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Abstract. This study aims to estimate emissions of passenger cars traveled on the highways in Nakhon Ratchasima
Municipality (NRM) based on recently developed driving cycles. A mobile phone application (SafeMate) was used to
record speed-time of passenger car on the highways both weekday and weekend. The results showed that the driving
cycles of the passenger cars on highway 224 and 304 were quite different. More traffic congestion on highway 224
impacted the average speeds, ranging from 10 to 34 km/h with longer idling time. The average speeds on highway
304 ranged from 49 to 69 km/h with more cruise time. The combined driving cycles on both highways showed the
average speeds of 20-40 km/h depending upon the time of days. The traffic density on weekday was higher than the
weekend. Peak-hour weekday showed lower traffic flow than off-peak hour which was the opposite of the weekend.
Based on the derived driving cycles, the passenger car traveled on the highways in NRM emitted CO, NOx and HC
approximately 90.7-129.8, 25.5-34.5 and 6.9-11.7 tons/year, respectively. The passenger cars were estimated to emit
about 13,927.7-20,419.3 tons/year of carbon dioxide on the highways. The highway 2 accounted more of the
emissions due to the traffic volume and coverage distance in NRM.

1 Introduction

Road transport is a major source of air pollution in
Thailand. A number of vehicles has been increased on
roadway and caused traffic congestion in several areas,
especially in large cities, such as Bangkok, Chiang Mai,
Nakhon Ratchasima. Traffic density correlates with high
levels of vehicular exhaust emission [1, 2] and has
potential to cause health effects in urban residents.

Estimating exhaust emissions are conveniently used
emission factors and economically attractive. However,
the emission inventory requires decent inputs, such as,
emission factor of vehicles (EFs), travel activity, etc.
Emissions from vehicle depend on several factors,
including driving cycle, fuel type, emission control
technology, vehicle weight, engine capacity, environment
conditions road gradient and the level of wvehicle
maintenance [3]. Driving cycles have been developed to
represent conditions on roads and used in the emission
estimates for specific city. The emissions from vehicles
are also related to the driving mode: idle, steady-state
cruise, acceleration and deceleration.

Driving cycles provide the variations of the vehicle
speed with time for a certain period of travel for a
specific route. Vehicle emission factors are commonly
derived from chassis dynamometer tests programmed
with standard driving cycle, such as U.S. Federal Test
Procedure (FTP75), Economic Commission for Europe
(ECE) and Japanese 10 mode cycle [4]. In turn, the

driving cycles used in the U.S. and Europe are not
represented the traffic conditions in other regions. Many
driving cycles developed elsewhere under specific
driving characteristic are clearly differ from one area to
another, even within the same city [5] such as Thailand [6]
Turkey [7] and China [8]. Consequently, researchers
should set priority to specific of driving characteristics in
each area to achieve a reliable estimate of the emissions.
This study aims to estimate the emissions of
passenger cars traveled on the highways in Nakhon
Ratchasima Municipality (NRM) based on recently
developed driving cycles with the help of a mobile phone
application to record speed-time of the passenger cars.

2 Methodology

2.1 Route selection

Nakhon Ratchasima Municipality (NRM) is the fifth
largest municipality in Thailand that experienced
increasing volume of vehicle and traffic congestion due
to the subsidy of the First Car Program by the previous
government and economic improvement. Four highways,
highway number 2, 205, 224, and 304, pass through the
municipality. The road sections of those highways were
selected to develop the driving cycles of route between
Rajamangala University of Technology Isan (RMUTI) to
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Save One Market, approximately 10.17 kilometers trip
(Figure 1).

2.2 Speed data collection

Since the passenger car shared the largest portion on the
highways in NRM, the driving cycle of the passenger car
was our focus. In-vehicle method was used to collect
speed-time data with the assistant of the mobile
application, SafeMate. Data were collected from Monday
to Sunday during the morning peak hour (7.00 a.m. - 9.00
a.m.), off-peak hour (9.00 am. - 3.00 p.m.), and the
evening peak hour (3.00 p.m. - 7.00 p.m.). The speed-
time data were collected for both inbound and outbound
directions.

2.3 Speed-time analysis and driving cycle
development

The graph data of the speed-time were analyzed by
transforming to micro trips for every 7.3 seconds. The
speed-time data were separated into weekday and
weekend according to peak hour and off-peak hour.
Descriptive statistics were used to estimate mean,
difference mean, and standard deviation. Difference mean
is an accepted mean different at less than 10%. The data
were tested for the differences in the dataset using
inferential statistic (T-test, Anova test, Mann-Whitney U-
test or Kruskal-Wallis). The derived speed data were
selected to represent the real driving characteristics of the
route. Then, the speed-time data were used to develop
driving cycles of the trip.

