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LCA of Biomass-to-Fuels Strategies

* Focus on the full life cycle
- from well to wheels for fuels and from material mining to vehicle
disposal for automobiles
* Includes GHG and pollutants emissions
- COQ, CH4, and Nzo
VOC, CO, NOX, SOX, PMso, and PM,.s
* GREET®(Greenhouse gases, Regulated Emissions, and Energy use in Transportation)
by Argonne National Laboratory

- The Greenhouse gases, Regulated Emissions,
and Energy use in Transportation Model

G RECE:!:EL T ) N b - . ‘E‘ Fueling
< B ] 1*n

WELL To PUMP

VEMIGLE GYGLE
(GREET 2 Series)

RECYCLING OF MATERIALS

$ 9 &0

<J81> HIO| 29 Z MF7| HIt7|&: GREET 2

* Greenhouse gases, Regulated Emissions, and Energy use in Transportation
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* The four steps of LCA framework
provided by the ISO standards, which
are: goal and scope definition,
inventory analysis, impact assessment,
and interpretation.

Applications

* Product development
and improvement

- Strategic planning

* Public policy making

* Marketing

« Other

—
—

Guinée et al., 2017, Nat. Nanotechnol, 12, 727-733.

X Ty} upe

o O

t

=



No.04 | 2025 HFIIE7HLCA) 7HE K HIO|2AZ HEAR|

of etAM EEt ot} FHd e Mubd HItol| Z28tE= A2 = SO 14076 (LS
AS. 0|12 847|124 HIHeTEAS 7[EtoZ 2SS st Yz
HBote EEY. eTEAE MEf 7|=ZHY 2A0M AHBE 7|2 71, o{7HH
Sot7| I8t A QT AFE YAotL, ZE O 3 A[AH0| MEE.

=\

4-

' ]
2 2 & -
S v

g
B0
71E9| F2 LI

+SUR(MELS) Wit 7=

\

)

& SE7| Hlo| QU A 7|4t

c2|ILMEZ QAN 2M|CH HIO|QU|AL ZE

HIO|QOiA = =Y THolE, Y THoIE, TE oUX] 22 & &A| 1 H7|=

A2 T2 %zzgﬁaﬂiggigﬁumgwﬁtwgieadmwai

HOIMBRRAS YRE Helsts M

2 74, 0|F MEZQAQ}
Me| 2GS} THA 0] A %9%*"] sie cHAl= Aest AR

- H}O|20f A Iﬁiﬂl 7I%._ 2| MEZ QAO| EIEISH XS =3

oetE=

ro o
o
ﬂﬁO ﬂHﬁ
mo
HFO
o |»
i-@
4o on
;E
Mo [E
oo
M HU
ﬁ“ﬁ
‘-;-2
in
>
[~
of —
e
>‘_ Z‘. o)
RGN
o e 4>
F@ mo 3o
OE Hel H
1A D?,E ‘llﬂ'l
L R
5N
W o i &
Mo N o
Er){ mlo_u.
|0_I__'T_||.D ol
o o o

2
mjo
Hl
ook
ol
<
S
=

-2 HfOIQDH 7|2k BIO|0{|EHS
L

o om

4o

> o

o rir

-

o =2

11 3o

[> o

fob

o o

0=

Mo

Ok

Lo

=

O

[y

3

D

%2}

(@]

El

4>

om

Mo

E
Mo r
10
oA

T
o

ind
Q,E
El
o
o
]
l_-'__l
o
k>

>
nE 1A
oX
=
i)l
m
Il
0z
fjo
el
\J
o
1
o
W

o
opee| 22H=(y-Valeroactone, GVL)S 0|&35}0

7|8k 1M|CH 0| QoA S} S| a|1

X
H
ol

h
0x
Ho
=

o HU ol
L po B>
2 N
>

ol

Lu

ol
i
N
i

HIO|QOHA SEH|2| tist &

S0l w2t 7=
)0| HZE

>
A
0l
o
Elis
k=)
i

LHEZ QA7 HIO| Qo A0 Tt ZH
g3t & 22| SHS VS 7IE HE(EL) J-Z‘JEF H| 2510 7|
835 o SnIAEZA Faf9l

M stol5t



No.04 | 2025 HFIIE7HLCA) 7HE K HIO|2AZ HEAL| 7

Lignin
Lignocellulosic

Biomass Enzymatic sugar production Ethanol

Cellulose . Evt\llwatncl

Lignin ; ucose N ater
R e B e een % piowaen - )

Cellulose 1 80/20 GVL/Water g
Heml_ipel!ulose Xylose er/e 0.05 wt% H,S04 recc;\y/:;‘e
ignin Ce

Non-Enzymatic sugar production

» Not use pretreatment and enzym

» Use biomass-derived GVL* as a reaction solvent
» Comparable sugar yield (80~90%)e

