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» Roadside VOCs in Hong Kong showed a large decreasing trend after an LPG

catalytic convertor replacement programme

» Emission ratios were applied to explore the contributions of primary and

secondary/biogenic sources for roadside VOCs

» LPG vehicular emissions was the dominant source of roadside VOCs and its

contribution has decreased after the air pollution control programme
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Highlights

» Roadside VOCs in Hong Kong showed a large decreasing trend after an LPG

catalytic converter replacement programme

» Emission ratios were applied to explore the contributions of primary and

secondary/biogenic sources for roadside VOCs

» LPG vehicular emissions was the dominant source of roadside VOCs and its
contribution has decreased after the air pollution control programme

Abstract

In order to improve local air quality of Hong Kong, more than 99% taxies and public
light buses were changed from diesel to liquefied petroleum gas (LPG) fuel type in the

early 2000s. In addition to the catalytic converters wear and tear, it is necessary to


mailto:huangyu@ieecas.cn
mailto:email@address.edu)

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

control air pollutants emitted from LPG vehicles. Therefore, an LPG catalytic converter
replacement programme (CCRP) was fulfilled from October 2013 to April 2014 by the
Hong Kong government. Roadside volatile compounds (VOCs) were measured by
on-line measurement techniques before and after the programme to evaluate the
effectiveness of the LPG CCRP. The mixing ratios of total measured VOCs were found
decreased from 69.3 + 12.6 ppbv to 43.9 + 6.5 ppbv after the LPG CCRP with the
decreasing percentage of 36.7%. In addition, the total mixing ratio of LPG tracers,
namely propane, i-butane, and n-butane, accounted for 49% of total measured VOCs
before the LPG CCRP and the weighting percentage decreased to 34% after the
programme. Moreover, the source apportionment of roadside VOCs also reflects the
large decreasing trend of LPG vehicular emissions after the air pollution control
measure. Due to the application of PTR-MS on measuring real-time VOCs and
oxygenated volatile compounds (OVOCs) in this study, the emission ratios of
individual OVOCs were investigated and being utilized to differentiate primary and
secondary/biogenic sources of roadside OVOCs in Hong Kong. The findings
demonstrate the effectiveness of the intervention programme, and are helpful to further
implementation of air pollution control strategies in Hong Kong.

Keywords:

VOCs; PTR-MS; Emission Ratio; Secondary source; LPG emission.

1 Introduction

Hong Kong has been suffering from ozone (O3) pollution with an increasing O3 trend

through the past decades like many other cities worldwide (Ding et al., 2013; Liu et
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al., 2019; Wang et al., 2003; Zhang et al., 2007). Since O3 pollution has both adverse
effects on civil environment and human health (Bell et al., 2004; Lippmann, 1993;
Sillman, 1999), it is necessary to mitigate O3 pollution. Volatile organic compounds
(VOCs) have been found to be the key factor leading to severe O3 pollution in Hong
Kong and the Pearl River Delta (PRD) region in China. Many previous studies have
found that O3 formation is VOCs-sensitive in urban areas of this region (Cheng et al.,
2010; He et al., 2019; Ling and Guo, 2014; Wang et al., 2017a; Zhang et al., 2007).
Therefore, in order to formulate and develop effective Oz pollution controlling
strategies, a better understanding on the characteristics and sources of VOCs in urban

areas is required through different air pollution controlling stages.

VOCs are important precursors of O3 and secondary organic aerosol (SOA), and have
adverse health impact on human beings (Lelieveld et al., 2015; Sillman, 2002; von
Schneidemesser et al., 2010). Ambient VOCs can be emitted from multiple sources,
including anthropogenic and biogenic emissions (Kansal, 2009; Watson et al., 2001).
Vehicular emissions are the major anthropogenic source in urban areas, especially for
roadside environment in Hong Kong (Chan et al., 2002; Huang et al., 2015; Lee et al.,
2002; Ling et al., 2011). It has been found that on-road vehicles contributed about 40%
of ambient VOCs from 2002 to 2003 in Hong Kong. Later, vehicular emissions were
found accounted up to 54% of ambient VOCs from 2006 to 2007 in Hong Kong (Lau
et al., 2010). A multi-year study on source apportionment of ambient VOCs has been
conducted from 2005 to 2013 in Hong Kong. It was found that gasoline evaporation