The micro trips of each highway section were used to
construct the driving cycles of the route. Driving
characteristic were described by the parameters including
average speed (V,,), average running speed (Viygi),
average acceleration of all acceleration phase (Acc),
average deceleration of all deceleration phases (Dec),

idling mode (T;q.), acceleration mode (T,.), deceleration
mode (Tge.), and cruising mode (Tpise)-

2.4 Estimating passenger car emissions on the
highways

Mobile source emission factors in Thailand has
developed on a standard chassis dynamometer, which the
exhaust from the vehicles were measured under different
situation such as fuel type, emission control technology
and driving speed. The air pollutants and greenhouse gas
of passenger car were measured including hydrocarbon
(HC), carbon monoxide (CO), oxide of nitrogen (NO,)
and carbon dioxide (CO,) and classified according to
speed used in the test [9]. Data from the dynamometer
tests were extracted and used to calculate passenger car
emissions under the developed driving cycles in NRM.
Traffic volume was counted and estimated on all
highways according to the Department of Highway,
Thailand. The vehicle emission rate was obtained by
multiplying vehicle activity with the derived EFs of the
passenger car (Eq. 1).

Ei = EFl xDxN 1

Where EF; (g/km) was an emission factor of i
pollutant from vehicle, D (km) was the travel distance
and N (vehicles/day) was average daily traffic. The
calculations of exhaust emission under specific driving
cycle were estimated using (Eq. 2).

E =% X [EF..xTxn.xj:|><N 2)
S L

Where EF; (g/km) was an emission factor of i
pollutant at j travel speed range, n; was the number of
micro-trip at j speed range of vehicle on driving cycle,
T7=7.31 (s) was the time scale of micro-trip, j (km/h) was
a travel speed range of vehicle (including 0-10, 11-20,
21-30, 31-40, 41-50, 51-60, 61-70, 71-80, 81-90 km/h).
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Figure 1. The study area in Nakhon Ratchasima Municipality (NRM) and selected highway route
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3 Results and discussion

3.1. Deriving the highway driving cycles

Collected speed-time data showed less than 10 percent
differences (p<0.05) in the dataset. The driving
parameters of all sections of the highways are presented
in Table 1. The results showed that the driving cycles on
highway 224 and highway 304 differed from the rest,
caused by congestion on highways. The average speed of
highway 224 was ranged from 10 to 34 km/h with longer
idling time. The evening peak hour on weekday
experienced the congestion. With the average speed of 10
km/h, the proportion of idle time and cruise were
approximately 50% and 9%, respectively.

Highway 304 experienced less traffic congestion with
the average speed ranging from 49 to 69 km/h and
relatively smooth traffic flow indicating by no idling time
and high cruise time. The driving cycle in the morning
during the weekend was rather smooth with 50% of
cruise time

The driving cycles on highway 2 and highway 205
were quite fluctuated which the average speed ranged
from 32 to 54 and 22 to 42 km/h, respectively. Weekday
had high traffic congestion on both highways. During
peak hour, the driving cycles showed high traffic
intensity indicated by low speed and fluctuating traffic
flow.

The micro trips were used to construct the driving
cycles on the highways in NRM for the passenger car
travelling about 10.17 km from the northeast to the
southwest locations (Figure 2). With the driving cycles,
the driving parameters were derived (Table 2). The
results showed that the average speed on weekday and
weekend were approximately 23.6 and 34.7 km/h,
respectively. The weekday had more fluctuation than the
weekend, indicated by the average idle mode on weekday
with the highest proportion of 39%, while the average
cruise mode was only 9.7%. Traffic intensity was high on
weekday during peak hour while the weekend occurred
during off-peak hour. Morning peak and evening peak on
weekday showed serious traffic congestion, with the
average speed of 22.1 and 20.3 km/h, respectively. The
traffic flow, however, was smooth on morning peak
during the weekend with twice the average speed
typically found weekday peak hour. The morning peak
hour during the weekend had the lowest proportion of
idling, about 11.6%. The driving characteristics varied
during the day and different times of day and daily. The
important factors affected the driving variations in NRM
included road characteristics, driving behaviour, and
traffic volume, etc. Several studies used speed-time data
in morning peak to represent the driving cycles [6], [10],
and [11]. In NRM, however, the traffic volume was high
during the evening peak hour.

