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ABSTRACT

PURPOSES : This study proposes a methodology to collect data necessary for microlevel emission estimation, such as second-by-second
speeds and road grades, and to accordingly estimate emissions.

METHODS : To ease data collection for microlevel emission estimation, a vehicle equipped with speed- and location-recording instruments
as well as equipment for measuring road geometry was used. As a case study, this vehicle and the proposed methodology were used on a 10-
km-long highway in Yongin City, Korea. Emissions from the vehicle during driving were estimated in various microscale driving conditions.

RESULTS : Differences in the estimated emission under different microscale driving conditions cannot be ignored. Compared with the
estimations obtained when second-by-second data were not considered, CO and NOx emissions were more than threefold higher when
considering second-by-second speed; similarly, CO and NOx emission estimations were higher by approximately 10% and 3%, respectively,
when considering second-by-second road grade.

CONCLUSIONS : The proposed method can estimate vehicle emissions under real-world driving conditions in such applications as road
design and traffic policy assessments.
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1) COmputer Programme to calculate Emissions from Road
Transport (Gkatzoflias et al. 2007)

2) Design Manual for Roads and Bridges (Department of the
Environment, Transport, and the Regions, 1999)
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automobile multi player)& A3l ECU(Engine
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3) MODelling of EMissions and consumption in urban areas
(Jost et al., 1992; Joumard et al., 1995)

4) Passenger car and Heavy—duty Emission Model (Rexeis et
al,, 2005)

5) Vehicle Transient Emissions Simulation Software (Pelkmans et
al., 2004)

6) Comprehensive Modal Emissions Model (Scora and Barth,
2006)

7) Advanced Vehicle Simulator for Systems Analysis (Wipke et
al,, 1999)

8) Motor Vehicle Emission Simulator (US EPA MOVES, 2010)
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Fig. 1 Procedures for Estimating Emissions in
MOVES Lite—-K
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3.1.2. 22 E H|E(Op mode Fraction) A4t

Z(Operating Mode, OP—mode)= Table 1
-L]‘ 7“31 Al TSl w2t wiEso] Bt SEet
VSPE H2 1522 Table 29} Fig, 29 dloA &
uhe} o] LrTof upe A LHEAE wiEA
471 gehT), 2 W9E SR} VSPAF Adeis &
Pres 22 5 pYPn )= A FFHA el
A AHA 8= HE(f,, )= Eq. (3)3 2ol A4kt

Duration,,
Total Driving Duration,

Fne= 3

Table 1. Operating Mode Bin Definitions (US EPA, 2010)

Operating| Operating mode | VSP(kW/tonne) |  Speed(mph)

mode name Lower | Upper | Lower | Upper
0 Braking* - - - -
1 Idling - - -1 1
1Al Low speed coasting| - 0 1 25
12 Cruise/Acceleration 0 3 1 25
13 Cruise/Acceleration 3 6 1 25
14 Cruise/Acceleration 6 9 1 25
15 Cruise/Acceleration 9 12 1 25
16 Cruise/Acceleration | 12 - 1 25
21 M"dfgz‘semfgeed - 0 25 | 50
22 Cruise/Acceleration | 0 3 25 50
23 Cruise/Acceleration 3 6 25 50
24 Cruise/Acceleration | 6 9 25 50
25 Cruise/Acceleration 9 12 25 50
26 Cruise/Acceleration | 12 - 25 50

27 Cruise/Acceleration | 12 18 25 50
28 Cruise/Acceleration | 18 24 25 50
29 Cruise/Acceleration | 24 30 25 50

13 8,466.31 10.24 0.37 0.04
14 10,697.69 14.69 0.65 0.04
15 12,756.81 21.31 1.15 0.04
16 15,407.65 35.95 24 0.1
21 6,002 8.87 0.2 0.05
22 6,831.95 1.75 0.33 0.07
23 8,320.91 15.11 0.5 0.05
24 10,675.19 22.09 0.84 0.05
25 14,246.1 25,07 1.18 0.07
27 18,780.45 37.65 1.86 0.1
28 25,314.54 126.33 6.86 0.23
29 34,681.15 267.54 12.04 1.1
30 43552.05| 939.67 15.84 1.62
33 8,551.08 6.66 0.43 0.07
35 13,711.74 1.37 1.2 0.1
37 17,861.87 16.73 1.68 0.08
38 23,200.89 115.79 5.82 0.19
39 31,022.96 122.18 8.67 0.4
40 3954687 | 359.07 10.92 0.46

g/hr
50000

Emission Rate_CO2

45000

40000

35000

30000

25000

20000

15000

10000

5000 1

0 1 11 12 13 14 15 16 21 22 23 24 25 27 28 29 30

33 35 37 38 39 40
Opmode

Emission Rate_CO

6 1 11 12 13 14 15 16 21 22 23 24 25 27 28 28 30

33 35 37 38 38 40
Opmode

30 Cruise/Acceleration | 30 - 25 50
33 Cruise/Acceleration | = 6 50 -
35 Cruise/Acceleration 6 12 50 -
36 Cruise/Acceleration | 12 50 -