and liquified petroleum gas (LPG) usage, together with vehicle exhaust accounted for
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30~60% of ambient VOCs in urban areas of Hong Kong (Ou et al., 2015a). For
roadside environment, vehicular emissions contributed the most (up to 89%) to
ambient VOCs because of the high vehicle density in Hong Kong (Huang et al., 2015).
Based on the statistics of Hong Kong Transport Department, there are more than
794,366 licensed vehicles in an area of 1,104 km? by the end of 2019. Hong Kong
government has undertaken a series of air pollution control measures to improve local
air quality through the past decades (Lau et al., 2015). In order to mitigate vehicular
emissions, a series of control strategies have been implemented in Hong Kong since
early 2000s (Cui et al., 2018; Lyu et al., 2017). Therefore, total VOC emission factor
has been decreased from 107 mg veh™ km™ in 2003 to 58 mg veh™ km™ in 2015.
Moreover, nearly 99% taxis and public light buses have been switched from diesel to
LPG fuel type from 2000 to 2003, and the most abundant VOCs species in ambient air
changed from toluene to propane, i-butane and n-butane during this period (Cui et al.,
2018). It was found that ozone formation potential (OFP) of LPG vehicular emissions
comprised more than 51% of total measured VOCs at a roadside station in 2011
(Huang et al., 2015). Hong Kong government has conducted an LPG catalytic
converter replacement programme (CCRP) to replace the worn-out catalytic
converters for taxies and public light buses since October 2013, and more than 80%
LPG vehicles have fulfilled the replacement by the end of April 2014 (Lyu et al.,
2016). Hence, it is necessary to evaluate the effectiveness of the LPG CCRP on VOCs

reduction through investigating roadside VOCs.

Oxygenated volatile organic compounds (OVOCs) are important portion of VOCs,
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and they can be formed through primary anthropogenic emissions such as vehicular
emissions, secondary source through photochemical production, and direct biogenic
emissions (Karl et al., 2018; Mo et al., 2016; Ou et al., 2015b). Due to the lack of
on-line measurement techniques for OVOCs before, it is hard to differentiate primary
and secondary sources of ambient OVOCs in Hong Kong (Cui et al., 2016). Proton
transfer reaction mass spectrometry (PTR-MS), a newly developed on-line
measurement technique for OVOCs and VOCs, was firstly applied to measure
roadside OVOCs and VOCs in this study. Therefore, primary and secondary sources
of roadside OVOCs can be separated by using Linear regression fit (LRF) and

positive matrix factorization (PMF) methods (Millet et al., 2005; Yuan et al., 2012).

In this study, roadside VOCs were continuously measured by on-line measurement
techniques at a roadside air quality monitoring station in Hong Kong. The variations
of roadside VOCs were investigated before and after the LPG CCRP. Emission ratios
of OVOCs were calculated and utilized to differentiate primary and secondary sources
for individual OVOCs species. Multiple sources of roadside VOCs and OVOCs were
identified to evaluate the effectiveness of the LPG CCRP which has been launched in

Hong Kong from October 2013 to April 2014.

2 Methodology

2.1 Sampling site

Mong Kok Air Quality Monitoring Station (MKAQMS), which is an urban roadside

station set up by the Hong Kong Environmental Protection Department (HKEPD),
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was selected as the field sampling site in this study (Chan et al., 2002; Cui et al., 2016;
Yao et al., 2019). MKAQMS (22.32°N, 114.17°E) is located in a commercial and
residential area with high vehicle density, because it is at the junction of two main
roads, namely Lai Chi Kok Road, and Nathan Road in Mong Kok, Kowloon (Figure
S1). Local anthropogenic emissions are the major sources of air pollutants at this site,
and the influence of regional air masses is negligible (Cheung et al., 2014; Guo et al.,
2011; Guo et al., 2013a). Real-time measurement of CO is continuously monitored by
HKEPD, and non-dispersive infrared absorption method is used to measure CO
concentration at MKAQMS (Ling et al., 2016; Louie et al., 2013; Ou et al., 2015a;
Wang et al., 2017b). The instrument is regularly checked and calibrated according to

the quality control and quality assurance (QA/QC) procedure established by HKEPD.