Table 1. The driving parameters on highways in NRM

. Days . Vay, Vavel Acc Dec Tige  Tace Taec Terise  Time Length
Roadsections ¢ Timesofday — ibpy ey ms) i) 6 ) (%) 6 (s) (km)
Morning peak 117 242 0.1 03 493 174 210 123 1009
Weekdays T Peak 204 35.2 02 06 368 338 250 44 497
Evening peak  10.0 132 0.1 04 493 208 194 104 1053
. Average 14.0 242 0.1 05 451 240 218 90 853
Highways 224 Morning peak  28.7 359 03 05 153 390 339 119 431 3.20
Weekend  OfFPeak 342 38.7 03 05 119 475 373 34 431
Evening peak  19.0 40.5 0.1 0.6 500 231 179 90 570
Average 273 38.4 02 05 257 365 297 81 477
Morning peak 4.0 583 02 04 225 337 315 124 651
Weekdays 0T Peak 39.6 50.9 0.1 03 215 336 252 196 782
Evening peak 289 40.1 02 03 258 315 306 121 906
. Average 375 49.8 02 03 233 329 291 147 780
Highways 2 Morning peak  53.5 594 02 04 71 329 329 271 512 7.66
Weekend  Offpeak 31.7 45.6 02 04 282 325 291 103 855
Evening peak  46.4 54.5 03 05 113 438 313 138 585
Average 43.9 53.2 02 05 155 364 3L1 170 651
Morning peak 223 27.6 0.2 -0.4 16.7 433 30.0 10.0 219
Weekdays  OTPeak 29.8 429 03 06 273 364 318 45 181
Evening peak 302 30.2 02 03 00 500 409 9.1 18l
. Average 274 33.6 02 05 146 432 342 79 1%
Highways 205 Morning peak  26.5 37.1 03 07 185 444 333 37 197 145
Weekeng  Cffpeak 423 423 02 05 00 563 313 125 117
Evening peak 327 37.9 02 05 95 476 286 143 154
Average 33.8 39.1 02 06 93 494 311 102 156
Morning pcak _ 48.8 488 0.1 03 00 400 400 200 110
Weekdays T Peak 54.0 54.0 03 02 00 538 385 77 95
Evening peak  53.9 53.9 02 -03 00 533 400 67 110
. Average 522 522 02 03 00 491 395 115 105
Highways 304 Morning peak  68.7 68.7 00 02 00 00 500 500 73 1.63
Weekend  Offpeak 58.4 58.4 0.1 02 00 333 400 267 110
Evening peak  62.1 66.8 0.1 0.6 00 308 385 308 95
Average 63.1 64.7 0.1 03 00 214 428 358 93

Note: Acc* = Acceleration; Dec** = Deceleration
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Table 2. The driving parameters of passenger car on highway route in NRM

Driving cycle Days of Times of days Vave Vayel Acc , Dec , Tidle Tace Tee Tewise  Time Length
week (km/h)  (kmh) D) s (%) (%) (%) (%) (s) (km)
Morning peak 22.1 44.2 0.1 -0.4 46.5 243 21.6 7.6 1352
Weekdays Offpf:ak 28.4 48.0 0.1 -0.5 370 295 233 10.3 1067
NRMDC Evening peak 20.3 33.0 0.1 -0.4 33.8 28.4 265 11.3 1491
(RMUTI to Average 23.6 41.7 0.1 -0.4 39.1 274 238 9.7 1303 103
Save one market) Morning peak 39.9 49.5 0.2 -0.5 11.6 375 33.0 17.9 826 '
Weekend Offpgak 31.6 42.4 0.2 -0.5 23.1 37.1  30.1 9.8 1052
Evening peak 32.5 51.1 0.2 -0.6 31.5 323 246 11.5 957
Average 34.7 47.6 0.2 -0.5 22.1 35.6  29.2 13.1 945
Table 3. The comparison of developed driving cycle of passenger car in NRM with international cycles
Drivin, Days of . Vay, Vavel Acc Dec Tidle Tace Taee  Temise Time Length L
cycle ¢ wiek Timesofdays — (\lhy (amb)  (mish)  (mis)  (%B) (%) (%) (%) (5) (km% Description
Weekdays  Morning peak ~ 22.1 44.2 0.1 -0.4 465 243 216 176 1352
NRMDC  Weekend Morning peak 39.9 49.5 0.2 -0.5 11.6 375 330 179 826 10.3 Highway
Week Morning peak 31.0 46.9 0.2 -0.5 29.1 309 273 128 1089
MIDC Weekdays ~ Morning peak 26.9 37.5 0.6 -0.9 284 207 158 352 1744  13.0 Highway [10]
HKHDC  Week Morning peak  38.3 41.8 0.4 -0.4 8.4 375 362 172 1401 149 Highway [11]
BDC Week Mormingpeak 177 288 07  -07 377 153 232 238 1160 57 Arterial and

highway [6]

Note: NRMDC = Nakhon Ratchasima Municipality Driving Cycle, MIDC = Modified Indian Driving Cycle, HKHDC = Hong Kong

Highway Driving Cycle and BDC = Bangkok Driving Cycle.
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Figure 2. Driving cycles on highway (HWY) route in NRM.

