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Abstract @ Several technological options are being considered as solutions to reduce the greenhouse gas(GHG) emission in
the transport sector. As a consequence, alternative technologies are expected to grow faster to take a share of the transport
energy by 2030. Several proven approaches that improve engine efficiency include using alternative fuels or through electric
hybridization(HEV). In the electrification of the vehicles, battery electric vehicles(BEVs) and hydrogen fuel cell electric
vehicles(FCEVs) are the main candidates in the future. However, the real climate-mitigation potential of these technologies
can only be properly understood through a comprehensive life-cycle assessment(LCA) technique, taking into account the
emission well to tank(WtT) and tank to wheel(TtW). In this study, the alternative fuel engine vehicles(HEVs, BEVs, and
FCEVs) were evaluated through the LCA approach to account for GHG emissions.
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Fig. 1 Example of typical LCA results - ICE(SI) vs. BEV
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and end-of-life
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Table 1 Summary of fuels and the well-to-tank values

Fuel Feedstock & conversion gCO,eq/MJ
Gasoline(SI) 17.8
Diesel(CI) Crude oil refining 11.6
Naphtha(GCI) 11.6
Grey H, SMR 113
Blue H, SMR + Carbon capture 39.7
Green H, Electrolysis(alkaline) 9.5
Green NH; Haber bosch 12.3

Tt Yol Ag o] A5, AN A
A= duA| o] EA ol met As Ao gt o
Araleka o] gho] el oE B9, AR
T4 E %E3H= SMR(Steam Methane Reforming)2] 73 -9-
(Grey Hy) &= 22 o]3tateba o] nj&o] @ =0 a1 31
3 A Al A(Green Hy) & B4 WA A|2=H)
(Carbon capture system)S ©]-8-3= 74 -$(Blue Hy)+= ©]
Atslel o) &S Eole adE & Y EE A
E J8E o= Yol Ak A5l e Ao ALk
gl whe} o) ikstekas vl E o] A H T Fig. 32 X
B oUA & AMEEle] HEE A oY TR A
2 AREE JAES HERIT T" A BZol,
7y A& Tl Fae oY & o] A8EM AR
o] 7}sslth 53], X184 A AL ol =] o] AHE-E &gt
Green 2429] ALk 7 2] GaFuo A Fagh 2o
th 2 AFolA = XA oUA & o] &3 A%} bR
ol A8E 7| SI ol ARS-3IE 75, A3 8+
FEFAR1 WHollA| oliksieta wiEHES Alltste] thE
ApF= 3 vl skl h

—

B

O

ru

/ Green Hz production

)\ /.V‘l l—
Green o %

electricity -

i

Water Electrolysis

i H2

Blue H2 productloné Nl gﬂgﬂgﬂ
d Gas . { 4
o D Air Separation
e ‘Iﬂ
. —— Ammonia
il 5.

Steam Methane Haber Bosch

—{oeon]

Reforming (SMR)

S8

)

—
—— (f[® ot
Direct Methanol
Synthesis -l

Gasoline
Kerosene

Methanol to
Gasoline

A Syngas A

Point Source CO2

——

Reverse Water  Fischer-Tropsch
Gas Shift

Base oil / Waxes

Fig. 3 Sketch of H, product process and NH;

Transactions of the Korean Society of Automotive Engineers, Vol. 29, No. 12, 2021 1085



Hyun-Woo Won

3.3 27| MAO|A{Q] Etd BHAEKCarbon Intensity
of Electricity)

Ag 37 JFA Rl Wl A] A3t Apge] F2 9
U A1 A7) Akl a3k ol =], = o] AkstehA o]
&S vjetelis AL Fa3lth o= HE 3} A}wFo] o
v, o= Aol A ARE-E o] A =Tt whet A A
Q1 olikstekAi o] v E o] th= 7] wjitolt) o & &
o] A5, 1A AR AR E T2 o] &3 =9
o] A, A7) Arks 98l Zadk vha wiEw El
(Electricity Intensity)”} 14 gCO,eq/kWho.2 1 kWhe] 7
7] BAEE 918l A 14 1319] o] AkstekARkS wj =3
o} whdof o aEUolE vl 64nl 7k B 874
2C0Oeq/kWhe] EIgLS ZEi=t} ol ~Eujole] 4, #17]
A 98l A AdmTF T2 AR = Aol sHl
o} A mio} Elgke] b2 T3 vl o] A9 v
A o)), Fare H 2 96 gCOq/kWh(219HollA] 2T
749 gCOeq/kWh(S+H3])7F4] 1] =2 F 4~ 4 gCOeq/kWh(H
EEYVLE U 976 gCOeq/kWh(2}o] @ Wy7hA] & Z9
2to) & HRATEPY o]= 53}l x}eke] g7 g3k
H7vel7] e g g FEFA ot iAol &
35 AlALgET o] § A3 Holl A HE st 2] B
Tk ol et 7] kel QlojA Al2g] W stkel Wk g
187 A A e[| A o] ARg-o] Algk A A o]t

