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Abstract : Air pollutants have a high impact on everyday life as well as on human health; therefore, new technologies such as
low-emission vehicles and add-on systems for air pollutant reduction are needed for our society. However, the environmental
benefits and costs of those technologies are not taken into account in existing economic feasibility assessments, which is a barrier
that needs to be overcome for green technology to achieve wide dissemination and fast penetration in the market. Thus, this study
develops a methodology to assess the economic feasibility of an air pollutant reduction technology by taking into account the
social costs from air pollutants and carries out a case study to validate the methodology. Because the social unit costs for air
pollutants have not been evaluated yet in South Korea, the methodology uses the social unit costs evaluated for the European
Union that are then converted to those for South Korea based on the measuring criteria for vehicle emission gases, parity
purchasing price, foreign currency exchange rate, and customer price index. The social unit costs for South Korea are used to
assess economic feasibility. A case study was performed to assess the economic feasibility of a dual fuel system using diesel and
compressed natural gas by taking into account social costs from air pollutants as well as economic costs. This study could
contribute to assessing the true economic feasibility of green technology, projects, and policy related with air pollutant reduction.
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Table 1. Characteristics of NIER cruise patterns

Table 2. Proportion of the bus speeds and road conditions

- - depending on the cruise scenarios
Average Stop Factor 12;22 I{;IE?) . Intercity
Cycle no. Speefi1 (Number km™) | -Stop Cruise Cruise Pattern Urban/ quurban/ Highway/
(kmh™) %) %) (Area/Speed) | Low Speed | Medium Speed High Speed

NIER 01 4.7 17.49 52.1 30.5 Scenario I 30% 30% 40%
NIER 02 8.0 10.26 44.6 30.7 Scenario II 20% 20% 60%
NIER 03 10.8 6.47 38.2 32.6 Scenario I 10% 10% 80%
NIER 04 134 420 32.9 393
NIER 05 17.3 2.90 29.7 40.1 3.1.2. HAQ| A= CtJF A M 2| AL
NIER 06 19.4 2.20 27.4 40.3 2014 SYEE 2016 SY7HA] 3EE AL X o] dArmgt
NIER 07 |  24.6 1.67 226 427 712 2AF A, A9k erEH sl A0 Wi ks zkzb
NIER 08| 273 1.44 18.1 47.4 14159 L9} 8749 Nm>0| QI tH[18,19]. T A9 F8)7]
NIER 09 |  34.1 0.91 12.4 56.4 L AR AN HAZTATS| 0 A ES vlgto g 2AME Qo
NIER 10|  46.4 0.34 55 69.1 o AN A0 oI7F HF F3 A= 40,000 kmo] I TH20].
NIER 11 53.7 0.07 0.0 82.3
NIER 12 65.4 0.00 0.0 88.7 3.1.3. HA QS AXNA™ H|E ZAL
NIER 13 79.6 0.00 0.0 95.2 BAAAEHO MR E QI 93 HA9 A7t v|E&S HU}
NIER 14| 97.3 0.00 0.0 98.4 317] 0lato] BAAAH O Ao WE Z7|Ex}u|e} Lon)
NIER 15| 1142 0.00 0.0 94.1 2 zAlelgth Lodujs Aol etEAHA LAY g, 2
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Table 3. Social unit costs of air pollutants emitted from
automobile transport for European countries

ot

Table 4. Social unit costs for PM2.5 and Europe (Year 2010)
depending on automobile speed

Air Pollutant Average Social Unit Cost foE EU Speed Social Unit Cost for PM2.5
and Year 2010 (Euro ton™) (Euro ton™)
NMVOC 1,566 Low Speed for Urban Area 270,178
NOx 10,640 Medium Speed for Suburban Area 28,108
Rural Area 28,108 High Speed for Intercity Highway 28,108
PM2.5 | Suburban Area 70,258
Urban Area 270,128
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ox
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Table 3-2 RICARDO-AEA[15]0] 4] HF3Egt ‘BUS] 42400
o7t AF2] A B|-g AFIP AT B 23E o] Q= EU
A o] viE7FAE AMS] A h9|H]-8-S YERd Zlojth PM2.5
O] Ab3| A 9|82 It eof what gekx] 7] wfie] A}
F2A7F sk = T A9 oo whe} th=th EU
o] vjE7tA ARS A T 9H] 8-S oA ARESEL Y=
TR B7HE AT AR EEY 2F Ao wE7] 95t
o] Table 49} o] &8 &g J-Esto] UERY]t). of7]of
A g FYE St AEERY Y Y 5 AY
(Rural Area)?} A oz 7H8QIt F-1 9] Akel4] o
88 =foll A-85t7] flaliA= Table 59| tulj 2] x]=0}f
3H2(KRW/EURO (20104 i) = 1,532.94)% wrdatgict.
of W §-¥3} =9 Fuj A7t A AR Bl A=
7F 7] wizoll £ S AA[24]3 OECD SAA=[25]E ©l
&sto] I v PR =9} TlEo] a3 g9
T A5 FAIO vtk o5 A4 201092 7]
o2 sha Q17| wjZo] Table 69 &B|AFZ7HA ¢S ARG
sko] 2015Q 0] gt gh= o] viE7EAE ARSI A T 9fu]E-S
Table 70] WEFH RITh. of7]of A COof T3t AFS] A TheiH
-2 A 261004 AlFFE CO, viEH AH7HA(2016
| 6 1 7[@)e g dAskglen, CHyoll thet Abe]4] &9
H]-§-2 AFZHBAF(GWP)E o]§sto] CO, HiEdo=
ghiksto] A4 stgitt.
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Table 5. Purchasing power parity (PPP) for GDP per capita for

