml,aanaaaﬁ 32% USuramnsdaalassuiaisannszan

LLNaa%ﬂ,u NaUNaNDI 53% ag’ium%mwaﬂaaaﬁ 43%



45

0O Diesel consumed in Oil
Transport 100 km
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® PalmBunch
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Embodied energy and GHG emissions in B100 and D100
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(mi'ldﬁ 5.1 Differential embodied energy and GHG emissions from driving of a liter of

D100 driving equivalent

Cco, CH, N,O GHG Embedded Fossil Energy
(kg) (kg) (kg) (kg) (kg of oil eqv)
B100 (1.39) 0.0000263  0.0000148  (1.38) (1.70845)
B2 (0.02) 0.0000006  0.0000003  (0.02) (0.03130)
B3 (0.03) 0.0000008  0.0000005  (0.03) (0.04698)
B5 (0.05) 0.0000014  0.0000008  (0.05) (0.07844)
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Biodiesel from palm oil is becoming significant renewable energy in Thai transport sector, since it has
been introducing for fossil diesel saving to support the policy of renewable portfolio standard (RPS). In spite of
considering on direct fossil energy content in the palm biodiesel, selection among optional fuels should be done
on holistic terms. Life Cycle Analysis of biodiesel production from a palm oil industry in Chonburi province
was studied. On-sited data were acquired for the process analysis part and direct energy consumption, GHG
emissions, and materials required are presented. Indirect energy and GHG emissions embedded in materials of
biodiesel plant are added up. Infinite boundary layers on upstream processes were evaluated by Input-Output
Analysis . The embodied energy and GHG emission intensities were calculated by Thai Input-Output Data in
year 2000. Fuel mix in the power sector was updated by recent electricity generation data. Considering the
vehicle fuel economy, equivalent output function was compared between biodiesel and fossil diesel. Result of
the study presents positive energy savings and GHG mitigations.

Index Terms -- Biodiesel oil, palm, Life Cycle Analysis, Input-Output Analysis, Process Chain Analysis

I. INTRODUCTION Analysis (IOA) gives an average values those

Thailand is an oil importing country and basically evaluated from historical data. The
imported petroleum is the major source of energy combined PCA and IOA approach could reduce
supply. In 2005, 30% of country energy boundary truncations, but disadvantages by the IOA
consumption was consumed by transport sector. approach in the outer boundary layer stills persist.
Energy consumption by transport sector was about To do the combined PCA and I0OA, the factors of
30 Mtoe, and CO, emission was about 50 million total energy content and total GHG emissions firstly
ton. The Ministry of Energy set a target of evaluated by an energy-IOA approach. The energy
renewable portfolio standard (RPS) of 8% in 2011.  intensity and GHG emission factors of goods and
The Thai government has announced the target of services were estimated by I-O approach to extend
biofuels utilizations in the transport sector to the boundary of LCA scope to infinite subprocess
remedy the fossil fuel dependency. chains.

A decision making between any two This study presents factors of total values of
different energy policy options requires a full embedded energy and embedded GHG emissions
energy chains analysis (FENCH) or life cycle that required and emitted from utilization of any
analysis (LCA) terms on a comparable basis. Same commodities produced by 180 Thai economic
output function and equal boundary scope have to  sectors by filling up the gap of PCA boundary by
be defined. In biofuel cases, comparison should be  energy-IOA. The disadvantage of outdated data
made on the same travelling distance for the output normally incurred in IOA was improved by updating
function point of view. Truncation on upstream sectoral energy consumption elements in high
links is often cause incomparable boundary scope energy consuming sectors in an economy.
in inventory-LCA task and yields an unequally A PCA data from a biodiesel plant located in
comparative assessment. The major problem is that Chonburi province with capacity of 8800 liter per
the data approaching is costly and hardly to be batch was studied as a model for estimation of
acquired in the higher sub-process chains. embedded energy and GHG emission in upstream
Combining the technique of Input-Output (I-O) energy chains of biodiesel. The plant used palm
economics to the inventory analysis could extend stearin which is a co-product of the existing palm oil
the boundary layer infinitely with more efficient in  extraction and purifying plant. The advantage in this
cost and time. site is that all process heat and one forth of

While LCA from an approach called a electricity consumption 1is from cogeneration
process chain analysis (PCA) generally confronts powered from waste palm bush from palm oil
limitation on boundary scope, an Input-Output extraction process.



II. METHODOLOGY

Combined process analysis and Input-Output
Analysis (Combined PCA-IOA) was performed in
this study. The process analysis was studied in the
main process and the first sub process. The process
analysis is presented in section A. Study of the
remaining  subprocess was performed by
combining with [-O approach and presented in
detail in section B.

The IOA approache in energy and GHG
accounting on embedded energy content and GHG
emission factors of Thai commodity. The country’s
energy [-O data and I-O table of 180 economic
sectors were used for estimation of sectoral
primary fossil energy intensities and GHG
emission factors. The sectoral factors represented
embedded energy and emission incurred in infinite
upstream energy chains. The revised energy IO
model has been validated and used to assess the
economy-wide impacts of the policy.

GHG’s emissions were evaluated based on
IPCC approach [1]. The embedded energy and CO,
data were updated with carefully considering of
primary energy, secondary energy, import and
export energy, feedstock fuel, GHG accounting
from fossil fuel combustion, industrial process, and
fugitive emissions, avoiding the double counting.

A. Process Chain Analysis

1)  Main Process

Main process of biodiesel utilization scheme
versus diesel base on equal output function, i.e.
same travelling distance, one was presented in Fig.
1. PCA was performed in the main process of
driving diesel engine vehicle fuelling with high
speed diesel (HSD) versus biodiesel fuel are in Fig.
1. In HSD vehicle case, one upstream link was
traced back to the supplier of HSD, i.e. petroleum
product sector in the economy. The rest fuel chains
were estimated by combined PCA-IOA. Average
fuel economy for heavy duty diesel vehicle was
considered based on travelling distance got from
fuelling with 1 liter of high speed diesel (HSD)
equivalent.

Main process of biodiesel utilization scheme
versus diesel base on equal output function, i.e.
same travelling distance, one was presented in Fig.
1. Since biodiesel has less energy content, it
requires more fuel to produce same work output
from the vehicles. Much variabilities are inherent
in fuel economy measurements. [2] It depends on
personal driving habits, weather conditions, traffic
patterns, the temperature effect on fuel volumes
when fueling, and changes in tire pressure.

National biodiesel board (2007) [3] reported
that soybean biodiesel exhibit similar fuel economy
to diesel fuel, based on a comparison of the
volumetric energy density in urban bus engines.
Since diesel contains 131,295 Btu/gal and the
biodiesel contains 117,093 Btu/gal, the fuel
economy of the biodiesel tend to be 2%-3% less.
Testing performance of a single-cylinder diesel
engine consuming waste-oil-biodiesel, Worapun et
al. 2006 [4] reported 4.1 % less on torque than the
one consuming fossil diesel fuel. The percentage of
lower output was very close to the percentage of
lower heating value which is 4.25%. NREL [5] used
fuel economy proportional to the lower heating
value of the blended biodiesel.