2.2 Measurement of VOCs

VOCs and OVOCs were continuously measured by PTR-MS (PTR-QMS 500,
IONICON Analytik GmbH, Innsbruck, Austria) during 1% to 31% May 2013 and 1% to
31% May 2014 at MKAQMS in this study. Detailed information of PTR-MS can be
found elsewhere (de Gouw et al., 2003; de Gouw et al., 2006; Lindinger et al., 1998).
H;O" was selected as the reagent ion for PTR-MS, the drift tube was operated at 2.2
mbar pressure and the electric field was maintained at 600 V difference. In order to
minimize wall loss, the inlet system and drift tube were maintained at 60 °C during
the whole sampling period. The E/N (electric field strength / air density inside drift
tube) value in the drift tube was kept at 136 Td. The residence time of sampling air

passing through the inlet 1/8" Teflon tube was less than 2 s. Sampling inlet was 2 m
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above the ground and the sampling flow rate was about 75 mL/min. lonimed
mix-VOC gas standard (IONICON Analytik GmbH, Innsbruck, Austria) was used for
PTR-MS calibration in this study. One-point calibration was conducted every 24
hours, and full calibration (gas standard was diluted by four different ratios) was
performed every 6 days. Temperature and humidity influence on formaldehyde
measurement was modified through multiple factor adjustment method raised by our
group (Cui et al., 2016). The accuracy and the measurement precision of the PTR-MS

was 3~20% and 1.6~10.0%, respectively.

An on-line GC-FID analyzer (Syntech Spectras GC 955, Series 600/800, the
Netherlands) was used to continuously measure non-methane hydrocarbons (NMHCs)
during whole sampling period. The analyzer was operated by HKEPD following strict
QA/QC procedure as described in detail elsewhere (Cui et al., 2016; Xue et al., 2014).
Two sampling systems and two columns were integrated together for the separation of
C,-Cs hydrocarbons and Cg-Cy9 hydrocarbons. In total, 27 VOCs species were
monitored by the on-line GC-FID analyzer with the time resolution of 30 minutes.
And hourly averaged VOCs mixing ratios were used for data analysis. The accuracy

and precision of the measurements were 5~20% and 1.2~10.1%, respectively.

2.3 Positive matrix factorization (PMF) receptor model

USEPA PMF 5.0 model, a mathematical receptor model developed by U.S.
Environmental Protection Agency (EPA), was utilized to perform source

apportionment of roadside VOCs at MKAQMS in this study. Detailed information of
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this model can be found elsewhere (Paatero, 1997; Paatero and Tapper, 1994). In brief,
the concentration of individual VOC could be proportional to its emission amounts
from different sources in the certain atmospheric volume (Song et al., 2007). Different
source types could be identified by comparing with measured source profiles. Data set
can be represented as a data matrix of factor contributions and factor profiles in the

PMF results:

Xijzzg f *§ (1)

where xijj is the j species concentration measured in the i sample, gik is the species
contribution of the k source to the i sample, fy; is the j species fraction from the k
source, ejj is the residual for each sample/species, and p is the total number of
independent sources (Paatero, 2000). Hourly mixing ratios of VOCs and CO were
used in the input file. The uncertainties for each sample/species were set as (DL? +
Precision®)'? and DL x5/6 for the samples/species with their concentration higher and
lower than the DL, respectively. In order to reduce the interference of high rates of
missing data for some species, hourly mixing ratios of 26 VOCs species and CO
during the sampling period were selected to conduct the source apportionment by
PMF model in this study. The PMF model has been run by 20 times with a random
seed, and base models encompassing 3 to 6 factors were derived. These models were
then compared, so as to find the optimal solution. The optimum solution was finally
determined based on both a good fit to the observed data and the most reasonable and

interpretable results according to the knowledge on the sources of ambient VOCs in
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Hong Kong. Good correlations were found between the observed and predicted VOC
concentrations (r* = 0.83 ~ 0.95) when four factors were derived, and the Q (robust)/Q

(true) ratio was 0.85, which was less than 1.5 for the result to be accepted.