year 2010
Country EUROSTAT | OECDSTAT |Converted PPP
EU28 1 - 1
United States 1.3113 138 -
Korea - 87 1.2096

Table 6. Customer price index for years 2010 through 2015, South

Korea
Year 2010 | 2011 | 2012 | 2013 | 2014 | 2015
Customer Price Index
(2010 = 100) 100 | 104 |106.28(107.67(109.04{109.81

Table 7. Social unit costs (Year 2015) in KRW for air pollutants in
automobile exhaust gas

Air Pollutant So;:liilz\[;n;tgg)() *
NMVOC 3,189
NOx 21,665
Low Speed for Urban Area 550,142
PM2.5| Medium Speed for Suburban Area 57,234
High Speed for Intercity Highway 57,234
CO, 12
CHy4 360
ed=d Fuol disf &9 wiEFol F7lsh= ALR 1
Wk Aot EAFAE AR HAo Y AvE
W B, EAMAE CO, NOX, PMO] v & aFo] Zh43}
4 3

ES
2wk NMVOC, CH,9| HjZeFe 2716l A2 Holz
t}. £3], CHyo] Aol EaAAES L5112 o

€ JC 8 e wEha, o2et date 2=
go] stA o] thafjA B7tst7|7h o ek dA' 4
o] AL o|w TAHAL ASHAKT A AFREFLS 7FA
AT FEHATA L] AL ZT)ste] AA|A ¢l Ho
Go] Ao WA W 271l AAY 7t
Q
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1
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Table 8. Air pollutant emissions and fuel consumptions of the cruise tests for the diesel bus and the dual fuel bus

Air Pollutant Fuel Consumption
Average Cruise NMVOC CH, NOx CO, PM2.5 Diesel ;ZES;TS(S}ZS
Test Mode gf‘"s; Distance (gkm™) (gkm™) (gkm™) (gkm™) (gkm™) (ke) (ke)
(kﬁeﬁ") (km)
Diesel Dual Diesel Dual Diesel Dual Diesel Dual Diesel Dual Diesel Dual Diesel Dual
Bus Fuel Bus Fuel Bus Fuel Bus Fuel Bus Fuel Bus Fuel Bus Fuel
u Bus u Bus u Bus u Bus u Bus u Bus u Bus
NIER 8 28.1 9 0.208 12.09 - 11.12 13.15 10.49 788.5 720.0 0.137 0.043 2.176 1.588 - 0.78
NIER 12 65.9 16 0.13 10.88 - 10.17 8.93 7.19 610.5 561.7 0.03 0.029 3.04 2.06 - 1.24
NIER 14 40.14 25 0.08 6.50 - 6.17 8.57 6.15 503.0 460.1 0.019 0.016 4.02 2.49 - 1.88
Table 9. Annual social costs estimated based on the cruise tests for the diesel bus and the dual fuel bus (Unit: 10° KRW)
NMVOC CH,y NOx CO, PM Total
Scenario
Diesel Bus Dual Fuel Diesel Bus Dual Fuel Diesel Bus Dual Fuel Diesel Bus Dual Fuel Diesel Bus Dual Fuel Diesel Bus Dual Fuel
Bus Bus Bus Bus Bus Bus
Scenario [ 17 1,210 - 127 8,711 6,728 298 272 942 318 9,499 8,657
Scenario 11 14 1,083 - 114 8,283 6,262 279 255 642 224 9,219 7,940
Scenario [T 12 956 - 86 7,854 5,795 260 238 343 130 8,470 7,207
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Table 10. Comparison of annual total costs of the diesel bus and the dual fuel bus by taking into account economic and social costs: (a)
Scenario I; (b) Scenario 11; and (¢) Scenario I11. The installation cost and lifetime of the dual fuel system are KRW 16,400,000 and