Fuel substitution from fossil diesel to biodiesel
required only different types and amount of fuel
consumptions. Due to cited information on fuel
economy related to heating content appears in the
next paragraph. Additional fuel required for fuelling
with biodiesel. Table 1 shows lower heating values
of biodiesel and fossil diesel. Lower heating value of
biodiesel is 8.57% less than fossil HSD by volume,
and 11.68% less by mass. For the reason, additional
8.57% of biodiesel required for getting the same
driving output was assumed in this study.

Table 1. Lower Heating Values of Biodiesel vs. Fossil
Diesel

LHV density  different in LHV
(MJ/L) MJ/kg) (kg/L) by by mass
volume
Fossil 36.42 42.85 0.85 - -
diesel
Biodiesel  33.3 37.84 0.88 -8.57% -11.68%

GHGy

High Speed Diesel |—Heating Valuey Diesel Engine [ 1ravelling Distance—»

GHGg100

B100 Heating Valueggo Diesel Engine Travelling Distance—p

Fig.1 Diesel vs. Biodiesel Utilization Process

It was assumed that there was no additional
investment required for fuel substitution. Direct
comparative issues are final energy consumption,
materials, services and related GHG emissions.

2) First Subprocess

Biodiesel production process was audited to
discover the first subprocess chain of biodiesel
utilization process. On site data were gathered from
[6]. Direct consumption in the biodiesel production



process related to materials, services and energy
are presented in Fig.2.

Assumptions made for material flows in this
process were:

1) palm stearin oil, which is the main raw
material for biodiesel production is actually be
a co-product from the palm oil processing
plant was assumed bought at the ex-factory
price.

2) Methyl alcohol, sodium hydroxide flake, and
potash alum were assumed at market price.

3) Manpower required was 8 man-day at
technician salary.

4) Water consumption is from underground
water, but assumed at public water rate.

5) Process heat and some portion of electricity
consumption in biodiesel production process
is generated from co- generation power plant
fuelled by wasted palm bush. An assumption
of totally electricity supplied for the whole
process was also provided for comparison.

6)

Major energy consumed in biodiesel
production plant is electricity. Share of electricity
consumption in the biodiesel plant was 75% from
grid, and the rest was generated from waste
biomass.

Sector allocation is significant to IOA.
Misallocation causes some errors [7] subject to the
significance of the link. For HSD, IOA data was
used in second subprocess onward, but for
Biodiesel case, it was performed in third
subprocess onward. Assumption made was that
related primary fossil energy and GHG emissions
were related to its price sold from its sector.

Second to infinite subprocesses of HSD was
represented by average [-O data, since HSD is
business as usual fuel produced from petroleum
refinery sector. Total primary fossil energy content

and embedded CO, emission was 7.35 MJ/Baht and
0.05714 kg/Baht. These factors include all upstream
subprocess. By the average price in the considered
year, they were 191.11 MJ/L and 1.49 kg CO,/L.
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3)  Third to Infinite Subprocesses Analysis

The third to infinite subprocesses analysis were
studied by transitioning from PCA links to IOA
links related to proper sector allocations.

Table 2. Sector Allocation for IOA
Input Materials  sector
1 Palm stearin oil 047 Coconut & Palm Oil
2 Methyl Alcohol 094  Other Petroleum

Products
3 Sodium 084 Basic Industrial
hydroxide Chemicals
4 Potash alum 084 Basic Industrial
Chemicals

5 Electricity & 135  Electricity
Process Heat
6 Water 137  Water Supply System

7 Man Power 301  Wages & Salaries

B. Input-Output Analysis

The primary fossil energy intensities and GHG
emission factors evaluated in this study were
updated based on changing fuel mix of the power
sector of year 2000 to one of year 2005. This was
made by the reason that energy structure was
substantially changed from the energy I[-O year
(1998). The method for wupdating energy
consumption mix in the power sector was presented
ref. [8]

Updated IOA data was done by updating sectoral
energy consumption elements in the power sector
which was found significant to all other sectors in the
economy. The 2000 I-O table [9] was used to represent
the economic structure, and the 1998 sectoral energy
consumption [10] was used to represent individual
energy consumption. Thai electric power report was
referred for updating the 1998 fuel mix in the power
sector to represent the 2000 and the 2005 ones. 1998
Electric Power in Thailand [11] and 2005 Electric
Power in Thailand [12] was referred for updating fuel
mix in the power secto. The IPCC Third Assessment
Report (2001) was applied for Global Warming
Potential (GWP) where the GWP of CO,, CH,, and
N,O are 1, 23, and 296, respectively. [13]
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The related total energy content and the GHG  Fig.11 are based on output of driving a vehicle by 1
emission factors under the 2005 electricity-fuel mix liter of fossil HSD equivalent.
are presented in Table 3.

MJ/L
Table 3. Primary Fossil Energy Intensities and GHG
Emission Factors (*toe/million Baht **ton CO2/million 60.00
Baht D Electrici ired fi
wor Bl <0, i, N - Becriy requied fr
047  Coconut & 8 Water
Palm Qil 42.19  54.85  0.0015 0.0006
40.00 @ Man Power
094  Other
Petroleum 48.78 65.80 0.0017 0.0006 B Potash alum
Products 30.00 . 4
084 Basic . o 19(8(3/3 (sodium hydroxide flake
Industrial 78.05 152.50 0.0029 0.0012 2000 4 O Methyl Alcohol 9%
Chemicals :
084 Basic B Raw Material
Industrial 78.05 152.50 0.0029 0.0012 10.00 o
Chemicals @ Electricity in Biodiesel
Process
301 Wages ]
&Salaries 102.34 12329 0.0035 0.0016 MJ/L ML
137 Water Elec.fromGrid only partial
Supply 55.03 70.87 0.0028  0.0009 Elec.fromGrid
System Fig.6. Primary Fossil Energy Content in 1 liter of Biodiesel

135 Electricity  182.30 277.36  0.0314 0.0024

kg CO/L

III. RESULTS

Direct GHG emissions in driving heavy duty
HSD vehicle shown in Table 4 were estimated base
on IPCC guidelines[ ]. Comparisons shown in Fig.6 1.40
to Fig.7 are based on 1 liter of biodiesel.