3 Results and discussion

3.1 Mixing ratios and compositions of roadside VOC characteristics

Average CO concentration and mixing ratios of different VOC species before/after the
LPG CCRP were listed in Table 1. Since the total vehicle loading at the sampling site
was steady, the decreased of CO from 1.07 + 0.23 ppm before the LPG CCRP to 0.65
+ 0.14 ppm by 39.3% was due to the control of primary combustion source, namely
vehicular emission in this study. On the other hand, the mixing ratio of total measured
VOCs was 69.3 + 12.6 ppbv before the LPG CCRP, and decreased to 43.9 + 6.5 ppbv
after the LPG CCRP with the decreasing percentage of 36.7%. Alkanes comprised the
most of total measured VOCs both before (54.9%) and after (46.5%) the LPG CCRP.
OVOCs was the second dominant group (22.7% before the LPG CCRP and 25.1%
after the LPG CCRP), followed by alkenes (before: 12.2%; after: 12.8%), aromatics
(before: 5.4%; after: 7.2%), alkyne (before: 4.2%; after: 8.0%) and others (before:
0.6%; after: 0.6%). As the three most abundant VOC species, propane, i-butane, and
n-butane, which are the tracers of LPG vehicular emissions (Chen et al., 2001; Liu et
al., 2008), comprised 49.0% of total VOCs before the LPG CCRP. Moreover, previous

study at the same sampling site found that the sum concentration of propane, i-butane



213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

and n-butane comprised about 50% of total measured VOCs in 2011 (Huang et al.,
2015). Due to the large decrease of propane (54.6%), i-butane (51.7%), and n-butane
(59.4%) after the LPG CCRP, weighting percentage of alkanes to total VOCs
decreased from 54.9% to 46.5%. For OVOCs, even though its weighting percentage
to total VOCs changed from 22.7% to 25.1%, total OVOC mixing ratio decreased by
30.0% after the LPG CCRP. Formaldehyde as the most abundant OVOC species, its
mixing ratio decreased the most after the LPG CCRP by 55.5%. Other OVOC species

also showed decreasing trend with the changing rate ranged from 11.1% to 28.3%.

The number of on-road vehicles at AMKAQMS has been recorded by camera and
manually counted for 16 days totally in May and August 2013, February and August
in 2014 by HKEPD. Traffic volume and the diurnal variation pattern of different fuel
types for on-road vehicles at MKAQMS was given in Figure 1. It was found that LPG
vehicle was the dominant vehicle type during the period of 1:00 a.m. ~ 4:00 a.m. LT.
The average total VOCs mixing ratio decreased by 43.9% from 82.4 + 16.2 ppbv to
43.7 £ 6.7 ppbv after the LPG CCRP (as shown in Table S1). The decreasing
percentage of total VOCs during nighttime was higher than that during whole day,
especially for LPG tracers and OVOCs, which could be resulted from negligible
photochemistry reaction and accumulation of primary anthropogenic emissions during
nighttime (Figure 2). Moreover, the decreasing percentage of propane, i-butane, and
n-butane were 58.2%, 53.9%, and 62.2%, respectively during nighttime when total
LPG vehicle loading was the highest during 1:00 a.m. ~ 4:00 a.m. LT. Based on a

repeated tunnel study in Hong Kong, it was found that the LPG vehicle emission
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factors of propane, i-butane, and n-butane decreased by 77.8%, 57.8%, and 60.5%,
respectively (Cui et al., 2018). The large reduction of propane, i-butane, and n-butane
emission factors from LPG vehicle was consistent with their decreasing trends in

roadside environment from this study.

3. 2 Diurnal variation of individual VOCs

Diurnal variations of several individual VOCs and CO were illustrated in Figure 3.
Apart from morning traffic peak and afternoon traffic peak, CO concentrations
showed a midnight peak around 1:00 a.m. to 2:00 a.m., due to the lower boundary
layer and high LPG vehicle loading at midnight. and the sum weight percentage of
LPG tracers comprised more than 50% of total VOCs. Therefore, midnight peaks for
propane, i-butane, and n-butane can be found from 1:00 a.m. to 3:00 a.m.. Because of
the effectiveness of LPG vehicular emission control measure, midnight peaks of
propane, i-butane, and n-butane decreased from 18.3 ppbv, 14.9 ppbv, 28.2 ppby,
respectively, to 7.5 ppbv, 6.8 ppbv, 10.6 ppbv, respectively, after the LPG CCRP.
Otherwise, diurnal cycle of benzene only showed two traffic peaks in the morning and
afternoon without the midnight peak since diesel and gasoline vehicular emissions
were its major sources (Ho et al., 2009; Liu et al., 2008). Mixing ratios of
formaldehyde and acetaldehyde increased to their maximum level around 10 a.m. and
then showed decreasing trends through the day, their diurnal variation patterns
reflected the importance of secondary formation for these reactive OVOC species
(Corréa et al., 2003; Taatjes et al., 2012). Diurnal cycle of isoprene mixing ratio

followed the solar radiation cycle as expected since biogenic emission is its major
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source (Mayrhofer et al., 2005; Rinne et al., 2002). Meanwhile, MVK and MACR,
which are the photooxidation products of isoprene had a single afternoon peak due to
photochemical reactions from isoprene (Biesenthal and Shepson, 1997; Cheung et al.,

2014; Ling et al., 2019).