37 Cruise/Acceleration | 12 18 50 -
38 Cruise/Acceleration | 18 24 50 -
39 Cruise/Acceleration | 24 30 50 -
40 Cruise/Acceleration | 30 - 50 -
*Accel < —2mph or < —imph for 3 consecutive second

Table 2. Operating Mode Emission Rates from

MOVES2014
) Emission rate(g/hour) for light duty diesel vehicle
Operating year 2014
mode
CO2 CO NOx PMio
0 3,032.74 1.98 0.07 0.03
1 2,805.63 0.34 0.03 0.03
1 441179 6.8 0.1 0.03
12 6,091.89 1.1 0.16 0.03

Emission Rate_NOx

o n & @ »

© 1 11 12 13 14 15 16 21 22 23 24 25 27 28 29 30 33 35 37 38 39 40

a/hr
18

Emission Rate_PM

16

14

12
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Ouw
8
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#8

Fig. 2 Emission Rates by Operating Mode_Diesel
Light Duty Vehicle
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Table 3. Base Emission Rate by Vehicle Type
(Hu et al., 2016)

Avg. | Cycle emission rate (g/km)
hicle t | speed
vehicie type | CyCle | /)| COz | CO | NOx | PMio

Korean Base

PC—-mini
_Gasoline

PC—small LDV
_Gasoline NIER | 34.1

11854 | 0.127 |0.027| O

158.07 |0.385|0.061| O

PC—medium 09

and 208.84 | 0.289| 0.04 0
large_Gasoline
PC-mini_Diesel 118.54 |0.206| 0.741| 0.064
PC—smallDiesel | LDV 142,74 10.206| 0.741 | 0.064
PC—medium NIER | 34.1

and 09 17435 |0.206| 0.741 | 0.064
large_Diesel

Bus— UB

) 766.96 |2.839[10.94 | 0.217
large Diesel | NIER | 323

Pgai Bw wfol7t U it of
B2 BAASRCCRZL 8wl Bq. (W2 44

(me CXERp v, m) Vb
rer (me. b x ERp, v,m) ( ¢ )

071X, CCF, ., : FYHAA BAAA(HdEd p, =
BAA ¢, AFAE vel A9
ER, ., &HERE 7|HF i SAH(LHdEE
p, AR v, S E mol 49), g/hr
Fie * TSYHA collA EHHE mel AIZE Bl&
fuw 2715 FHAA bl A SHFEE mQ Al
FACIE =

V. %A oo BRFW S=, kph
v, 159904 bo) BREW = kph
Fig. 30 0l Tz} Zo] AFUE /1E 7
2o] gHRE b i B4 A o] 2
ol sg 250 712U e eAnE B
A ORI T

g gz Qstol
S

Operation Mode Distribution
Fraction

0.16

0.14

‘opmode fraction_NIER LDV09

0 1 11 12 13 14 15 16 21 22 23 24 25 27 28 29 30 33 35 37 38 39 40
Opmode

Bus-large_ CNG| 09 72152 |4.925(5715| 0

LDV
Truck-small | NIER | 34.1 | 21857 | 0.143 | 0.211 | 0.027
09
MDT
Truck—medium | NIER | 35 | 42379 |1.080 |2.999 | 0.072
09
HDT
Truck—large | NIER | 34.4 | 1610.12 | 2.471 | 14.41 | 0.309
09
71 MlEES 3% VI A EANA A
ool A 79 S4o| b2y R 28 nE

Fig. 3 Operating Mode Fraction of NIER Driving Trace
for LDV 09

3.1.4. AN H HHES(CE) ALt

F3 2 wl&8(Cycle Average Emission Rate,
CE,,,, g/km)}Z &4 A} A=F 24149 H+ vj&
2 7|EEEo] FAAA EAASCCRHE 53 4
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A7, B, FRAA R NEREAED p,
FRAA ¢, AFAE vl 49, g/km
EF;)I)L ]% HH%%(_Q_ UEE p _r?%]_‘[q];(—]
¢, AIFAE vl 49, g/km