O Electricity required for Process
Heat

120 B Water
Table 4. Direct GHG emissions in driving heavy duty 100 & Man Power
HSD vehicle B Potash alum
0.80
C02 CH4 NZO 0O KOH (sodium hydroxide flake
heavy duty 0.60 98%)
transport 73326 | 0.006 0.003 kg/TJ O Methyl Alcohol 99%
heavy duty 040 )
transport 2,671 0.00022 | 0.00011 | g/L 8 Raw Materil

0.20

@ Electricity in Biodiesel Process

Total primary fossil energy embedded in 1 liter
of biodiesel presented in Fig.6 and Fig.7 are e fromGiid
categorized by input materials and services. The only
highest primary fossil energy and GHG carrier is the  Fig 7. Embedded GHG Emissions in 1 liter of Biodiesel
major raw material, i.e. palm stearin oil, follows by
methyle alcohol. Electricity from grid was very Fig.8 and Fig.9 presents comparative results from
small, since electricity and heat were highly supplied  embedded primary fossil energy and GHG emissions
from waste biomass cogeneration power plant. The  from HSD case with the studied biodiesel plant and
column “elec.from grid only” was a comparative  from a viable case that produced biodiesel from
case that assume no cogeneration supply the  electricity from grid (without cogeneration).
biodiesel production, but electricity was supplied for Fig. 8 presents input primary fossil energy
motor driving and heating in the process. The latter  required from HSD vs. biodiesel fuels in order to get
case cause a share of embedded energy and GHG  an equal driving output. Total energy transforming
emissions about 6-7%. efficiency of HSD vehicle is only 19 %, while one

In order to made an equal output function on  fyelled with biodiesel from cogeneration is 90%, and
similar driving, comparison shown in Fig. 8 to  one fuelled with electricity based biodiesel is 64%.

kg CO2/L kg CO2/L

partial
Elec.fromGrid
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Fig.9. Direct and Indirect GHG Emissions in 1 liter of
HSD Equivalent

Fig.9 presents that by consuming 1 liter of HSD
vehicle will totally emits 4.16 kg COaeq. 64 % of
GHG emissions is directly emitted in exhausted
pipe. Due to zero carbon cycle, there are no direct
GHG emissions for biodiesel case. Fuelling with
cogeneration based-biodiesel will emits only 1.26 kg
COyeqv- Electricity base biodiesel driving emits 1.57
kg COzeqv.

Heat and electricity supplied from waste palm
bush cogeneration for biodiesel production process
could save 29.75% of primary fossil energy, and
30.06 % of GHG could be mitigated.

IV. CONCLUSIONS AND DISCUSSIONS

LCA from combined PCA-IOA presents
that driving biodiesel vehicle would be
beneficial for primary energy savings and GHG
mitigations. Biodiesel production from palm
based co-product such as palm stearin oil would
provide better energy efficiency and GHG
mitigation than producing biodiesel by using
electricity from grid. Major source of emissions
in biodiesel fuel chains is the major raw
materials.

Since data from biodiesel process was done
in a biodiesel plant located in the palm oil plant,
transportation was neglected in this study.
Additional studies on variable location of
biodiesel plants, and embedded energy and

emissions in investment are recommended to be
discovered.
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ABSTRACT: Energy consumption in the transport sector in Thailand was accounted for 36% in total final energy
consumption in 2006 and GHG emissions in Thailand have been increasing due to high dependent on imported oil.
The Thai government has announced the target of ethanol utilization since 2004. The ethanol target of 3 million liter
per day for the road transport in 2011 could be achieved by promoting E10 for the substitution of premium gasoline.
Recently the Department of Alternative Energy Development and Efficiency (DEDE) has launched a promotion of
E20. The ethanol policy is not only aimed at reducing energy consumption, but also reducing imported MTBE,
required for conventional premium gasoline (CPG). Full energy chain analysis of primary fossil energy content and
GHG emissions carried by E10 and E20 from anhydrous cassava ethanol versus CPG within driving of a passenger
car on same traveling distance are evaluated in terms of full energy chain analysis. Cassava is used in the upstream of
ethanol production process because it is a promising starch base resource in the long run. In this study, the direct
energy input and output and GHG emissions at the fuel utilization stage are evaluated by Process Chain Analysis
(PCA). Thereafter, Input-Output Analysis was performed in order to estimate the indirect energy content. The PCA
was also traced back upstream energy input required for combustion, fuel supply including ethanol production.
Waste from ethanol production is also considered as by product utilized as liquid fertilizer for the agricultural sector.
Results of the study presents the total primary energy saving and GHG mitigation from the ethanol fuel options on

the same vehicle output basis.

Keywords: bio-ethanol, life cycle assessment, greenhouse gases (GHG)

1 INTRODUCTION

Energy supply for the transport sector in Thailand has
been highly depending on imported fossil fuels.
Transportation in Thailand consumed about 36% in total
final energy consumption in 2006 [1]. The Thailand’s
Initial National communication under UNFCCC presents
increasing GHG emissions from the transport sector [2].

Also due to high dependent on imported oil, the
Ministry of Energy set a target of renewable portfolio
standard (RPS) of 8% in total final energy consumption,
in 2005. The Thai government has announced the target
of ethanol utilization since 2004. The ethanol target for 3
million liter per day for the road transport in 2011 could
be achieved by initially promoting 10% anhydrous
ethanol mixed gasoline (E10) for the substitution of
premium gasoline. Recently, the Department of
Alternative Energy Development and Efficiency (DEDE)
has launched a promotion of E20 that requires 20% by
volume of anhydrous ethanol. The ethanol policy is not
only aimed at reducing the country energy consumption,
but also reducing MTBE, which is mostly imported. By
the achievement of ethanol fuel in Thailand, the unleaded
gasoline has been planned to be phased out soon [3].

In order to quantify the total greenhouse gas (GHG)
emissions or embedded energy among different
commodities, Full Energy Chain Analysis (FENCH) or
Life Cycle Analysis (LCA) is a promising approach for
presenting the benefit of energy policy.

Among many LCA’s on bio-ethanol, some results are
positive in energy return, but some are not. The
variations came from the difference in methodologies,
boundary scopes, and embedded energy in the upstream
input commodities which is mostly depending on the
country of origin. Some results from the same country
are also differed due to different assumptions on biomass
transportation, and upstream energy consumption. Some

studies reported on ethanol vs. gasoline fuels in volume
basis.

To make a comparison between conventional
premium gasoline (CPG) and ethanol gasoline, the major
energy conversion technology is a passenger car
consumed different fuels. Comparison on a fuel volume
or fuel mass could not represent the actual output.
Verification the beneficial to fossil fuel and global
warming problems among fuels for compression ignition
(CI) and for spark ignition (SI) engines required an LCA
through the transportation service, or well-to-wheel basis
supplemented by LCA [4] [5]. Output from driving a
passenger car is objectively the traveling distance. (see
Fig.1) Unwilling GHG are also emitted as another output
from the engine. Fuel is the major input to the system.