The morning peak was selected as the driving cycles
of passenger car in NRM. The comparison with other
driving cycles in other countries is in Table 3. The
average speed of NRMDC on weekday morning peak
was lower than MIDC due to the high traffic congestion
in NRM. NRMDC had high portion of idle time,
approximately 46.5%. The driving cycle on the morning
peak of HKHDC and BDC were obviously differed from
NRMDC. The average speed of HKHDC, NRMDC and
BDC were about 38.3, 31.0 and 17.7 km/h, respectively.

HKHDC showed higher fluctuation than other driving
cycles. High portion of acceleration time and deceleration
was approximately 37.5% and 36.2%, respectively.
Values of the driving parameters between BDC and
NRMDC were different. BDC had the lowest average

Weekend - Morming Peak

g 120 , T
® HWY 1 HWY | HWY 1 HWY
Eg 90 \ 2 1304
= E 60
o4
30
& — e 1 - -
0 146 292 439 585 731 877 1023 1170 1316 1462
Time(s)
" Weekend - Off Peak
® HWY HWY
53%‘ 2 ) 304
s E
B
(9 ]
& |
0 146 292 439 585 731 877 1023 1170 1316 1462
Time (s)
Weekend - Evening Peak
e o oW
&~ 05
sz 01 ! .
SE6 AL ! |
o M |
S M
& 0 T f T ; T T T T
0 146 292 439 585 731 877 1023 1170 1316 1462
Time(s)

speed and running speed comparing to others driving
cycles. The reason that BDC was developed based on
traffic conditions of both highway and arterial road,
where the arterial roads in Bangkok had serious traffic
congestion [6]. Therefore, it was necessary to develop the
specific driving cycles in NRM with more appropriate
speed-time data for the estimation of the vehicular
emissions.

3.2 Estimated passenger car emissions on
highways in NRM

Estimation of mobile emission in NRM was obtained
from multiplying average annual daily traffic (AADT)
with vehicle kilometer travel and the emission factors.
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The estimation of exhaust emissions from passenger car
on highways in NRM is shown in Table 4. Based on 2015
data, the main air pollutant was carbon monoxide, about
90.7-129.8 tons annually. As a greenhouse gas, annual
CO, emission was at high as 20,419.3 tons. Highway 2
accounted a large portion of the emissions due to the

travel distance and traffic volume. The estimated annual
emissions of CO, NO,, and HC from highway 2 were
approximately 67.4-90.2, 19.2-24.3 and 4.9-7.4 tons,
respectively, whereas highway 304 had the smallest
portion of the emissions from passenger cars.

Table 4. Estimated total emissions from passenger cars on the highways in NRM, 2015

Emissions (tons/year)

Distance AADT

Section road (km) (vehicle/day) HC CcO NO, CO,

Low High Low High Low High Low High
Highway 2 7.66 30839 49 7.4 67.4 90.2 19.2 243 10242.1 13883.8
Highway 205 1.46 22908 0.7 12 9.4 13.4 2.5 35 1456.1 2132.7
Highway 224 3.20 12285 1.1 2.8 11.4 232 3.1 5.9 1858.3 3964.0
Highway 304 1.69 5743 0.2 0.2 2.5 2.9 0.7 0.8 371.2 438.8
Total emission (tons/year) 6.9 11.7 90.7 129.8 25.5 34.5 13927.7 20419.3
Percent emission (%) 0.03 0.32 0.09 49.57

4 Conclusions

Specific driving cycle is important for reasonable
estimate of air emissions in area of interest like NRM.
The driving cycles can be constructed based on the
information of micro trips from speed-time data. Current
technology allows a mobile application to assist data
gathering of the traffic related data virtually in any city.
Along with the traffic volume and appropriate emission
factors, vehicle emissions can be routinely estimate. The
passenger cars in NRM had different driving patterns
depending on time of the day and day of the week. Long
idling time of passenger car on highway in NRM was
affected by the traffic activities. The average speed on
weekday was about 23.6 km/h, and 34.7 km/h during
weekend. The weekday had more speed fluctuation than
the weekend, indicated by the average idle mode on
weekday with the highest proportion of 39%, while the
average cruise mode was only 9.7%. In 2015, annual
carbon monoxide was emitted about 91-130 tons, 26-35
tons of NO,, and 7-12 tons of HC. The future research
should further investigate other types of roads and
vehicles to quantify the whole fleet and to provide the
overall vehicle emission inventory for the comprehensive
air quality planning.
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