3.2, BAE Y ¥H

rhu

uA] 7lee] e Abgelq ERe] AAEE v
3171 eI Aake] 2 o 914 walel e 2o
AAESL ARt B ast

9l weo -‘,L7u EE—J 7:‘/\} = SAs] flsir=
25 FYstHA AALEE SHTAY,

o8 AAEE —eréﬁ}—‘& o] AEAY = Qo =2
= zgsUA 248k HOo R IMU(nertial
Measurement Unit)E ©]-&3dt= W (Baek and
Song, 2007)°]t} LIDAR DATAE o]&3dh= "
(Zhang and Frey, 2005) E+= GPS AlAE o]&3h=
W (Hong et al., 2001) 5°] Qith.

H AL ER2AGHPH 2l

R

H1

of 2} A
(ARASEO, Automate Road Analysis and Safety
Evaluation TOol)E ©|&3dl] AALEE S48
olgtdE GPS, IMU, 7121&% 71 2 CCTV 7Hgt &
= A2 Ao A ERE FYSHEA T oY
7HA AEE o]-&-3to] %—EP%‘AIE ZA4sk= 71s°l 3
tH(Yun and Sung, 2004). otetA 4 FHHAESH
=He] AAHE 2ol Bt 0.083%(F 4 0.01%, o
0.37 %)% A= A ch(Park et al., 2012).

oA B2 AAE B4 dugEe 1E()E of
2hA 2kgoll A Im (HA e s A6k, 1wgho] Ajo]
(Az)& o] &3] FHHAHGR)E AHETTHKICT,
2012).

_ B(xYi11,Zi+1)

h=zi—z

A(‘xyi’zi)a.é“ =

d = |xy;1 — 2yl

hd Cxyiv1.2)