| Gasoline | MTBE
| 15 % viv
| v
85% viv Premium
~~~~~~~~ - o
Gasoline

Figure 1: Main Energy Chain of a Passenger Car using
Conventional Premium Gasoline

This study applied a combined Process Chain
Analysis (PCA) and Input-Output Analysis (IOA) to
evaluate the CO, emission and energy content from fuel
utilization in a gasoline passenger car in terms of
traveling distance. Boundary scope was extended
infinitely by combining the Input-Output Analysis (IOA)
to the PCA. PCA was performed in the main process. To
extend the infinite end of boundary and fulfill the energy
and emissions embedded in service commodities supplied
from the economy, the results from IOA were applied to
sub-process chains where PCA are unreachable. In



significant sub-process that could not be represented by
the average value from its own sector.

Comparison is made among different inputs i.e. CPG,
E10, and E20. The E20 is currently commercial available
in Thailand after few years of success in customer
acceptance in E10.

The raw material for anhydrous ethanol production is
supposed to be cassava in this study. The molasses and
cassava are promising biomass sources for Thailand.
Although cassava-ethanol production could be adopted
easily without major change from sugar-based factory,
the previous study [6] found the sugar-based raw material
deficits but cassava potential is high in the long run.
However, due to high production cost, a subsidy is
required for promoting the anhydrous ethanol for E10
and E20 in Thailand. It is assumed that fermented
fertilizer, a by-product from the ethanol production
process could replace the usual chemical fertilizer, which
is cost about 5 % of cassava sector.

2 METHODOLOGY

LCA or FENCH of a gasoline based passenger car
starts from 1 kilometer traveling, a unit of output gain
from the vehicle, traced back upstream energy input
required for combustion.

PCA was performed in the main process, considering
direct energy input, direct GHG emission, and indirect
primary and GHG carriers those require for producing the
same traveling distance of a passenger car. Thereafter,
Input-Output Analysis (IOA) was performed to estimate
indirect primary energy content and embedded GHG in
unreachable sub-process chains those could be
represented by average factors of their own economic
sectors. The PCA was also performed in a significant
sub-process i.e. upstream process of ethanol production
where the existing economic sector could not
characterize. Fig.1 shows the PCA of a passenger car
using conventional gasoline. Output from the main
process is not only 1 km traveling distance, but also
direct GHG emissions due to combustion in the vehicle.
With an assumption of 10 km/liter fuel economy, the
required input is 0.1 liter of conventional premium
gasoline (CPG). The pure gasoline is produced from the
refinery sector, and MTBE is produced from methanol
and isobutylene, products of the crude oil & natural gas
sector within the economy.

Significant inputs of the main process are gasoline,
MTBE and Ethanol. Since gasoline and MTBE are
activities in business as usual in the economy and usually
sale from the petroleum refinery sector as CPG in the
economy, their upstream GHG emissions and primary
energy contents could be represented by the producing
sectors.

For ethanol-gasoline, significant upstream process of
fuel supply including ethanol production. Significant
energy consumption includes liquefaction, fermentation,
distillation, dehydration. Waste from ethanol production
is also considered as by product utilized as liquid
fertilizer for agricultural sector. A main PCA of a
passenger car fuelled with E10 is presented in Fig.2. The
solid line presents the main process. The dash line
presents upstream and downstream processes.

The main process of a passenger car was analyzed on
the basis of its output i.e. its traveling distance. A vehicle

using different fuel mixes requires an adjustment on fuel
feeding. The fuel economy has to be considered.

This study considers fossil fuels that are used as
feedstock in some production processes those none of
GHG emitted. Embedded emission in imported
secondary energy is also taken into account.

| Economy |
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Figure 2: Energy Chain of a Passenger Car using E10

2.1 Fuel Economy

Increasing in fuel consumption is a result of lower
energy content [5]. Fuel economy of E10 vehicle is about
3% less that conventional gasoline vehicle [7]. Linear
trend is expected for higher ethanol portion [5].

Fuel switching from conventional gasoline to E10
could be done on the existing automatic fuel adjusted
engine [7]. It is not recommended for old engine. 5% to
25% ethanol could be blended with gasoline without
engine modification [7]. Higher ethanol content gasoline
is required to be used with Flexible Fuel Vehicle (FFV).
The FFV could be operated with 0-85% ethanol mixed
gasoline. [7] 100% ethanol is not suitable due to cold
starting problem [7].

By the same output, the less heating content, the
more fuel volume is required. Reduction in heating value
(HV) of fuel is assumed to cause reduction in fuel
economy in a passenger car. Table I shows that the
heating value of ethanol is 34.26% less than gasoline,
while it is only 19.16% less for MTBE. Density and
oxygen by weight are also presented.

Table I: Fuel Properties

Density* LHV* Oxygen by

(kg/liter) (MJ/liter) weight
Gasoline 0.749 32.23 0%
Ethanol 0.792 21.19 34.70%
MTBE 0.742 26.05 18.20%

"Converted from English Units appeared in ref. [8]

Estimation of fuel economy of a passenger car in the
case of fuelled with CPG, E10 and E20 are presented in
Table II. HV of CPG was calculated by the content of
MTBE in gasoline. Since the content of MTBE in
conventional gasoline in Thailand cannot be reached in
Thailand. Reference MTBE portion was assumed.
Portion of MTBE is appeared 10% in [9] and [10], but
the ref. [11] reasonably addressed a requirement of 2.7%
oxygenate in gasoline by weight for best combustion. By
calculation, MTBE 15% by volume is required to meet
the requirement of 2.7% oxygen by weight.
Consequently, the heating value of the mix is reduced by
2.87%. In ethanol-gasoline mix, it requires only 7.5% of



ethanol by volume to meet the same oxygen portion. The
higher percentages of ethanol in E10 and E20 are
beneficial to combustion quality improvement; however,
the fuel economy of a passenger car is decreased by

losing of HV.
Table II: Estimation of E10 and E20 Fuel Economy
HV Projected Fuel
reduction Economy
Reduction
Reference to Gasoline  Gasolin CPG
e
Premium Gasoline  -2.87% -2.87% Na.
E10 -3.43% -3.43%  -0.57%
E20 -6.85% -6.85%  -4.09%

Table III presents that the higher volume of blended
fuel required for traveling by the same distance. While
the fuel economy of E10 is 0.57% less than the CPG car,
it requires 6.46% of pure gasoline more in E10 case, but
1.86% less in E20 case.

Table I11: Input Requirements (liter/km)
Fuel  Gasoline MTBE Ethanol Additiona

Economy 1 Fuel

(km/liter) from CPG
CPG 10 0.085 0.015 - Na.
EI10  9.943 0.0905 - 0.0101

(-0.57%) (+6.49%) (+0.57%)

E20 9.591  0.0834 -
(-4.09%) (-1.86%)

0.0209 (+4.27%)

Assuming fuel economy of a passenger car
consuming conventional premium gasoline is 10 km/liter,