" e ko b

4. 252} A0 T2 OfjL{R|H AB|ZF AL

s AL -8l e olikstekA wiEEEe] AlMES 9
A= ARRE oA Apge 4] 23] wiEE] = o]
cbslelseke] ARUE o st} B =R AE
o] An|e} o] ibsteba viEHS ApA| A o2 et &;
2 AlEF o)A 22 OE o] B o] A AlE
o] A& MATLAB SimulinkS- ©]-8-&}o] x}gkz} <+ 2
AES o ASE BE T/ A &80 uE

Table 2 Summary of the vehicle specifications

Vehicle Fuel Engine Battef"y Electric
size capacity motor
Gasoline, 1.2L
ICEV (SI) H, NH: (Tubo) - -
ICEV (CI) | Diesel, GCI 1.6L - -
HEV (SI) Gasoline 1.2L 1.5kWh | 50/50 kW
HEV (CI) | Diesel, GCI 1.6L 1.5kWh | 50/50 kW
PHEV (SI) | Gasoline 1.2L 12kWh | 100/80 kW
PHEV (CI) | Diesel, GCI 1.6L 12kWh | 110/80 kW
BEV - - 24kWh | 110/80 kW

1086 F=AZAABTE =F7 A28 H128, 2021

ANUA RS At 5 ¢

)
Rl A Al
Po|t}, o] T T;ME QulA] 8 xjere] sATF

o
Aol AFEEE AY 2AE
Avgho.M A Wl w3
LT, Table 21 ¥ w0l ALSF ApEo) £AL

HolFEh

2peg Algeold om AltE o] X] o) ksleta vl
oA RS uh o ol x|l Aitel B agh
ojitste i MiEHS FU o2 At Fw-8 Tl

(200,000 km) TAY&F= o] kstekio] F S At
sloit). stolBe = ARHHEV)Q] 495, 17 4o
f13=(Non Plug-in) 2] 0 24 2=k AlE# o] 9] oY
A AHE FH A3 29 S B3 Fr A & Al Aofo)al,
PHEV?] 7%+, JEC TTWS] E11'920.8 kWhe] PHEV
o] 7§, WLTCOIA] 90 %2] #7] AlUA] AMg) H2]&
710 2,80 %] A7]E o83 AFF 9720 %]
FEEdUAYoR FHE= Ao R HiFX| 7} AL
Atk BEVE AlE#E OIS B3l 2 Ato] &9 2759
A= oA av|eFe] Ht A& Foto] T3] dagh
ZA 7o) AALE AL Fig. 4= 2FF Al EHo] S &
3l Alakel 2peke] o] AkaleAy(TwW)e] Hlalo|t), 7]&
ko] slo] B2 =8 Non PHEV)= 3t 20 %714 9] ©]
abeleba Azke] a97) 9lom, PHEVE] 745, v 2]
9] # 31 SOC(Status of charge) “JEljo| 4] NEDC & & 1t
3o 24 (100 2] NDEC 28 5 80 %2 =5 d7] AL
£, 20 %°] A5 AR At X o) kst e v E7F
o 2 nuslitt o] Ay} 75 %7bA| 9] o] 2kEkE A A
ol 7hs stk Aot Yol 4] A9= =8
2l o 2 HBE = oAlelet A S wiEsHH] R o] 4
HEL A 9GS S AUAARIE, 7)) At
Lok ol abstebagkite] ftow Mg e JIH
7} & AFeAF AREo] W2 F ol U] 2n=F ALkl

A g7,
TtW CO2 reduction potential [%] on NEDC
)