Lignocellulosic
Biomass

carbohydrates
for catalytic
3 and/or
Liquid CO, biological

Aqueous
or NaCl upgrading

*GVL (y-valerolactone)
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Biomass fractionation

S
S

- GVL (solvent) to biomass ratio? 80/20 GVL/water
100 0.05 wt% H,S04 GVL
430-490 K ramp 390 K 60 min, recycle
90 430-490 K ramp
80
X 70
% l Lignocellulosic
'S 60 Biomass
3
© 50
o
°
Z 40
8
5 30
O Aqueous
20 carbohydrates
for catalytic
10 — and/or
o Liquid CO, biological
100/1 55/1 30/1 14/1 or NaCl upgrading

Solvent to solids ratio [wt/wt]
*combined yield for glucan and mannan
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@ Material and energy flow based on the functional unit (gallon of

gasoline equivalent (GGE) of bioethanol (bioEtOH))?

Enzymatic sugar-based Nonenzymatic sugar-based
bioEtOH production bioEtOH production
Corn stover (kg) 17.792 20.768
Sulfuric acid (kg) 0.597 1.324
Cellulase (kg) 1.238 -
Corn steep liquor (CSL) (kg) 0.237 0.226
Diammonium phosphate
0.030 -
(DAP) (kg)
Yeast (kg) - 0.088
Water (gal) 8.948 2.745
WWT chemicals (kg) 0.01 0.006
Electricity* (MJ) 12.248 3.707

* Energy requirements for the two strategies were satisfied with the on-site heat and electricity generation by combustion of
biomass residues (humins and lignin).



No.04 | 2025 HFIIE7HLCA) 7HE K HIO|2AZ HEAL|

X 2F

M2t M M2l U gt

[=n

[nm
—_

o

fol
rc

chemical hydrolysis)& At}

0| == SA(TIH| bioEtOH 4t
0| QUX|Dt 742t GVLO| &4 F7t cr74|7

|=0il= GVLO| ChE=2l 8AUofM 1

o[ ArZE. O] A=A QEH =

2|
=

N
_\'l_ N
2l
sl
:cl)l__l
i
X

4

tolr

0l
rok o
Loﬂ
Ll
1
N
4>
HI

N
k!
=

o

0)
ol
&6
0.

>
o
o
A
:(I)l__l
|> o DZ{_

—_

T

o
o
[

>

g2 =

oo
ol

=
[9)
<

oo
[

—

59| Sugar/GVL recovery).
223501 HfOIQOHEFQOI OHHEII'_
2140|142 &(DAP)O| Af ! 59|
2 A 99.5 wt%e| 11

4n ol rlop
o
i
H

2 oy
Jo

4o
rok 4> Mo

=
ot

rm
o

bioEtOH recovery).
HIO|QO||EFS 3|5
Ue{/HE LT[0 Y 2
Generation). FX{2]| 5%' ok AlA
M3t 97| M0 2

71 2lsh &

A|AEIO| L

M TALE S

SA Lime Water Cellulase

Hydrolyzate Sugars

—> Fermen

Saccharification
WWT
chemicals—l
Wastewater
Treatment (WWT)

Pretreatment

Corn

CO. stover

Corn stover
growth

Fertilizer

Water bioEt

(to process)

Biomass
residues

Heat/P
Gener

Sugar/GVL
recovery

t 1

CO, Water

Chemical
hydrolysis

f

GVL

Crude
sugars

v
Steam

t t

Water

recovery

2 RO0H= dF5}

r

Fermentation). = &

r |Q0fEr20| 4AHEl(T2) 59

| 0|z GVL2 &
| 59| Heat/Power
o= A|AHI0f A &

501 SO

tation

Crude
ethanol

|
on

—

bioEtOH

ower
ation

v
bioPower

bioPower
(excess)

(to process)

<_|E|5> k= 7|H|' HI‘OIQO'"EI' I'(P‘I x._'léf)i'-l'

HIO|0EtE Mik(P2 TMED2| S

7|k

S}74 ofst

F2tol d

ra

72| HIO|0]Er2 2t
OJEQP H|L0f01 HIO| 20f|EhE

209 3t ofHX| 1ES
HIO|0i|EtE T2H0

Al

o o
o
224

o)
olo

=

=

Il

N
(fossil depletion, FD) & CH7 |2

al H|I’LE|

[ez=bN|

b o==

(air pollutant, AP)

[ex k=3
JIN=D

Alof et &

= %9

st

=
=

Heol

o
2

H|

7|Z 4 3}(climate change, CC), &
Z=H0|| A Q| 235k CHSH

§%E(B|ock flow diagram)