fuel requirement for a passenger car traveling each
kilometer is 0.1 liter of premium gasoline. 0.085 liter of
gasoline and 0.015 liter of MTBE is required. Due to
lower HV of ethanol, fuel economy of E10 and E20
vehicles are less and consequently required higher fuel
volume. Table III shows input requirements in detail.
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Figure 3: Full Energy Chain of E10/E20 Utilization in a Passenger Car

2.2 First Sub-Process Analysis

The dehydrated cassava ethanol (99.5%) for blending
with gasoline is a new product in Thailand, and its input
structure differs from the applied I-O structure. Using
GHG emission factor (EF) or energy intensity (EI) from
IOA could bring significant different values. Therefore,
PCA was performed in this upstream process.

PCA on upstream process chains of dehydrated
cassava cthanol derived from input requirements of a
proposed dehydrated cassava plant in [12] studied in
Thailand in 2005. Fig.4 presented the total cost of
production from cassava root. It was totally 8.61
Baht/liter (approx.0.21 $/liter). The cassava raw material

cost is about 60%.

This study assumed by-product utilization in the
cassava upstream plantation. The first sub-process of the
full energy chain of ethanol utilization in a passenger car
shown in Fig.3. Liquid fertilizer was produced as by-
product from ethanol fermentation process. Ref. [13]
stated that the yield is 10% of ethanol output, and 282.49
liter of liquid fertilizer equals to 31.31 kg of chemical
fertilizer for planting. Derived from the I-O structure, the
cassava sector spends about 5% for fertilizer.

Due to I-O structure [14] of cassava agricultural
sector, it required 5% spending on fertilizer and
pesticides (see Fig.4). Assuming by-product from ethanol
production plant was used to substitute the usual



chemical fertilizer, this cost was disappeared in this case.

Assuming the cassava root was planted by using only the
fermented fertilizer, a by-product from ethanol
production, which is more than requirement, the cost of
cassava root could be reduced from 60.4% to 59.2% as
shown in Fig.5.

Cassava Sector: Cost Input (from I-O table)

Cassava
13%
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Figure 4: Costs share in the Cassava Sector.
Source: derived from [14]
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Figure 5: Dehydrated Cassava Ethanol Cost
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Figure 6: Direct Energy Requirement for Dehydrated
Cassava Ethanol Production

Direct energy consumption in the plant is electricity
which is required 0.254 kWh/liter of dehydrated ethanol
if raw material is cassava chip or cassava root. (see Fig.6)
65% of electricity could be cut off if liquefaction &
saccharification, milling, and tuber handling raspering
were avoided in case of sugar base raw material.
Significant energy demand is in Liquefaction &
Sacharification process. Dehydration is small due to
molecular sieve absorption. 65% of electricity could be
avoided in the liquefaction & sacharification, milling,
and tuber handling and raspering processes for sugar-
base ethanol.

Thereafter, the flows of materials, services and
energies are traced back through infinite transactions
within the economy, and GHG emissions embedded in
the flows are quantified by Energy Intensity and
Emission Factor calculated from IOA task presented in

the next session.
2.3 I0A

To quantify the unreachable sub-processes, energy
intensities and GHG emission factors of various final
consumptions in the economy evaluated by I0OA were
applied. Combining the energy content or embedded
GHG emissions in materials and services by IOA could
enhance the FENCE accounting up to infinite process.

IOA is an economic approach, introduced by
Wassily Loentief [15], related to monetary input and
output transactions among economic sectors within an
economy. The framework in Fig.7 shows that to produce
the output, an economic sector required various inputs,
including products and services, from other economic
sector and from its own economic sector.

The total output of an economic sector (X ;) is

written in following equation.

X;/. =X +x12+...+x!./.+Yj
n
X, :Z X +Y;
i=1

Where g, is input requirement of j sector from i

sector. Y is the final consumption in j product.
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from Y;
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Figure 7: Input-Output Framework

When ai,.:x,././Xj. For the whole economy,

expression in matrix is;
X=[I-A]""Y
Taken into account the import effect [16], the total

output from the economy could be derived from final
consumption i.e.
X=[I-A-M]"'Y
To evaluate total energy demand, the above I-O
model is applied to final energy demand i.e.
El=F.[I-A-M]'Y
Primary energy and GHG emissions from a type of
material or service were represented by Energy Intensity
(EI) and Emission Factor (EF) of its represented

economic sector. And to estimate the emission as a
consequent from energy consumption in economy;



EF = emission factor. EI

However, the GHG emission should be account on
every single step of apparent fuel combustion the element
of F matrix should be adjusted by the methodology
introduced by Lenzen [16]. The Input-Output (I-O)
models used in this study are similar to out previous
study in [16], but new calculations were made due to
more updated data.

Additional improved method was made to update
energy supply structure in the power sector, which is
significant in embedded energy consumption throughout
the economy. The methodology was described in ref.[17]
2000 I-O table [18] was used to represent the economic
structure and 1998 sectoral energy consumption was used
to represent individual energy consumption [19]. 1998
Electric Power in Thailand [20] and 2005 Electric Power
in Thailand [21] was referred for updating fuel mix in the
power sector.

Integration of EI or EF from IOA will help the
process chain expand the boundary infinitely throughout
the whole economy transaction. Not only material inputs,
but services are also taken into account.

The economic sectors that relevant to this study are
presented in Table IV.

GHG’s considered are CO, CH; and N,O. To
levelized CO, equivalent, global warming potentials
(GWP’s) from The Third Assessment Report (2001) of
IPCC [22] were used i.e. 1, 23, and 296, respectively.
The GHG emissions were evaluated by applying
calculation in energy sector in the revised 1996
Intergovernmental Panel on Climate Change (IPCC)
guidelines for national GHG inventories [23] [24] [25] to
apparent energy consumption in 180 economic sectors.
Data used for energy-IOA are 2000 Input-Output Table,
and the 1998 Energy I-O Table. In order to avoid double
counting in energy aggregation in IOA, only primary
energies were accounted. Imported final energies were

ton CO 2 eqv/million Baht

included. EF of every economic sector was evaluated
from final energies that were combusted in every stage in
the economy.

GHG emission factors and primary fossil energy
Intensities, derived from IOA, of ethanol fuel related
commodities are presented in Fig.8. EI and EF of 180
economic sectors of which individually represents
average energy and GHG emissions embedded in product
or service provided by the sector that were updated to