3.3 Photochemical reactivity of VOCs

Photochemical reactivity of VOCs can be analyzed by both maximum incremental
reactivity (MIR) method and propene-equivalent (Prop-Equiv) concentration (Carter,
1995; Chameides et al., 1992; So and Wang, 2004; Venecek et al., 2018). Detailed
information of the above two methods were given in supplementary material. As
shown in Figure 4, total ozone formation potential (OFP) of VOCs decreased from
209.4 ppbv Os/ppbv to 132.7 ppbv Os/ppbv by 36.6%, and total Prop-Equiv
concentration of VOCs decreased from 70.3 ppbC to 48.3 ppbC by 31.2%. Alkenes
comprised the most of total OFP both before (34.4%) and after (36.3%) the LPG
CRRP, followed by OVOCs (before: 28.8%; after: 28.8%), alkanes (before: 20.8%);
after: 15.4%), aromatics (before: 15.6%; after: 18.6%), and alkyne (before: 0.4%;
after: 0.7%) as shown in Figure 4b. For Prop-Equiv concentration, alkenes contributed
the most among different VOC groups (before: 58.2%; after: 62.1%), followed by
alkanes (before: 16.2%; after: 11.2%), OVOCs (before: 13.5%; after: 13.9%),
aromatics (before: 11.8%; after: 12.3%), and alkyne (before: 0.3%; after: 0.5%) as
shown in Figure 4d. OFP and the weight percentage of individual VOCs before and
after the LPG CCRP were given in Table S2. TOP 10 species contributed more than

80% of total OFP both before and after the LPG CCRP. Formaldehyde contributed the
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most (12.7%) of total OFP for OVOCs before the LPG CCRP and decreased to only
8.9% after the LPG CCRP. OFP of n-butane decreased from 21.5 ppbv Os/ppbv to 8.7
ppbv Os/ppbv with its ranking changed from TOP 3 to TOP 9. Similarly, Prop-Equiv
concentration of TOP 10 species also contributed more than 80% both before and
after the LPG CCRP (as given in Table S3). Moreover, Prop-Equiv concentration of
n-butane decreased by 59.4% with its ranking changed from TOP 4 to TOP 8 after the

LPG CCRP.

3.4 Primary and secondary/biogenic sources of individual VOCs

Linear regression fit (LRF) method was utilized in this study to determine emission
ratios of individual VOCs. Since nighttime chemistry process is negligible for most
VOCs, the VOCs data obtained during 1:00 a.m. to 4 a.m. can be used for the LRF
method (Brito et al., 2015). As one of products from incomplete combustion source,
CO was usually used as the long-lived anthropogenic marker (de Gouw et al., 2008).
Thus, the slope of individual VOCs to CO during nighttime can be selected as their
emission ratios (von Schneidemesser et al., 2010; Warneke et al., 2007). The temporal
filter used in this study was suitable as shown in Figure 5 and Figure S2. Furthermore,
primary and secondary/biogenic source of individual VOCs could be determined by

their emission ratios through following equations (Millet et al., 2005).

Ta = Tpri T Tsec/bio T To (@)

Tpri = ER X Tco (b)

Where 1, is the mixing ratio of specie i in ambient air, Ty IS the mixing ratio of specie
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i from primary source, Tsecbio IS the mixing ratio of specie i from secondary/biogenic
source, T, the background mixing ratio of specie i is defined as the 0.1 quantile of
measured mixing ratio (Goldan et al., 1995), ER stands for the emission ratio of

specie i, and 1, is the mixing ratio of ambient CO.