100
90
80
70
50
50
40
30
20
10 I
0
) ) ) ) ) )

ICEV(SI) ICEV(CI) ICEV(GC) HEV(S) HEV(C) HEV(GC) PHEV(S) PHEV(CI) PHEV(GCI) ICEV (H2,
NH3)

Fig. 4 Calculated average fuel consumption proportion of
vehicles(TtW)



Evaluation of Light Duty Vehicle Alternatives from Life Cycle Assessment Standpoint

5. MoK 87 48 bl Fijet o
A gstE o AF) == UiA VEES
314 $7 G ppow ugomm usol

Aarg 3

A o 2 g WX = FFS AT
Fig. 55 71% W79 2=k3) oi 4] & 2135 BEV

T FCEV'9} ¥ alaldnk. ICEV(GCHE T A 22

SR XiXH AFADE npegto 7 A g |k

o2 ARYEIR T, a0k ol kel A, 2 A4
o] W 4 4 A B e e

AYE FEot] oA AH|ES ALtelsith 1
A 3] b RS i debEe] A7) ALkl whE o]
AstERA BIEERHEDE 71522 BEVY] o]4tkslgkAs u)
=S ALEE wWeol 73S YERdTh BEVES 19
2019\ H 1 ZL(EU EI mix) 21 241 gCOeq/kWhE 7] &S
2 ARk Adolnt vy 2] -2 dA) 7] W
O 7 SAAT AR iy 528 A7S 7heksiA
130,000 kmell A viE{ 2] Aol o] gk o] 4kl etao] 7}
= F7tE Ak Aol A Bojx] o], BEVE AFE-5 o]
A= kAol wheh Aag 8 A Hrht A D}E—
= BojFH, o] £X|= vE Alge] FES HodE &
T Ak 71E SR E AR RS A ICEV(GCI)7}
o|iksteb A A 7S Hol=H, o]= 7]E ICEV(SDH 9} H]
wate] JRAE Anjet Ag YA P A 2] o] kslek
A A zhel o] gk gato|t} Aok ghRole} o] A4
T ©AE wEsHA R AdR5E ARESHE Uid7]
ek A% FA) R aYZFoltt. o7 ApgFo] 7h vk o]
Abstera viEHE Holed), ol A8 AT A=A
ol& A4S 7]7] A= S Am Akl A 218
74 A ANIA & ARESHE tha B G Al RS ZE
Hokstar, izl 7ol QlojA e s AT HA|(F4 7
o] A g8 N, Yol A A /i F

ICEV with adifferent fuels vs BEV & FCEV

——ICEV (SI) ICEV (CI)

35 || ——ICEV (GCl) ——ICE (H2) BEV range dependingon| *
——ICE (NH3) ===-BEV electricity intensi

30
——FCEV

N
«

firg
«

=
o

Emissions [tonnes CO2eq]
N
o

0
0 20 40 60 80 100 120 140 160 180 200
Product Driving distance [1000 km] EO.L

Fig. 5 LCA results ICEVs with alternative fuels, BEV and
FCEV

7} EA gk FCEV ] 74 -9-12 BEV S} Bl 523 o] 2kt ekas
Fa HolH o] & FAeH] feliM = e A T4 A
Ah Fn g T Q1 ebr A e gk Aot

stolB el = AFEo] dabd &4 F3F4 vlat| %l
oA e A7 o ApFa} mpzbr bR & 2pE Al E o]
Bl AFE AN E 2oz ouxY At uﬂ%
= oibstEAaES el HF olibstera wiEEs
AFaloith PHEVE BEV S} R FA| =2 vl 2] s ol
Z wAS 7Heretyd otq 2o FHo A7) Ak A
gk olikstebh WIEFEHEDNS V|Eo® ALkt
Fig. 6= dtolHe|= H53} AF53 d7]xte] d34
75‘?% %dgke] nlaLo|th. BEVS} PHEVE - AHg A4k}
B mghe] mg & ojhhsteka wiEE 2T A

ﬂf‘c A3l AR Foll viEE = o] ibstekA ko] Ao
AA g3t AR 2F Foll 7H HE Folaksbekas
&S 2=t stk o]F PHEV(CHF PHEV(GCI)
o] 757} BEVEL} G- o]hhstehagFo] A2 o] f= &
3 el ] Aol w2 Evoltt