year 2005 electricity fuel mix have been found. Using
these factors to combine to PCA is recommended to
upstream processes those embedded GHG emissions or
primary energy content could be represented by their
average value in individual sector with no significant

€Iror.

Table IV: Inputs vs. Economic Sector

Inputs Equivalent Economic Sector
Salary 201 Household

Cassava root 004 Cassava

Cassava chips 050 tapioca milling

Alpha Amalase

Amyloglucosidase

Molasse 055 Sugar

Calcium chloride

084 Basic Industrial Chemicals

Premium Gasoline,
E10, E20, and other
petroleum products

093 Petroleum Refinery

Electricity

135 Electricity

Process water

137 Water Supply System

Construction of
Ethanol Plant

139 Non-Residential Building
Construction

Ethanol

062 Distilling Blending Spirits

toe/million Baht
180
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Figure 8: GHG Emission Factors & Primary Fossil Energy of Ethanol Fuel Related Commodities



3. RESULTS & DISCUSSIONS

3.1 Primary Fossil Energy & GHG Emissions in Fuel
Components: Volume Basis

Total primary fossil energy and GHG
Emissions embedded in the fuel components i.e.,
gasoline, ethanol, and MTBE are presented in Fig.9 and
Fig.10. For ethanol, the embedded total primary fossil
energy and GHG emissions are evaluated from IOA
method and PCA-IOA. The IOA estimations show that
the total primary energy embedded in ethanol is 263
toe/million liter. The combined PCA and I0A (PCA-
IOA) presents the total primary fossil energy content in
dehydrated cassava ethanol in infinite processes is 397
toe/million liter. The PCA-IOA shows higher values in
CO,, CH,, and N,O emissions than the IOA results.
Fig.10 shows that embedded GHG in ethanol and MTBE
are higher than gasoline.

Gasoline possesses GHG emissions for 569 ton
COjeqy/million liter (or = g COsq /liter). Average GHG
content of ethanol produced from its own economic
sector, averagely from IOA, is 580 g CO, 4/liter. It is
smaller than values from PCA-IOA since I-O structure
used is of the year 2000, where produced conventional
alcohol (not for fuel purpose). Result from PCA-IOA is
better representing the new economy that produce
dehydrate ethanol for fuel purpose.

Since MTBE is produced from the petroleum
products, its GHG content is as high as 861 g CO,
oqv/liter.

Energy ratio is a term of available energy that could
be provided for fuel in an engine per its total primary
fossil energy content. The ratio of fossil fuel which is
normally degraded due to its upstream energy
requirement is less than 1. Sustainable energy source has
the ratio at least 1. Fig.9 presents that the ethanol is
renewable in both IOA and PCA-IOA results.

The share of the primary fossil energy carriers and
share of GHG carriers are shown by Fig.11 and Fig.12,
respectively.

3.2 Primary Fossil Energy & GHG Emissions from
Driving a Passenger Car: Well-to-Wheel Basis

Fig.13 presents embedded primary fossil energy
incurred by driving a passenger car fuelled with CPG,
E10, and E20. Due to the assumption of linear relation
between heating value and fuel economy, the available
heating values by traveling distance basis are the same
figures. The embedded primary fossil energy from
driving E10 vehicle is about 4.5% higher than the CPG,
while driving the E20 vehicle is 0.36% less.

Primary Fossil Energy Contents of a Passenger Car
Traveling on equal Distance RE showed in Fig.12 On the
same traveling distance basis, available heating contents
of CPG, E10, and E20 are the same, but their embedded
primary energy content is different. Renewable degree of
E10 is lower than CPG, but E20 case presents that the
more ethanol content, the more renewable degree.
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Figure 9: Primary Fossil Energy Contents in Fuel
Components by Volume
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Figure 11: Embedded Primary Fossil Energy in
Dehydrated Cassava Ethanol
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Cassava Ethanol
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Figure 14: Total GHG Emissions of a Passenger Car
Consuming Different Fuels Traveling on equal Distance

Fig.14 shows that driving a passenger fuelled with
ethanol contributes to GHG emissions reduction.
Although the embedded GHG emissions in E10 or E20
are higher than the CPG, the less direct emissions make
less in the total emissions.

6. CONCLUSION

The fuel switching from CPG to ethanol fuel of
passenger car is worth to the GHG emissions reduction.
In terms of saving the country primary fossil energy, E10
would yield higher primary fossil energy demand.
Increasing the ethanol content in ethanol fuel could be
positive to both energy saving and also the GHG
emission reduction. The ethanol policy is not only
meaningful to the country energy saving and GHG
emissions reduction, but also beneficial to the deficit in
import payments due to reduction in imported MTBE.
This monetary value would turn to the more income of
local agricultural sector.
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Abstract

Any decision making on minimum energy content
and minimum GHG emissions among different
commodities is required to be made under a full energy
chain terms. The total energy content and total
greenhouse gas (GHG) emission factor evaluated from the
energy Input-Output Analysis (IOA) approach would be
useful to fill the gap of limitation on boundary as
normally found in the Process Chain Analysis (PCA)
approach. This study presents factors of the total values of
embedded energy and embedded greenhouse gas (GHG)
that required and emitted from utilization of any
commodities produced by 180 Thai economic sectors.
The argument on disadvantage of outdated IOA data was
improved by updating sectoral energy consumption
elements in the power sector which is found significant to
all other sectors in the economy. The most up-to-date
data, i.e. the 2000 Input-Output (I-O) table was used to
represent the economic structure, and the 1998 sectoral
energy consumption was used to represent individual
energy consumption. Thai electric power report was
referred for updating the 1998 fuel mix in the power
sector to represent the 2000 and the 2005 ones. Influence
of fuel mix change in the power sector is found significant
to the total energy content and total GHG emission
factors. The total energy content and the GHG emission
factors under the 2005 electricity-fuel mix are presented.

Keywords: Input-Output Analysis, Life Cycle Analysis,
Full Energy Chain Analysis, GHG Emission Factor,
Energy Intensity

1. Introduction

Selecting among different products for a target of
minimum energy content and minimum GHG emissions
requires a full energy chain analysis (FENCH) or a life
cycle analysis (LCA) that includes overall sub processes.
[1] While LCA from an approach called a process chain
analysis (PCA) generally confronts limitation on
boundary scope, an Input-Output Analysis (IOA) gives an
average values those basically evaluated from historical

data.[2] The combined PCA and IOA approach could
reduce boundary truncations, but disadvantages by the
IOA approach in the outer boundary layer stills persist. To
do the combined PCA and IOA, the factors of total energy
content and total GHG emissions firstly evaluated by an