Fig. 4 Road Gradient Estimation Logic
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A Ao 2 AR napolr, 34 1HAE AL 54
I} eg 2o wet 24755 e
G(%) :%x 100(%)7%“00(%)
= Tovee a1 o
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Fig. 5. Driving Route for Data Collection
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— 3 A7 1 2015, 9. 22(3F8.Y) 23 2417 3520 | 3560 |120.478 | 118939 | -154 | -3.95
- _ N 3560 | 3,620 | 118939 | 117.005 | -1.93 | -3.28
- T ARE: L2382 31%) 3620 | 3780 | 117.005 | 115364 | -1.64 | -1.05
- & 23 A% : 10.55km 3780 | 3,860 | 115.364 | 115,709 | 0.34 0.44
3860 | 4,120 | 115709 | 114.916 | =079 | -0.3
- Hat 3 £ 34.2km/hr 4120 | 4280 | 114.916 | 112198 | -272 | —1.71
271 dlo arol =30 o] Mal = 4280 | 4760 | 112198 | 10347 | -873 | -1.82
T O AT T AR, =2 Y S 4760 | 4900 | 10347 | 101882 | —159 | —1.14
4900 | 4960 |101.882 | 101.228 | -0.65 | -1.11
4960 | 5,000 |101.228 |100.995| -0.23 | -0.6
4.2. AAE EX™ A} 5,000 | 5,100 |100.995 | 100.163 | -0.83 | -0.84
FUF 24 A9 £o| G WMV 5 E2 FE 2o paoo [onem [oaere | o7 | ot
Jeje] oJgke wWol vi=t} o]gfdt gFS F|astslar 5300 | 5340 | 98.879 | 98975 | 0.1 0.24
T2 AAle] wekde wasly] 8 712 CH:TL(KICT, 5,340 5500 | 98.975 | 98.728 | —-0.25 -0.15
) 5500 | 5600 | 98728 | 97.922 | —0.81 | —-0.82
2012)0ll4 AlAlE A4 71 24 TE9R] 20mE AHESt 5600 | 5640 | 97.922 | 97.674 | —0.25 | -0.63
At A2 =2 AAEE AAEYT Wik 13L 7) 5640 | 5740 | 97.674 | 96758 | —0.92 | -0.92
= = = 5740 | 50940 | 96.758 | 92.224 | -453 | -2.27
Fo2 AE|od Table 49F 2t o] 54 AwS 0189 5940 | 5980 | 92.224 | 90.586 | -1.64 -4.2
of zjgFe] YA o]Fof w2 HAE A 7E AESH 5980 | 6,220 | 90.586 | 88594 | —1.99 | —0.85
6,220 | 6,260 | 88594 | 89.607 | 1.01 2.59
6,260 | 6,520 | 89.607 | 90.965 | 1.36 0.53
Table 4. Road Gradient Measured using ARASEO 6,520 6,760 | 90.965 | 89.642 | -1.32 -055
p— ey [Eoveler| Raze 6,760 | 6,860 | 89.642 | 89.473 | -0.17 | -0.17
eI SV ot armelan 6,860 | 6,900 | 89.473 | 89613 | 0.14 0.36
Start End Start End (m) (%) 6,900 | 7,020 | 89.613 | 89.238 | -0.37 | -0.31
0 100 132.337 | 132.864 | 0.53 0.53 7,020 7,220 | 89.238 | 87.214 -2.02 -1.02
100 140 | 132.864 | 133.273 | 0.41 1.04 7,220 | 7,260 | 87214 | 86.93 | -0.28 | -0.73
140 180 | 133.273 | 133499 | 0.23 0.59 7,260 | 7300 | 8693 | 86.862 | —0.07 | —0.18
180 220 [133.499 | 13338 | -0.12 | -0.3 7,300 | 7,340 | 86.862 | 86.686 | ~0.18 | -0.44
220 280 | 133.38 | 133.461 | 0.08 0.13 7,340 | 7,380 | 86.686 | 86.367 | -0.32 | -0.82
280 340 | 133.461 | 133917 | 0.46 0.77 7,380 | 7920 | 86.367 | 82568 | -3.8 -0.71
340 500 | 133.917 | 136.197 | 2.28 1.43 7920 | 8020 | 82568 | 82165 | -04 | —0.41
500 600 | 136.197 | 137.875 | 1.68 1.7 8,020 | 8400 | 82165 | 81.1 -1.06 | -0.28
600 680 | 137.875 | 138.984 | 1.11 1.4 8,400 | 8,500 81.1 80.02 | -1.08 | -1.09
680 740 138,984 | 139.94 0.96 1.62 8,500 8,720 80.02 80.53 0.51 0.23
740 780 139.94 | 140518 | 0.58 1.49 8720 | 8760 | 80.53 | 81182 | 0.65 1.67
780 820 140.518 | 140.891 0.37 0.96 8,760 8,860 | 81.182 | 83.271 2.09 2.11
820 860 | 140.891 | 141.353 | 0.46 1.17 8,860 | 8900 | 83271 | 84.38 1.1 2.84
860 960 141.353 | 142.767 1.41 1.43 8,900 8,940 84.38 | 85.368 0.99 2.54
960 1,320 | 142.767 | 156.952 | 14.19 3.94 8940 | 9,020 | 85368 | 86.887 | 1.52 1.93
1,320 | 1,380 | 156.952 | 160.688 | 3.74 6.33 9,020 | 9,100 | 86.887 | 87.936 | 1.05 1.34
1,380 | 1,580 |160.688 | 169.387 | 87 438 9,100 | 9,260 | 87.936 | 88.984 | 1.05 0.66
1,580 | 1,620 | 169.387 | 169.787 | 0.4 1.03 9,260 | 9,420 | 88984 | 90.75 1.77 (AL
1,620 1,780 | 169.787 | 175.294 | 551 3.45 9,420 | 9,480 | 90.75 | 91.555 0.81 1.36
1,780 | 1,900 | 175.294 | 182388 | 7.09 5.96 9,480 | 9,600 | 91.555 | 94.252 2.7 2.26
1,900 2,200 | 182.388 | 179.086 -33 -1.08 9,600 9,640 | 94.252 | 95.567 1.31 3.37
2200 | 2240 |179.086 | 176281 | —-28 | -7.18 9640 | 9,680 | 95.567 | 96.808 | 124 | 3.19
2240 | 2280 | 176.281 | 173487 | —279 | -7.17 9,660 | 9,720 | 96.808 | 97892 | 1.08 2.78
: g : : : : 9,720 | 9940 | 97.892 | 104.176 | 6.28 2.87
2280 | 2,360 | 173.487 | 168161 | 533 | -6.74 9,940 | 9,980 | 104.176 | 105.434 | 1.26 3.22
2,360 | 2,480 | 168.161 | 161.526 | —6.64 | —559 9,980 | 10,280 | 105.434 [ 106.421 | 0.99 0.34
2,480 | 2520 | 161526 |160.306 | -122 | -3.13 10,280 | 10,500 | 106.421 | 96.12 | -10.3 —4.7
2520 | 2,700 |160.306 | 151537 | -877 | —4.89 10,500 | 10,564 | 96.12 | 93.801 | —2.32 | -37
2700 | 2,840 | 151537 | 142.424 | -911 | -6.56
2,840 | 3180 |142.424 | 130.397 | -12.03 | -3.56 4.3, & T ZAIE 2 =34 &
3,180 | 3,220 |130.397 | 130.013 | -0.38 | —-0.99
3220 | 3,380 |130.013 | 126.129 | -3.88 | —2.43 Fig. 63} Zo] 3 ZALE &l =43 A=E T+
3380 | 3,520 | 126.129 | 120.478 | -5.65 | —4.07 of mhelal 2 Qi) Fig, 6(a)= F3 ZAL7HY 1%
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Table 5. Emission Estimation by Average Speed
Based Method