10 years, respectively. Unit: 10° KRW yr' (a)
Diesel bus Dual fuel bus
Annualized initial installation cost - 1,640
Diesel fuel 13,211 8,961
. . CNG fuel - 3,476
Economic Cost Annual operating cost
Gas filter - 125
Gas vessel inspection - 83
Sub-total 13,211 14,286
NMVOC 17 1,210
CHy - 127
Social Cost from Air NOx 8,711 6,728
Pollutant Emissions CO, 208 272
PM 942 318
Sub-total 9,968 8,657
Total (Economic Cost + Social Cost) 23,179 22,944
()
Diesel bus Dual fuel bus
Annualized initial installation cost - 1,640
Diesel fuel 12,469 8,238
. . CNG fuel - 3,416
Economic Cost Annual operating cost
Gas filter - 125
Gas vessel inspection - 83
Sub-total 12,469 13,503
NMVOC 14 1,083
CH4 - 114
Social Cost from Air NOx 8,282 6,262
Pollutant Emissions CO, 279 255
PM 642 224
Sub-total 9,219 7,940
Total (Economic Cost + Social Cost) 21,689 21,443
(©)
Diesel bus Dual fuel bus
Annualized initial installation cost - 1,640
Diesel fuel 11,718 7,515
Economic Cost . CNG fuel - 3,356
Annual operating cost
Gas filter - 125
Gas vessel inspection - 83
Sub-total 11,718 12,719
NMVOC 12 956
Social Cost from CH, - 86
Air Pollutant NOx 7,854 5,795
Emissions CO, 260 238
PM 343 130
Sub-total 8,470 7,207
Total (Economic Cost + Social Cost) 20,189 19,927
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Figure 1. Net present value (NPV) and internal rate of return (IRR)

of the duel fuel system for the three scenarios: (a) Scenario I; (b)
Scenario 1I; and (c) Scenario I11.
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Table 11. Net present value (NPV), cost-benefit ratio (C/B), internal rate of return (IRR), payback period (PP) of the dual fuel bus by taking
into account economic and social cost at the same time, depending on the scenarios

NPV C/B IRR PP

(10° KRW) 6 (%) (Year)
Scenario | +3,792 1.23 4.8 8
Scenario I +3,745 1.23 4.8 8
Scenario 11 +3,865 1.24 5.0 8

Table 12. Probability distribution of the input data used for the uncertainty and sensitivity analyses

Mean Standard Deviation Probability distribution function
Unit price for diesel (Won L) 1415 201.01 Max Extreme
Unit price for CNG (Won Nm®) 874 117.51 Beta
Inflation rate 0.02 0.01 Normal
Discount rate 0.03 0.02 Normal
Annual mileage (km) 40,000 4,000 Normal
Unit Social Cost for NOx (KRW kg™) 21,665 2,167 Normal
Unit Social Cost for CO, (KRW kg™) 12 1.2 Normal
Unit Social Cost for CH; (KRW kg™) 360 36 Normal
Unit Social Cost for NMVOC (KRW kg™ 3,189 319 Normal
) ) Low Speed 550,142 5,501 Normal
Unit S((;(c;?\lNngs_tl)P M2.5 Medium Speed 57,234 5,723 Normal
High Speed 57,234 5,723 Normal
— — — A, A BHEAS FHsHA] d The e itk
'EURO4 EAUIA AT 24Nz
. Notfor Commerciat Use| 3322 U= BA Ay
Eav a9 Mg 24 23S Figure Ab)o] Lrehh ol
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~ o oMo £, BIAASEIT YEHATAS] A=Elel NMVOC
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@ AL oujgith ASH wolu g FREL vmanw
Fark Garlen Ve NOx&F NMVOCL] €] =52 NPVe] A2l ggkg nlx|X]
o RU9keh. o] ol fi NOx& QI3 41|14 ulgo] the ©ge
Jeemsmen| | [S—— of ul8) 23 Eaw Ao td NMVOCR QI3 Ah5] %] &
roxine Nt for Gt rea! oo o] BfHiEY A7) wZolth CO,, CHio| 7 -9-oll= AHg]
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S & A= el A9 A3tk PM2.59] o= Rt &
in 22120 PM2.5 ujZo] wj S 2 Q17| wj&o wigtEo] w]
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-
Pu25 5 2(2kg) 0o 4. 7E1 E
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®) 2] AR B S B & s PHES AL
Figure 2. Uncertainty and sensitivity analysis results f.or the net Gon o] WMz BT ALAS AEsl] oste] A
present value (NPV) of the duel fuel bus for Scenario III: (a) ~
GHAE Axst] JEAATLAL A4S T ALT S

uncertainty analysis; and (b) sensitivity analysis.
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