energy IOA approach.

The drawback of average results could be reduced by
analyzing the IOA under high disaggregated economic
sector. This study presents factors of total values of
embedded energy and embedded greenhouse gas (GHG)
that required and emitted from utilization of any
commodities produced by 180 Thai economic sectors by
filling up the gap of PCA boundary by Energy I0A
technique. The disadvantage of outdated IOA data was
suggested to be improved by updating sectoral energy
consumption elements in high energy consuming sectors
in an economy.

Similar evaluation used to be presented in [3] but the
results are now outdated since the economic structure and
energy consumption structure are changed and the recent
(year 2000) I-O table and energy I-O table (year 1998)
have been issued. Another work was done by using the
most recent I-O and energy I-O data [4], but the factors do
not updated since the current fuel mix in Thai power
sector in the year 2000 was different from 1998, and the
fuel mix in year 2005 was substantially changed from the
energy I-O year (1998). Updating energy consumption
mix in the power sector is presented in this study due to
its significance to other sectors in the economy.[3]
Results from this study could be used as factors of energy
intensity and GHG emissions in year 2000 and 2005.

2. Methodology

Sectoral energy consumption vector, f,., is an
amount of energy type k directly consumed in sector j
per total monetary output of sector j (TJ/million Baht);
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where F}; is the energy type k required as an input for
sector j in a common energy unit, and X ; is the total

output of sector j (in monetary unit).

When ; is the power sector, fuel type &k

consumed by the power sector in year »

_ Electricity output

Fy=
Tk.ave )
G, ,.(CF
= GuurCP)
Mk, avg.n

where G, is a portion of electricity generation by fuel

type k (GWh), the conversion factor, CF, is aimed to
convert the GWh into the common energy unit as defined

in any I, i and 77, ..., is the average country electricity

generation efficiency by & fuel in year # (GWh);

Gk,n = SHk,n 'Gtota/,n (3)

where SH, , is the percentage of share of electricity

generation by fuel type k per total electricity generation

in year n, and G,,, ,= Total electricity generation in

year # (GWh). Substitution of eq.(3) in eq.(2) yields,

SH, /G .,(CF
F;f/,n = M (4)

771( ,avg,n

The total output of the power sector (million
Baht) in year »;

X, =S,P, (5)

Jn

where P,is the electricity price in year » (Baht/kWh),
and S,is the total electricity sale in year n. By
substitutions of eq.(4) and eq. (5) in eq.(1),

_SH,,G

kjn

total ,n (CF) (6)
nk,uvg,n ‘Sn ‘Pn

Since, total electricity sale in year n;

S, =G

n total ,n 'Ugen,n .

(-1D,,)(1-U,)

where M genn is the total country electricity generation

efficiency, T & D

transmission and distribution loss, and U,

oss.n 1 the percentage of electricity

is the

percentage of self-used electricity in the power sector in
year n . Then

Gtotal,n = S" (7)
ﬂgen,n (1 - TDl,n )(1 - Un)

By substitution of eq.(7) into eq.(6),

SH,,(CF)
ﬁcj,n = = (8)
nk,avg,n'Pn 'ngen,n'(l - TDI,n)'(1 - Un)
Then the fuel mix updating factor (M ;) is
SH,,
fk/’,n — SHk‘b (9)
flg‘,b ﬂk,avg,n i ngen,n 1- TDl,n 1- U,,

nkﬂvg,b . I)b . ngen,b - l - TDl,b . 1 - Ub

Each sectoral energy consumption elements of
each type of fuel £ consumed in the power sector in the
base year (subscriptedb) could now be updated to
represent as the f; in year n by multiplying f,; in the

base year with the factor M 7.k - After updating each 7

clements in the F matrix, computing the sectoral energy
intensity matrix, EI and the sectoral GHG emission
factors, EF , (see ref.[4]) the results could now represent
the factors of year n. The CO,, CHy, and N,O were
evaluated by following the method in [8], [9], and [10]
and the GHG are evaluated by the GWP from [7].

3. Data and Assumptions

2000 Input-output table was used to represent the
economic structure [4] and 1998 sectoral energy
consumption was used to represent individual energy
consumption [5]. 1998 Electric Power in Thailand [6] and
2005 Electric Power in Thailand [7] was referred for
updating fuel mix in the power sector in section 4. The
IPCC Third Assessment Report (2001) was applied for
Global Warming Potential (GWP) where the GWP of
CO,, CHy, and N,O are 1, 23, and 296, respectively. [7]
Updating the imported energy is not considered in this
study.

Table 1 and Table 2 presents the factors required
for eq.(9) based on the year 1998, the base year data and
year 2000 are derived from the report of Electric Power in
Thailand 2000 [6] and those of the year 2005 are derived
from the report Electric Power in Thailand 2005 [7] .

Table 1. Electricity price, overall generation efficiency,
T&D and self use factors

p4s M gen 1-TD*S 1.U*S
1998 2.178 37.16% 0.91 0.96
2000 2-270 37.76% 0.92 0.97
2005 2.716 39.47% 0.92 0.97




Table 2. Electricity generation shares and generation
efficiency by fuel types

m ¢ . ag SH
tg;:{year 1998 | 2000 | 2005 | 1998 | 2000 | 2005
hydro 5.96% | 7.02%| 4.89%| Na. Na. Na.
fuel oil 20.28%)| 11.45% 6.96% | 37.35% [36.90% |37.39%
diesel oil | 1.19%] 0.14%| 0.35%| 32.59% [30.15% [49.31%
ﬁ‘;ﬂ‘f‘e 18.97%| 18.47% 15.47%| 36.84% [38.62% |40.06%
natural gas | 53.61%) 62.92% 72.33%| 37.32% |37.32% [39.52%
others 0.00% | 0.00%| 0.00%| Na. | Na. | Na.

Using the factors of electricity price, generation
efficiency, transmission and distribution and own usage in
the power sector (shown in Table 3.), share of electricity
generation by fuel type, and generation efficiency, shown
in Table 4. in eq.(9) the updating factors, the fuel mix

updating factor (M 7) for the year 2000 and 2005 were

found in the last column in Table 4.

Table 3. Updating factors of electricity price,
generation efficiency, transmission and distribution
and own usage in the power sector

Tt base Py 1-TDin 1-Us
{ear (1998) to N 17TD;, 0,
2000 1.04 1.02 1.01 1.00
2005 1.25 1.06 1.01 1.01

Table 4. Share of electricity generation by fuel type,
generation efficiency,and updating factors Fuel mix

updating factor (M )

SHkqﬂ nk,avg,n
Fuel type Mk
SHs Mk.aveb
from base
year 2000 2005 2000 2005 2000 2005
(1998) to
hydro 1.18 0.82 1.00 1.00 1.10 0.61
fuel oil 0.56 0.34 099 1.00 0.53 0.26
diesel oil 0.12 0.29 093 1.51 0.12 0.14
Coal 097 082 105 1.09 0.87 0.56
&lignite
natural gas  1.17 1.35 1.01 1.06 1.08 0.95
others 1.01 0.73 1.00 1.00 0.94 0.55

The updating factors of fuel share in the power
sector in the Table 3 implies that the share of natural gas
had been increasing, while the share of others fuels had
been decreasing in the studied periods. From 1998 to
2000, fuel conversion efficiency of coal & lignite and
natural gas had increased. Fuel conversion efficiencies

from 1998 to 2005 of most fuel sources had been
improved. The electricity price in 2005 had been
increased by 25% from 1998. The factors of loss in
transmission and distribution, self electricity usage are
shown, more or less, better. The multiplying factors of
most fuels are less than 1.00, except the one of natural gas
in 2000.

Although the share of natural gas is higher, due to
the higher increasing rate of electricity price made the