Pollutant Equati(?/n:fzgeeemdi’siir?]?hisutl;nation Emissions(g)
CO» = 1,811.7 ) %00 1,835.76
co = 3.2797 1 08T 2.17
NOXx = 4.9708 1 ~ 067 7.80
PMio = 0.428 1/ 02186 0.674

4.4.2. O|A|7]8E HHEE LAY
3.1914 Agt MOVES Lite-K2| #j&sF 44 &

Aol whe} wijEHS APgstdth. VSPE AtEshe ¥

oA = T J‘EX}E— Fig. 6(c)9] & @9 £=

ARE o] 43t FAHEE ¥HYste A9 Fig. 6(b)
o] % o] HAt X}E% o] g3t RAF Aege] AHF
ol A4 SUV A2 Light Duty Vehicleol dj@s}
B2 Eq. (29 VSP AAbllA o531} 22 A5 A
g3ttt

—m =1,4788, X}

- A =0.15646, 75 AFHEKW-sec/m)

- B =0.002, 3|4 #gHKW-sec’/m?

- C=0.00049, 7] A& (KW-sec’/m®)

Z2F(tonne)

Table 691+ AAIEE BFY5HA] &S H-(@)¢F 7
AEE HHYsE A-(@)E FE3Fe] MOVES Lite-K=Z

Table 6. Emission Estimation by MOVES Lite—K

Grade was not Grade was .
Pollu= considered considered ) %
tant Difference
CE(g/km) |[Emissions(g)|CE(g/km)|Emissions(g)
CO2 208.71 220189 | 20883 | 220314 | 0.057%
CO 0.66 6.93 0.73 7.73 10.348%
NOx 2.32 24.50 228 24.06 -1.838%
PMio 0.15 1.60 0.16 1.64 2.923%
5 &M Za
51, & Chel 73 & giloR oISt WS Rlo|
BHEE 7o R viEEE APt Aok 2 w9
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Table 7. Difference in Emissions by Accounting
Second by Second Speed

Polent | ot | embsioraig | 40
O 1835.76 220189 1.20
co 217 6.93 3.19
NOX 7.80 24,50 3.14
PMo 0.674 1,60 237
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Fig. 7 Comparison of Operating Mode Distribution
(Driving Cycle Effect)

5.2. 2 ZAIk oz Qlst ST XI0|

Table 6°] A2|E|o] Q= HAHEE WHsto] vi&d
S AREE 790k utdsla] ok AMYE 492 v wsl
S B SR A=Y Hhgofte] g W
= AL 2 e,

Zo|7} Uy 2le VSPE AHYE uff HAMEE wl
Gl whet AGEE & BEst geka]y] fEle ]

2ut AL A-SE VSP7F 2718k ol w2
S5 IF Yold YRErt 52 How A4En
7] =7 AEEn. Wel dAke A v

e d=th

Fig. 8& A} Ao F
Hhgsto] LYW S ARETH
£ v w3t Jefzolrt, aPolA] B upe} 7+
o] ZAtol| i of ol whet -y RE ghof Apo]7} uf
o] lHt},

o Hi rlo to

YA dhete] A=
A9k WS 4T A

Operating Mode Fraction

Fraction
03

opmode fraction_Road42_No grade

= opmode fraction Roadd2

0.05 —

AN |.||Ihl.“||

¢ 1 11 12 13 14 15 16 21 22 23 24 25 27 28 29 30 33 35 37 38 39 40
Opmode

Fig. 8 Comparison of Operating Mode Distribution
(Grade Effect)
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