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Abstract

Bus cabin air quality has not been incessantly monitored in Hong Kong. This study
investigates the in-cabin exposure levels of CO, CO2 and PMao for running buses in Hong
Kong that are equipped with Euro II, 111 and 1V engines. A representative urban-suburban bus
route was chosen and there were no significantly different in-cabin CO levels reported among
engine types and between rush and non-rush hours. However, in-cabin CO level was found
significantly associated with ambient/roadside CO level; the former was altogether higher
than the latter due to the bus’ own exhaust. Regarding in-cabin PMaio concentration, the
engine type played a major role. The outcome demonstrates that new buses (i.e. Euro V)
generally provide a better in-cabin environment for commuters. Therefore, implementation of
an air filtration upgrade, together with a routine filter cleaning schedule, is an effective
measure to ameliorate bus cabin air quality. This study also provides useful information for
further investigation into the causal relationship between health risks and long-term air
pollution exposure in local bus cabins.
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Introduction

Hong Kong is a densely populated city with a well-developed bus network. In 2007, local
franchised buses served a total of 4 million commuters (34.4% of the total traveller
population) daily [1]. A survey of activity patterns in enclosed transit showed that a Hong
Kong resident would spend an average of 1.09 hours in a bus cabin on weekdays and 1.14
hours on weekends [2]. To ensure public health, bus cabin air quality should be incessantly
monitored and improved.

Airborne particulate matter (PM) is believed to be associated with increased morbidity and
mortality [3,4]. Studies in the European Union (EU) in 2000 reported an increased risk of
emergency hospital admissions for cardiovascular and respiratory diseases due to short-term
PM exposure and an estimate of about 350,000 premature deaths due to long-term PM
exposure [5]. Mass concentration of particles with an aerodynamic diameter smaller than 10
pm (PMao) is a common monitoring parameter for air quality. The short-term (24-hour) and
long-term (1-year) exposure limits for PMao specified in various guidelines are summarized
in Table 1 [4,6-8]. In Hong Kong, the indoor air quality (IAQ) of a bus cabin is classified
according to the 24-hour weighted average [7]. The average PMuo levels estimated for bus,
taxi, subway, ferry and tram were 137.5, 95, 78, 85 and 117.4 pg m3 respectively, indicating
a higher PM1o exposure inside a bus cabin [2]. Other pilot studies showed that the average
PMao exposure concentrations in Hong Kong bus cabins were from 109 to 265 pg m= [9,10],
and the hourly estimate of exposure for an average bus passenger was 95 pg m= - a value
comparatively higher than the average roadside PMuo level of 77 pug m= [2,11]. Table 2
exhibits the in-cabin PM1o exposure averages for buses running in other cities. The average
measured on Taiwan highways (60 pug m=) was the lowest among all cities while the
averages recorded in Guangzhou (128 pg m=) and Munich (110-165 pg m™) were
comparable [12-14]. A much higher exposure level was found in Mexico City (212 ug m=)
[15].

Studies revealed that a bus’ own exhaust can infiltrate into the bus cabin in different ways
[16,17]. As carbon monoxide (CO), a toxic by-product of incomplete combustion, was the
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dominant automobile exhaust emission pollutant found in Hong Kong, it was the combustion
gas chosen for investigation in this study [18,19]. Table 1 shows the in-cabin CO exposure
guidelines for buses [7]. The recommended 8-hour and 1-hour exposure limits in Hong Kong
are 9 and 25 ppm respectively. According to previous local studies, the in-cabin CO levels
were 10.2 ppm among taxis, 2.6-3 ppm among public buses, and 0.5-2 ppm amid subways,
ferries and trams [2,9]. The city bus in-cabin CO exposure averages from various countries
are presented in Table 2 for comparison: high concentrations (9.4 to 41.1 ppm) were recorded
in Athens and Mexico City [20-21]; the averages of Guangzhou and Taipei were comparable
(8.9 ppm vs. 8.6 ppm) [12,13]; and those measured in Milan (3.8 ppm) and Paris (4.0 ppm)
were relatively low [22,23].

The Hong Kong government adopted the European emission standards for diesel engines in
1994 and all new buses are required to meet the Euro IV emission standards since 2006 [24].
At the end of 2007, about 90% of the 5,900 local franchised buses were in compliance with
the standards [25]. Although a Euro 1V diesel vehicle emits about 95% less PM1o than a pre-
Euro vehicle manufactured before 1995, cabin air quality in running buses has not been
continuously monitored and insufficient information is available for the review of policy
regarding urban bus renewal in this region. This study investigates the in-cabin exposure
levels of CO, CO2 and PMaio for running buses in Hong Kong that are equipped with Euro 11,
Il and IV engines.