Fig. 7:& & Aol A vl aLgh WA xp=Fe] [ A o] 4k

}:ojié

2 M2

FLHN'

Hybrid vehicles vs BEV

N
o

——HEV (SI) HEV (Cl)
35 —— HEV (GCI) ——PHEV (SI)
30 || —PHEV(@)  --=-BEV

— PHEV (GCI)

N
«

i
wu

Emissions [tonnes CO2eq]
N
o

=
(=]

w

0

0 20 40 60 80 100 120 140 160 180 200
Product Driving distance [1000 km] EO.L

Fig. 6 LCA results hybrid electric vehicles and BEV

LCA results of different vehicles [ton COzeq]

cncwBhER
ICEV ——
HEV  —
PHEY
ICEV —
HEYV —
PHEV I
ICEV —
HEV e——
PHEY
AVG  —
MIN —
MAX S ——

NH3 -
H2 -
FCEY N

S| Cl GClI BEV NEW

Fig. 7 Summary of LCA results of different vehicles in EU

Transactions of the Korean Society of Automotive Engineers, Vol. 29, No. 12, 2021 1087



e WE F9e RelFT BEV AL VlEow
PHEVANZ) 21872 548 ol 88 FCEVS] 797}
Mg el ol bstRk: SRS 2, AEE A4
o 75, 27) A g0l o] Brlel] 2 JL Fuh

At} 71F W73} HEV(Non PHEV)E 9] 7%, BEV
o vl ek wf, 7~14=744] 9] o] 4t EAE U] wjE 5t
A7 olt}. o] = i fFE Yok A AR7F AR
HAY AEs7F D ok ol fret shalvh b« nk okol =
A Fl5co] BEVE -9, HlaA] uhe 59 et El
#ho= Aikel Adfelrt HaE H AlA 470
gCOq/kWh)¥} 320121 7] 540 gCO.eq/kWh)<]
A9 e War R 2w & FXolth o= & AT
} 22 231 0% BEVE gholl A 88 A9, & oAt
shekas whARko] ojgf 26,350l o] 21 o]i= A= ICEV
(GCN 2} 22 0]t} 53], Non-OECD(The Organisation
for Economic Co-operation and Development) =715, &
T3} Qe & A 9= Elgke] 1 el vlal] |4
3] o= Ao o, AEst 2k At 3 A7
AAE A 2Ellel] Woh B2 T2 g g st} 6pal T o] 9
o 1= AlEA QN WA7 AFEe] An] 3 A ol
A ARGl thgh A7 Xl s = o oA T

=z

t0,

¥

e

Q)
!
rhu

(

-

A B 4%

2
_{ﬂoﬂ

r
d

N
N
&
oft gt
i 2

1o,

(

-

o
rir oln

0%

oo

o
Lo

Eoo

L
%0, il
2 o% ol

[e]

el Aol 2%

W] e ATt 2F

1o
o
>
ne

oY Mo
oo

=
=

Hgol IRES 37}

#8

N

‘I_

% ol o
o rlr 2

ne ok
X offt

2) &

oz

I 23 o|qlsteb gk Alrlels

o ]

A7 ALae] vws
A5o] Hgo] I

o=t FaahAut o2 )M 7]
Mol AAH AQPAIA S Bgehs

o]t}

1088 s=AZABSE =F37 A29d A128, 2021

HJo

D

2)

3)

4)

3)

6)

7

8)

9)

10)

11)

12)

13)

14)

15)

References

U. S. Energy Information Administration, International
energy outlook 2013, DOE/EIA-0484, 2013 http://
www.eia.gov/forecasts/ieo/pdf/0484(2013).pdf, 2013.
ExxonMobil, 2014 The Outlook for Energy: A
View to 2040, https://corporate.exxonmobil.com/
Energy-and-innovation/outlook-for-energy, 2014.
2015 United Nations Climate Change Conference in
Paris, The Paris Agreement is a Legally Binding
International Treaty on Climate Change, 2015.
European Commission: The European Green Deal,
COM (2019) 640 Final, 2019.

ICCT Report: China’s New Energy Vehicle
Industrial Development Plan for 2021 to 2035,
https://theicct.org/publications/china-new-vehicle-
industrial-dev-plan-jun2021, 2021.