Emission ratio of formaldehyde was 4.92 ppbv/ppmv before the LPG CCRP, and
decreased to 1.41 ppbv/ppmv after the LPG CCRP. A previous study conducted in
Huston at the Moody Tower site found the average emission ratio of formaldehyde to
CO was about 3.0 ppbv/ppmv through early morning traffic peak periods (Parrish et
al., 2012), which is in the same range as in this study. For other OVOC species, their
emission ratios shown decreasing trend after the LPG CCRP, which could reflect the
effectiveness of air pollution control measure. However, the emission ratio of acetone
increased from 2.83 ppbv/ppmv to 3.21 ppbv/ppmy, since the emissions from
anthropogenic emissions such as solvent usage could affect the results (Guo et al.,
2013b), but its range was consistent with the emission ratio in London (3.18
ppbv/ppmv) (Valach et al., 2014). The emission ratio of isoprene was steady around
0.74 ~ 0.77 ppbv/ppmv, which is slightly lower than that found in Sao Paulo (1.17
ppbv/ppmv) and London (1.13 ppbv/ppmv) (Brito et al., 2015; Valach et al., 2014),
but higher than that reported in Los Angeles (0.30 ppbv/ppmv) and Mexico City (0.08

ppbv/ppmv) (Bon et al., 2011; Borbon et al., 2013).

The ratios of propane, i-butane, n-butane to CO were used in this study to evaluated
the changing source contributions from LPG vehicular emissions (as shown in Figure

6). The average emission ratio of propane decreased from 22.5 to 7.9 after LPG CCRP
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with the decreasing percentage by 65.0%. And the emission ratios of i-butane and
n-butane decreased by 69.4% and 69.2%, respectively. Moreover, the changing rate of
the emission ratios of LPG tracers, namely propane, i-butane, and n-butane were
consistent with their changing rate of LPG vehicular emission factors through
previous tunnel study in Hong Kong (Cui et al., 2018). Therefore, the large decrease
of emission ratios of propane, i-butane, and n-butane in this study could reflect the

effective reduction of on-road LPG emissions after the LPG CCRP in Hong Kong.

The diurnal cycles of individual OVOCs and biogenic VOCs (BVOCs) from primary
and secondary/biogenic emissions before and after the LPG CCRP were plotted in
Figure 7 and Figure S3. In general, the portion of methanol, acetone, and
monoterpenes from primary source contributed more than 60% and 70%, respectively,
before and after the LPG CCRP. For formaldehyde, acetaldehyde, isoprene, and
MVK+MACR, secondary/biogenic component were more significant than other
species, which could reflect the importance of secondary/biogenic emissions for these
species. Moreover, secondary/biogenic peaks of most selected OVOCs and BVOCs
occurred in the afternoon due to photochemistry reaction process, and early morning

peaks for their primary component (Yuan et al., 2012).

3.5 Source apportionments of roadside VOCs

Four sources, namely diesel and gasoline vehicular emissions, LPG vehicular
emissions, solvent usage, and secondary and biogenic emissions, were identified for

roadside VOCs by using PMF method before and after the LPG CCRP (as shown in
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Figure 8). Factor 1 was considered to be diesel and gasoline vehicular emissions
because it was dominated by C,-Cs alkanes/alkene , large amount of CO, benzene,
and toluene, which are typical markers from diesel-related and gasoline-related source
(Liu et al., 2008; Schmitz et al., 2000). Since propane, i-butane, and n-butane these
three LPG tracers contributed the most in Factor 2, it was identified as LPG vehicular
emissions (Chen et al., 2001). Factor 3 contributed the largest portion to ethylbenzene,
m, p-Xylene, and o-xylene, thus, it was regarded as solvent usage (Ou et al., 2015a;
Seila et al., 2001). Isoprene and OVOCs were dominant species in Factor 4, since
biogenic emission is the major source of isoprene (Rinne et al., 2002), and most
OVOCs were mainly formed through secondary formation (Li et al., 2015; Taatjes et
al., 2012; Yuan et al., 2012), this factor could be considered as secondary and biogenic

emissions.

LPG vehicular emissions was the dominant source for total VOCs mixing ratio both
before and after the LPG CCRP (Figure 9). However total VOCs emitted from LPG
vehicular emissions decreased from 30.5 ppbv to 13.8 ppbv by about 55% after the
LPG CCRP. Meanwhile, the contribution of LPG vehicular emissions to total VOCs
decreased from 45% to 38% (Figure S4). The contributions of diesel and gasoline
vehicular emissions, solvent usage, secondary and biogenic emissions increased to
35%, 11%, and 17%, respectively, due to the large decreasing portion of LPG
vehicular emissions. However, the absolute mixing ratios of VOCs from diesel and
gasoline vehicular emissions, solvent usage, secondary and biogenic emissions all

decreased with the changing percentage of 22%, 59%, and 50%, respectively.
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Vehicle-related source, in sum, contributed 69% and 46%, respectively, before and
after the LPG CCRP. Secondary and biogenic emissions cannot be negligible in
roadside environment since they contributed around 17% of total VOCs both before

and after the LPG CCRP.