Measurements

The common bus models in Hong Kong are Euro Il, 11 and IV air-conditioned double-
deckers with fixed windows. Their cabin air temperature (T), relative humidity (RH) and
airflow are automatically controlled for thermal comfort. To prevent outdoor particles from
entering the bus cabin through fresh air intake, electrostatic filters are used in the Euro 1V
models.

Figure 1 illustrates the bus route between a suburban residential area Tuen Mun (TM) and an
urban area Mongkok (MK) selected for the study. TM is a new town in the northwest of
Hong Kong dominated by residential development with relatively less busy roads, while MK
is a thickly populated and bustling commercial zone located in the heart of the city. The
traffic in MK is very heavy as it is a focal point of many arterial transport routes in the city.

Travelling distance between the two bus terminals (i.e. TM and MK) was 32 km and PMuo
levels in the bus cabin were monitored and recorded (DustTrak, TSI, USA) every 1 minute
throughout the journey. The detection range of the aerosol monitor was 0.001 to 100 mg m=3
at an air flow rate of 1.7 L min~%. It was noted that a lower PMz1o concentration would be
obtained on the upper deck and an earlier reported upper-to-lower-deck PMuo ratio was 0.84
[19]. However, all measurements, which were conducted on weekdays during bus service
hours from 07:00 to 00:00 including two rush hour periods 07:00-10:00 and 16:00-19:00 [26],
were taken on the upper deck at points as marked in Figure 2 to minimize disturbance to
normal bus operations. Air samples were collected at a height of 1.45 m above the deck floor
(i.e. the breathing level of passengers) and kept away from the bus main entrances, air
inlets/outlets, and passengers. At the same time, T, RH, CO2 and CO levels were measured
(IAQ Meter, TSI, USA). All equipment used in the study was factory calibrated prior to the
measurements. The resolutions for T, RH, CO2 and CO were 0.1°C, 0.1%, 1 ppm and 0.1
ppm respectively. In addition, data of hourly ambient/roadside PMio and CO levels were
obtained from the government air quality monitoring stations closest to the two bus terminals
for comparison with the 10-minute averages of in-cabin PMio and CO taken right after
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departure as well as before arrival.

Results and discussions

The measurement results of 52 commuter trips with groupings based on 2 travelling
directions, 3 bus engine types and 2 measurement periods are summed up in Table 3.
Normality was assumed for all parameters except CO2 (p>0.9, Shapiro-Wilk’s test); and
normal distributions could be assumed for the cabin air temperature from MK to TM, the in-
cabin PMao level from TM to MK, and the travelling times required for Euro Ill and in non-
rush hours (p>0.9, Shapiro-Wilk’s test).

The average travelling time between the two terminals was 68 minutes (standard deviation
SD=10 minutes). Except for travelling from MK to TM which would take 4 minutes longer
on average (p=0.05, t-test), there was no significant travelling time difference for all
subgroups (p>0.2, t-test). Characterized by an average T of 22°C (SD=2.5°C) and RH of 47%
(SD=9%), the cabin thermal conditions were acceptable to most Hong Kong residents [20,21]
and within the ranges (T=20-28°C and RH=40-70%) recommended by the Hong Kong
Environmental Protection Department (HKEPD) [17]. The cabin air temperature in newer
buses (i.e. Euro 1V) was reportedly lower (p<0.05, t-test). Lower in-cabin temperatures were
also detected in rush hours as compared with non-rush hours (p<0.05, t-test) and that was
expected for a better air diffusion performance during rush hours [27].

Table 4 summarizes the in-cabin and ambient/roadside CO and PM1o levels for Euro I, 11l
and 1V buses.

CO2 levels

The overall average in-cabin CO2 level was 1290 ppm (SD=491 ppm) and within the
“comfortable” level according to the local guideline value - an hourly average exposure
concentration of 2500 ppm [28]. Except for some differences between Euro Ill and Euro 1V
(p=0.01, t-test), there was no significant difference among the subgroups (p>0.2, t-test). This
exposure level showed an improved bus ventilation performance as compared with an
average of 1722 ppm measured in a previous study (p<0.01, t-test) [9]. However, it was still
significantly higher than the average of 959 ppm found in a Taiwan study (p<0.01, t-test),
where correlations were reported between the in-cabin CO2 levels and the number of
passengers [29].