REUTERS Report by Kate Abnett, https://www.
reuters.com/article/us-climate-change-eu-transport-
idUSK BN28E2KM, 2020.

International ~ Organization for Standardization
(ISO), ISO 14040 Environmental Management —
Life Cycle Assessment: Principles and Framework,
2006.

International ~Organization for Standardization
(ISO), ISO 14044 Environmental Management —
Life Cycle Assessment: Requirements and Guidelines,
2006.

Sphera, GaBi 10.0 LCA Software & LCI databases
v2021.1, http://www.gabi-software.com/international/
index/, 2020.

JEC, JEC Well-to-Tank Report v5, Publications
Office of the EU, Luxembourg, 2020.
Intergovernmental Panel on Climate Change (IPCC),
Climate Change 2013: The Physical Science Basis -
Contribution to the Fifth Assessment Report of the
IPCC, 2013.

Argonne National Laboratory(ANL), BatPaC: Battery
Manufacturing Cost Estimation, https:/www.anl.
gov/tcp/batpac-battery-manufacturing-cost-estimation,
2019.

World Bank. Electric Power Transmission and
Distribution Losses (% of output). TheWorld Bank
Group, https://data.worldbank.org/indicator/EG.ELC.
LOSS.ZS, 2019.

WEC. Rate of Electricity T&D Losses. Enerdata.
World Energy Council(WEC), https://wec-indicators.
enerdata.net/world-rate-of-electricity-T-D-losses.html,
2019.

EIA. Electricity. U.S. Energy Information
Administration (EIA), https://www.eia.gov/electricity/,



16)

17)

18)

19)

20)

oy 8 Iyl

2019.

EEA. Overview of Electricity Production and Use
in Europe. European Environment Agency (EEA),
https://www.eea.europa.eu/data-andmaps/indicators/
overview-of-the-electricity-production-2/assessment-4,
2019.

H. Won, “A Simulation Study for Hybrid Electric
Vehicles
Technology,” SAE International Journal of Advances
& Current Practices in Mobility, Vol.2, No.l,
pp.337-345, 2020.

JEC, JECTank-to-Wheel report v5: Passenger Cars,
Publications Office of the EU, Luxembourg, 2020.
M. Kim, E. Yoo and H. Song, “Well-to-Wheel,
Greenhouse Gas Emissions Analysis of Hydrogen
Fuel Cell Vehicle — Hydrogen Produced by Naphtha
Cracking,” Transactions of KSAE, Vol.25, No.2,
pp.157-166, 2017.

D. Kim, K. Kim and C. Bae, “Combustion and

with Gasoline Compression Ignition

Transactions of the Korean Society of Automotive Engineers, Vol. 29, No. 12, 2021

21)

22)

23)

ZUOM 28 AS3 Jl&3t CiRkSol ot Bt

Spray Characteristics of Diesel and Gasoline in
Heavy-duty Compression Ignition Engine Under
Low Load Condition,” Transactions of KSAE,
Vol.28, No.6, pp.367-373, 2020.

H. Won, A. Bouet, F. Duffour and De Francqueville,
“Potential of Naphtha Fuel on a Light Duty Single
Cylinder Compression Ignition Engine,” FISITA
World Automotive Congress 2016, F2016-ESYC-
003, 2016.

C. Luhillier, P. Brequigny, F. Contino and C.
Mounaim-Rousselle, “Combustion Characteristics
of Ammonia in a Modern Spark-ignition Engine,”
SAE 2019-24-0237, 2019.

C. Mounaim-Roussellel, A. Mercier, P. Brequigny,
C. Dumand, J. Bouriot and S. Houillé, “Performance
of Ammonia Fuel in a Spark Assisted Compression
Ignition Engine,” International Journal of Engine
Research, https://doi.org/10.1177/14680874211038
726, 2021.

1089



	전과정 환경 영향적인 측면에서의 소형 자동차 기술과 대안들에 대한 평가
	Abstract
	1. 서론
	2. 전과정 환경 영향적 평가의 중요성과 방법
	3. 자동차 및 에너지원(전기, 연료) 생산
	4. 자동차 사용에 따른 에너지원 소비량 계산
	5. 전과정 환경 영향적 비교 결과와 논의
	6. 결론
	References