multiplying factor of natural gas is not far from 1.00.

5. Results

After updating the fuel mix factors in the power
sector, deviation in sectoral energy content and
greenhouse gases emission factor of 2000 and 2005 from
ones of the year 1998 are presented in Table 5. Updating
the 1998 fuel mix in the power sector to the one of the
year 2000 and the year 2005 reveals the averages of 1.82
%, and 5.84%, respectively, lower in energy intensity in
the economic sectors. Averages of 5.12 % and 14.66 %
lower in GHG emission factors are found in the year 2000
and 2005, respectively,

Energy intensity and GHG emission factors of
some significant sectors in the year 2005 are shown in
Figurel and Figure 2 in terms of their direct and full
energy chain values. The sectors those require the highest
direct energy input are the pipeline sector, the electricity,
and the petroleum refineries, respectively, which are
significant energy sectors. They also contain the highest
energy content in terms of their full energy chain analysis.
Among these sectors, total GHG emissions in the
electricity sector is highest, but in the others are not high.
The reason is GHG emitted largely from the combustion
process which is normally incurred directly in the
electricity generation process. Although high energy
content is embedded in the natural gas and petroleum
product, there is no direct combustion activity in the
pipeline and the petroleum refinery processes.

In selected significant energy consuming sectors,
such as the tin ore, the ice, iron and steel, and wage &
salary (household) sectors, the direct primary energy
consumption is small, but large amount of indirect
primary energy embedded in their inputs, particularly via
the high energy content inputs.

The cement, railways, ocean transport, basic
industrial chemicals, iron & steel, ice, tin ore, and
household sectors are also the highest GHG emitting
sectors. Some of them, such as the cement, transport,
basic industrial chemical sectors, highly emit GHG
directly in their combustion processes. Some others, such
as iron & steel, ice, and household sectors indirectly
largely emit GHG by consuming the high GHG content
product in their processes.
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Figure 1. Energy intensity of some significant sectors in the year 2005
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Figure 2. GHG emission factors of some significant sectors in the year 2005

In this study, there is only a direct change in fuel
consumption mix in the electricity generation, and yield
reduction in direct energy content by 32.5 toe/million
Baht, direct CO, reduction by 115.85 ton/million Baht,
CHy reduction by 0.0015 ton/million Baht, and N,O
reduction by 0.0005 ton/million Baht. The direct GHG
emission could be reduced by 116.03 ton/million Baht.
(shown in first row in Table 5)

In terms of full energy chain analysis, the change
of fuel mix for electricity generation does not only impact
the energy content and GHG emissions in the electricity
product itself, but also indirectly impact to other sector
those are producers of various product and services in the
economy. In the electricity product itself, the total energy
content of was reduced by 36.19 toe/million Baht, the
total CO, reduced by 128.99 ton/million Baht, the total
CH,4 reduced by 0.0033 ton/million Baht, the total N,O



reduced by 0.0011 ton/million Baht, and the total GHG
emission could be reduced by 129.83 ton/million Baht.

(shown in the third row in Table 5)

Table 5. Changing EI and GHG emission factors

Unit:  ton /million
Baht Unit: toe/million Baht
CO, CH,4 N,O GHG
Direct
Electricity  (32.50) (115.85) (0.0015) (0.0005) (116.03)
Other 0 0 0 0 0
sectors
Total
Electricity  (36.19) (128.99) (0.0033) (0.0011) (129.38)
Pipeline (2.07)  (7.37) (0.0001) (0.0000)  (7.38)
Petroleum (1.98)  (7.06) (0.0001) (0.0000)  (7.07)
Refinery
Ice (11.93) (42.51) (0.0005) (0.0002) (42.58)
Animal (3.28) (11.68) (0.0002) (0.0000) (11.69)
Feed
Household  (6.90)  (24.61) (0.0003) (0.0001)  (24.65)

Table 6. presents the percentage of change in the
energy intensity (EI) and GHG’s averagely, maximum,
minimum, and in some significant sectors. Impact of fuel
mix change in electricity generation as defined in this
study causes 1.82 % reduction in EI, and 5.12 %
reduction in GHG emission factor. Large different The
maximum and the minimum values. The level of the
indirect impact of change in the electricity generation to
any other sector depends on the level of electricity
demand within the production process of that sector. The
level of the impact from a fuel structural change in a
sector in the economy depends on the portion of
electricity required as its input.

Table 6. Increasing in sectoral energy content and greenhouse gases emission factor by updating the 1998 fuel mix

year 2000 Year 2005
EI 2000ud  CO, CH,4 N,O  GHG2000ud EI 2005ud CO, CH,4 N,O GHG2005ud
average -1.82% -5.14%  3.90%  -1.46% -5.12% -5.84% -14.71% -7.61% -4.79% -14.66%
max -0.21% -1.89% 491%  -0.14% -1.89% -0.66% -5.41% -3.90% -0.45% -5.41%
min -5.18%  -11.14%  2.00%  -9.24% -11.10% -16.56% -31.86% -9.58% -30.40% -31.81%
Tin Ore -1.24% -3.66%  3.55% -0.14% -3.56% -3.98% -10.46% -6.94% -0.45% -10.19%
Ice -3.68% -9.46%  4.71% -438% -9.43% -11.75% -27.05% -9.20%  -14.42% -27.01%
Animal Feed -0.73% -4.80%  3.75% -1.75% -4.78% -2.34% -13.72% -7.32% -5.76% -13.69%
Basic Industrial -1.39% 2.73%  281% -1.26% -2.72% -4.44% -7.81% -5.48% -4.13% -7.80%
Chemicals
Petroleum -0.35% -3.84%  3.80% -1.94% -3.84% -1.13% -11.00% -7.42% -6.37% -10.99%
Refineries
Cement -1.94% -3.71%  3.69%  -1.34% -3.70% -6.20% -10.60% -7.20% -4.41% -10.58%
Iron and Steel -2.52% -6.50%  3.63% -1.22% -6.47% -8.05% -18.60% -7.09% -4.03% -18.51%
Electricity -5.18%  -11.14%  491%  -9.24% -11.10% -16.56% -31.86% -9.58%  -30.40% -31.81%
Pipe Line -0.21% -3.36%  2.00%  -1.84% -3.35% -0.66% -9.61% -3.90% -6.07% -9.60%
Railways -1.47% -421%  4.13%  -1.60% -4.20% -4.69% -12.05% -8.07% -5.25% -12.03%
Ocean -0.75% -1.97%  4.08% -1.52% -1.96% -2.40% -5.62% -7.96% -5.00% -5.62%
Transport
Wages&Salaries -1.98% -5.82%  4.22% -1.82% -5.80% -6.32% -16.64% -8.24% -5.97% -16.60%

5. Conclusion

The sector that has the highest energy content
and GHG emission factors is the electricity sector.
Therefore, in some sectors that require a large amount
of electricity as their input, they indirectly contains
high energy content and high GHG emission factor.
Consuming the petroleum products implies an intake of
high energy content. Although these sectors are not the
highest GHG emitters, but the other sectors consuming
their products for combustion in their process will be
embedded by high energy amount and GHG emissions.
Products and services produced from Thai economy,
some of them directly emit GHG in their combustion
processes, the others indirectly emit GHG by

consuming the high GHG content product or services.
A sector that consumes a high GHG content product or
a high energy content would consequently makes itself
a rather high total energy content or high total GHG
emission factor. Fuel structure in Thai power sector
annually is changed, and significant to assessment of
the total energy content and GHG emission factors.
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