CO levels

The overall average in-cabin CO level of 2.3 ppm (SD=0.5 ppm) was not significantly
different from the one (2.1 ppm) measured in a former study [9], but significantly lower than
those (3.8-40 ppm) registered in other cities (p<0.01, t-test) [12-13,20-23]. It should be noted
that vehicles in Hong Kong were running on lead-free or low lead gasoline instead of regular
(leaded) petroleum [21]. As the study results of all in-cabin CO levels were much lower than
the local guideline limits (p<0.01, t-test), a satisfactory in-cabin environment in terms of CO
concentration was assumed [7].

Based on Table 4, the in-cabin CO levels were significantly higher than the ambient/roadside
levels measured by the monitoring stations (p<0.0001, pair t-test). This confirmed that in-
cabin CO level was closely related to not only the emissions from neighbouring vehicles, but
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also the bus’ own exhaust. During rush and non-rush hours, the ambient/roadside CO levels
in MK (1.22 and 1.30 ppm) were about 0.2 and 0.4 ppm higher than those in TM (0.98 and
0.94 ppm) respectively (p<0.01, t-test), while the corresponding in-cabin CO levels were 0.8
and 0.7 ppm higher (p<0.05, t-test). It was noted that congested traffic was expected in MK.
Between rush and non-rush hours, the average in-cabin CO levels (2.2 and 2.4 ppm) did not
vary significantly (p>0.3, t-test). This indicated the air quality concerning CO concentration
was not improved in non-rush hours as considerable traffic still remained along the route.

Among different engine types, the in-cabin CO levels measured were not significantly
different (p>0.2, t-test), except for Euro I11/Euro IV in MK (p<0.01, t-test). The difference in
the infiltration design (i.e. electrostatic filters in Euro 1) may be the reason. Figure 3 shows
a significant linear relationship between the ambient/roadside and in-cabin CO levels with a
slope of approximately unity and an intercept of 1.2 ppm (R=0.44, p<0.01, t-test). In other
words, the in-cabin CO level was 1.2 ppm higher on average. Moreover, the average in-cabin
CO level from MK to TM was 0.3 ppm higher than that from TM to MK (p=0.02, t-test). It
was probably due to the longer travelling time from MK to TM.

PMaio levels

Again, the overall average in-cabin PMio level found in this study, which was 169 pg m=
(SD=96), was not significantly different from the results of some earlier studies carried out in
Hong Kong (p>0.05, t-test) [2,9]. This PMio level was comparatively high among all of the
reference cities (p<0.05, t-test) [12-14,27], and it did not improve during non-rush hours
(p>0.4, t-test). The ambient/roadside PMio levels in MK were lower than those in TM
because of the smoother flow of traffic in TM. There was no significant difference between
the in-cabin PM1o levels from MK to TM and from TM to MK (p>0.3, t-test).

In-cabin PMuo level is affected by air infiltration, indoor mitigation, and resuspension of floor
dust due to various passenger related activities (e.g. alighting, boarding and taking a seat).
Proximate vehicle exhaust plays a major role in infiltration, especially when the buses are
queuing up at a bus stop [30]. Despite the fact that there was no significant association
between ambient/roadside and in-cabin PMaio levels on the whole according to Table 4
(R=0.08, p>0.4, t-test), associations between them were reported within the first 10 minutes
after departure (p<0.05). This latter result demonstrated that in-cabin PMio level in the first 10
minutes after departure was dominated by the outdoor factors as PMio contributions from the
bus engine and moving passengers inside the cabin would become greater subsequently.

The absence of significant association between in-cabin CO2 and PMao levels (R= -0.19,
p>0.05, t-test) in this study indicated that the background particulates in a district and dust
resuspension due to passenger activities might have little contribution to in-cabin PMzo level.
From Table 4, the significant differences in in-cabin PM1o levels among Euro I, 11l and IV
buses revealed that engine type was the key affecting factor (p<0.05, t-test). Reportedly, a
Euro 1V model has a lower particulate emission level and a better filtration performance as
compared with the older models such as Euro 11 and Euro 111 [31,32]. This study gave similar
results.

Conclusion

This study chose a representative urban-suburban bus route to investigate the in-cabin
exposure levels of CO, CO2 and PMuo for running buses in Hong Kong that were equipped
with Euro II, 11l and IV engines. There were no significantly different in-cabin CO levels
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reported among engine types and between rush and non-rush hours. However, in-cabin CO
level was found significantly associated with ambient/roadside CO level; the former was
altogether higher than the latter due to the bus’ own exhaust. Regarding in-cabin PMao
concentration, the engine type played a major role. The outcome demonstrated that new buses
(i.e. Euro 1V) generally provided a better in-cabin environment for commuters. Therefore,
implementation of an air filtration upgrade, together with a routine filter cleaning schedule, is
an effective measure to ameliorate bus cabin air quality. The study also provides useful
information for further investigation into the causal relationship between health risks and
long-term air pollution exposure in local bus cabins.