2 GREET 22?2 7|8to2 Btg|
7tA HS(GHG-100)* 2! O|2IX} 2
0l= o Alekst &S ®IAIE, ot

rok

* 012 7|7t SeHYEM o 2 100H) 7|$HistE Yo

** PMS Particulate Matter®| 2t} O|MHX| PM10S X|Z0] 10m 0|5+2] HX|Q). PM2.5= X|Z0] 2.5:m 0|5}2| HX|0|0f DAL 7l

I|= 2AI7tAS| QF

. ZOIMX|5t



No.04 | 2025 HFIIE7HLCA) 7HE K HIO|2AZ HEAL| 10

o

2 T2H1.13 kg CO,e)2 P1 TR M2 2MTIAE HiEEH2.47 kg CO,,). 7|1t
FQ 710] 212 P2 22| H|Z(0.97 kg CO,.) H S5+ EX|H(0.36 kg CO,.,)O

Jsk £H
MJ oil eq.o| HZh. stAiE NZt Pako| =2 7(0 QQIL P2 F2ko| H|Z (1.83 x 10 MJ
oil eq.) & 214H0|4 2 =(0.35 x 10 MJ oil eq.)0|0d, P1 T2ko| AR MEZI0IA|(3.17 X 10'MJ
oil eq) 2! H|2(1.57 x 10" MJ oil eq.)2!.

7| 222! HiE STH0j|A P2 Z2H0.55-0.90 g PM)2 P1 T2fof| H|3 &2 O|MHX|E
HiZ8(0.79-1.84 g PM). CC & FD Hgf 7|0{2t E2| AE2I0tHl= APO| =2 7]01 2°210]
OfL|X|ZH HIO| DA ZHO{Z2| HAE P MM PM 10 MEd| S/ HIEgE & ©
2f D=0{A APOI| CHSH =2 7[04XtR.

3.50 318
3.00
250 2.47
2.00 1.94 1.84
1.50
113
1.00 0.90 0.79
0.55
]
0.00
CC (kg CO; eq.) FD (x10 MJ oil eq.) AP (g PM;0) AP (g PM,.s5)
{ B Enzynatic Nonenzymatic J
Major contributors
CcC FD AP (PMyo) AP (PM..5)
P1 P2 P1 P2 P1 P2 P1 P2
[ Cellulase H Fertilizer } [ Cellulase H Fertilizer } { Fertilizer H Fertilizer } [ Fertilizer H Fertilizer }
| Fertiizer || cSL | [ Fertiizer || DAP | [ |
<J26> 22 7|5t HIO| QoIS MAHPT M2 T
H|ZA 7|4t HIO|0][EH2 M AH(P2 TN | StAAS Hot At
v ot4dPe offA 5! SN EA: ZF HIO|Q0||EFHZ XMEFS| HIO|QUiA (S B7)) 27
XIO|2 Qlst etA HYEE EM5HY| el AlLi2[R StAd 2A0| s, O7 72 Hio|2
DA (44 £7]) 49| HSOR Qs ALIZIRUIANS| CC, FD % AP £ YT S 243t
Zajel. sig ZTte 87 YEwol 2Ro £ NEMS, YR Y EF BANS LiER, tio|
QUfA L MEZOA TN YIS 37400 57.4 wi%R MBS 1, S44 57| 2720
He|= 22 16.068-18.732 kg(P1) & 20.709-20.896 kg(P2)2l.
- P1 M2ko| A, 8t HSF Q= 2.392-2.514 kg CO,., 3.031-3.259 x 10 MJ oil eq,

u|

1.805-1.866 g PM10, ¥ 0.759-0.812 g PM2.52 LIEH,. P1 T2fo| 8t Hsk2 7|23t
Of 3% Lol M =x5t= B, P2 Mafol ghy e 7[=23t9l 0.5% LHollM F4E. P2 T
2fo| 3t AU QI 1126-1134 kg CO,., 1.935-1.951 x 10 MJ oil eq, 0.903-0.908 g
PM10, ¥ 0.551-0.555 g PM2.52 LIEHe,. P2 FI2f0| P1 HM2fELCH HIO|QUA(S 44 E7)

Zgof| 2 2gsitts Aoz EME.



No.04 | 2025 HFIIE7HLCA) 7HE K HIO|2AZ HEAL| N

P1: Enzymatic sugar production P2: Nonenzymatic sugar production

(@) €C (enzymatic) ] FI (enzymatie) ©C (monenzymatic)
1w 24356 », 1336 L

-y T -y ]

W

cC cC
2.392-2.514 kg CO; eq. 3.031-3.259 x 10" MJ oil eq. 1.126-1134 kg CO; eq. 1.935-1.951 x 10" MJ oil eq.
() AP [PM2.3] {enzymatic) AP [PMI0] tic) AP [PM2.5] (monenzymatic)
age i e

ouBBENEHA

AP [PMy0] AP [PM..5] AP [PMy(] AP [PM..5]
1.805-1.866 g PMqo 0.759-0.812 g PM,.5 0.903-0.908 g PM;o 0.551-0.555 g PM>.s5
The environmental impact of P1 The environmental impact of P2
varied within 3% of the base value varied within 0.5% of the base value
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