References
1 HKTD: The annual transport digest. HKSAR: Hong Kong Transport Department, 2008.

2 Chau CK, Tu EY, Chan DWT, Burnett J: Estimating the total exposure to air pollutants
for different population age groups in Hong Kong: Environ Int 2002;27(8):617-630.

3 Pope CA Ill, Dockery DW: Health effects of fine particulate air pollution: Lines that
connect: J Air Waste Manage 2006;56(6):709-742.

4 WHO: WHO air quality guidelines for particulate matter, ozone, nitrogen dioxide and
sulphur dioxide, Global update 2005, summary of risk assessment: World Health
Organization, 2006.

5 NGO: Particles and health - Environmental factsheet no. 20. The Swedish NGO
Secretariat on Acid Rain, 2006.

6 ASHRAE: ASHRAE Standard 62-2010, Ventilation for acceptable indoor air quality.
Atlanta: American Society of Heating, Refrigerating and Air-conditioning Engineers,
2010.

7 HKEPD: Review of air quality objectives, Legislative Council panel on environmental
affairs. HKSAR: Hong Kong Environmental Protection Department, 20009.

8 MOE: Guideline on Indoor Air Quality of public transport. Republic of Korea: Ministry
of Environment, December 2006.

9 Mui KW, Shek KW: Influence of in-tunnel environment to in-bus air quality and thermal
condition in Hong Kong: Sci Total Environ 2005;347(1-3):163-174.

10 Jones AYM, Lam PKW, Dean E: Respiratory health of bus drivers in Hong Kong: Int
Arch Occ Env Hea 2006;79(5):414-418.

11 HKEPD: Air quality in Hong Kong. HKSAR: Hong Kong Environmental Protection
Department, 1998-2008.

12 Hsu DJ, Huang HL: Concentrations of volatile organic compounds, carbon monoxide,
carbon dioxide and particulate matter in buses on highways in Taiwan: Atmos Environ
2009;43(36):5723-5730.

13 Chan LY, Lau WL, Zou SC, Cao ZX, Lai SC: Exposure level of carbon monoxide and
respirable suspended particulate in public transportation modes while commuting in urban,
area of Guangzhou, China: Atmos Environ 2002;36(38):5831-5840.

14 Praml G, Schierl R: Dust exposure in Munich public transportation: a comprehensive 4-
year survey in buses and trams: Int Arch Occ Env Hea 2000;73(3):209-214.

15 Wohrnschimmel H, Zuk M, Martinez-Villa G, Ceron J, Cardenas B, Rojas-Bracho L,
6


http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=S28IdPgOC9bJ9egMbK3&name=Lau%20WL&ut=000179550500008&pos=2
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=S28IdPgOC9bJ9egMbK3&name=Zou%20SC&ut=000179550500008&pos=3
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=S28IdPgOC9bJ9egMbK3&name=Cao%20ZX&ut=000179550500008&pos=4
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=S28IdPgOC9bJ9egMbK3&name=Lai%20SC&ut=000179550500008&pos=5
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P2@LmOcMcjFEO37PCPH&name=Wohrnschimmel%20H&ut=000261301200007&pos=1
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P2@LmOcMcjFEO37PCPH&name=Zuk%20M&ut=000261301200007&pos=2
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P2@LmOcMcjFEO37PCPH&name=Martinez-Villa%20G&ut=000261301200007&pos=3
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P2@LmOcMcjFEO37PCPH&name=Ceron%20J&ut=000261301200007&pos=4
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P2@LmOcMcjFEO37PCPH&name=Cardenas%20B&ut=000261301200007&pos=5
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P2@LmOcMcjFEO37PCPH&name=Rojas-Bracho%20L&ut=000261301200007&pos=6

o~N OO0, WN B

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

Fernandez-Bremauntz A: The impact of a Bus Rapid Transit system on commuters’
exposure to Benzene, CO, PM25 and PM10 in Mexico City: Atmos Environ
2008;42(35):8194-8203.

Chan LY, Liu YM: Carbon monoxide levels in popular passenger commuting modes
traversing major commuting routes in Hong Kong: Atmos Environ 2001;35(15):2637-
2646.

Chan LY, Lau WL, Lee SC, Chan CY: Commuter exposure to particulate matter in public
transportation modes in Hong Kong: Atmos Environ 2002;36(21):3363-3373.

Chow WK, Wong LT, Fung WY: Field study on the indoor thermal environment and
carbon monoxide levels in a large underground car park: Tunn Undergr Sp Tech
1996;11(3):333-343.

HKEPD: Air pollution index background information (Nitrogen Oxides and Carbon
Monoxide). HKSAR: Hong Kong Environmental Protection Department, 2010. Available
at: http://www.epd-asg.gov.hk/textonly/english/backgd/source.html

Duci A, Chaloulakou A, Spyrellis N: Exposure to carbon monoxide in the Athens urban
area during commuting: Sci Total Evniron 2003;309(1-3):47-58.

Fernandez-Bremauntz AA, Ashmore MR: Exposure of commuters to carbon monoxide in
Mexico City - 1.Measurement of in-vehicle concentrations: Atmos Environ
1995;29(4):525-532.

De Bruin YB, Carrer P, Jantunen M, Hanninen O, Di Marco GS, Kephalopoulos S,
Cavallo D, Maroni M: Personal carbon monoxide exposure levels: contribution of local
sources to exposures and microenvironment concentrations in Milan: J Exp anal Env Epid
2004;14(4):312-322.

Dor F, Lemoullecy Y, Festy B: Exposure of city residents to carbon monoxide and
monocyclic aromatic-hydro carbons during commuting trips in the Paris metropolitan
area: J Air Waste Manage 1995;45(2):103-110.

EU: Directive 2005/55/EC, The approximation of the laws of the Member States relating
to the measures to be taken against the emission of gaseous and particulate pollutants
from compression-ignition engines for use in vehicles, and the emission of gaseous
pollutants from positive-ignition engines fuelled with natural gas or liquefied petroleum
gas for use in vehicles. European Union: The European Parliament and of the Council, 28
September 2005.

HKEPD: Environment Hong Kong 2008. HKSAR: Hong Kong Environmental Protection
Department, 2008.

TTSD: The annual traffic census 2008, TTSD Publication No. 09CAB1. HKSAR: Traffic
and Transport Survey Division, June 2009.

Chow WK, Wong LT: Design of air diffusion terminal devices in passenger train vehicle:
J Environ Eng-ASCE 1997;123(12):1203-1207.

HKEPD: Practice note for managing air quality in air-conditioned public transport
facilities — buses, HKEPD ProPECC PN 1/03. HKSAR: Hong Kong Environmental
Protection Department, November 2003.

Huang HL, Hsu DJ: Exposure levels of particulate matter in long-distance buses in
Taiwan: Indoor Air 2009;19(3):234-242.

Gomez-Perales JE, Colvile RN, Fernandez-Bremanuntz AA, Gutiérrez-Avedoy V,

7


http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=P2@LmOcMcjFEO37PCPH&name=Fernandez-Bremauntz%20A&ut=000261301200007&pos=7
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=R2@CNmIm@oj5N4I5ifb&name=De%20Bruin%20YB&ut=000222655900005&pos=1
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=R2@CNmIm@oj5N4I5ifb&name=Carrer%20P&ut=000222655900005&pos=2
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=R2@CNmIm@oj5N4I5ifb&name=Jantunen%20M&ut=000222655900005&pos=3
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=R2@CNmIm@oj5N4I5ifb&name=Hanninen%20O&ut=000222655900005&pos=4
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=R2@CNmIm@oj5N4I5ifb&name=Di%20Marco%20GS&ut=000222655900005&pos=5
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=R2@CNmIm@oj5N4I5ifb&name=Kephalopoulos%20S&ut=000222655900005&pos=6
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=R2@CNmIm@oj5N4I5ifb&name=Cavallo%20D&ut=000222655900005&pos=7
http://apps.isiknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&db_id=&SID=R2@CNmIm@oj5N4I5ifb&name=Maroni%20M&ut=000222655900005&pos=8

O N OO0 AWNBEF

=
o

Paramo-Figueroa VH, Blanco-Jiménez S, Bueno-Lopez E, Bernabé-Cabanillas R,
Mandujano F, Hidalgo-Navarro M, Nieuwenhuijsen MJ: Bus, minibus, metro inter-
comparison of commuters exposure to air pollution in Mexico city: Atmos Environ
2007;41(4):890-901.

31 KMB: The Kowloon Motor Bus Company, 2009. Available at: http://www.kmb.hk/ (last
accessed November 2009).

32 Chan DCY: Hong Kong Buses Yearbook: Northcord Transport, 2004.

33 IEE: Guidelines for good indoor air quality in office premises. Singapore: Ministry of the
Environment, Institute of Environmental Epidemiology, 1996.


http://www.kmb.hk/