Secondary/biogenic source contributions to individual OVOCs and BVOCs by LRF
and PMF method before and after the LPG CCRP were compared in Figure 10. It
could be found that these two different methods agree well with each other with the
difference less than 20%. The ratio of m,p-xylenes to ethylbenzene, which was
commonly used to indicate the photochemical age (de Gouw et al., 2005), was 1.35 +
0.02 and 1.75 £ 0.03, respectively, before and after the LPG CCRP in this study, and
these ratios were in the normal range from 1.3 to 1.8 in urban areas of Hong Kong
(Guo et al., 2007; Ho et al., 2004). Therefore, the contributions of secondary/biogenic
source for most OVOCs decreased after the LPG CCRP through both LRF and PMF
method resulted from less secondary formation could demonstrate the reduction of

VOCs from primary sources.

3.6 OFP of roadside VOCs from different sources

Because of the large decrease of VOC mixing ratios, total OFP of VOCs decreased
from 193.3 ppbv Os/ppbv to 108.5 ppbv Os/ppbv after the LPG CCRP. Based on the
VOC mixing ratios obtained from source apportionment, OFP of roadside VOCs from
different sources could be calculated, and their contributions were illustrated in Figure

11. LPG vehicular emissions were found to be the dominant source of total OFP



386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

404

405

406

407

accounting for 30% before the LPG CCRP. While this percentage decreased to 24%
after the LPG CCRP. Diesel and gasoline vehicular emissions, however, changed to be
the dominant source of total OFP accounting for 14% after the LPG CCRP, but its
absolute OFP decreased from 58.0 ppbv Os/ppbv to 50.4 ppbv Os/ppbv. Moreover, the
contributions of solvent usage and secondary/biogenic emissions both decreased by
30~50%. Therefore, the implementation of on-road LPG vehicular emission control

measure improved the reduction of local ozone formation potential of roadside VOCs.

4 Conclusions

A programme to replace worn-out catalytic converters for nearly all LPG-fueled taxis
and public light bused has been implemented between October 2013 and April 2014
to reduce vehicular emissions in Hong Kong. In this study, PTR-MS was firstly
introduced to continuously monitor roadside VOCs and OVOCs in Hong Kong,
coupling with on-line GC-FID measurement technique, the effectiveness of this
programme was evaluated through investigating roadside VOCs before and after the
LPG CCRP. The decreasing percentage of the mixing ratio of total measured VOCs
was 40.6% after the implementation of the LPG CCR, and the total weighting
percentage of LPG tracers decreased from 49% to 34%. Emission ratios of individual
VOCs were estimated through LRF method, the reduction of emission ratios of
individual VOCs, especially for propane, i-butane, and n-butane, reflect the
effectiveness of this air pollution control programme on improving roadside air
quality of Hong Kong. LPG vehicular emissions was the dominant source which

comprised about 44.7% of total VOCs at the roadside monitoring station, and its
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weighting percentage reduced to only 37.8% with the absolute VOCs mixing ratio
from LPG vehicular emissions decreased from 30.5 ppbv to 13.8 ppbv by about 55%
after the LPG CCRP. The ozone formation potentials of each emission source were
also investigated, and large decrease of total OFP and the portion of LPG vehicular
emissions were also found in this study. In the sight of VOCs, the air pollution control
measure conducted by the Hong Kong government could effectively reduce on-road

vehicle emissions and improve roadside air quality.
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Table 1. The mixing ratios (in ppbv) of CO and VOCs measured at MKAQMS before and after the LPG CCRP

Before the LPG CCRP

After the LPG CCRP

Group Species . .
Average S.D. Max Min Average S.D. Max Min
CO 978.47 169.55 1650.20 675.76 703.48 169.77 1554.52 336.79
Alkanes Ethane® 1.90 0.49 3.89 1.02 4.00 1.29 9.03 0.55
Propane? 10.23 5.84 40.03 2.89 4.64 2.28 17.38 1.02
i-Butane? 8.32 5.07 35.02 2.09 4.02 1.99 18.23 1.10
n-Butane® 15.44 8.97 63.01 4.23 6.27 3.29 27.28 1.44
i-Pentane® 1.10 0.68 4.83 0.00 0.78 0.56 8.28 0.11
n-Pentane® 0.52 0.32 2.06 0.00 0.32 0.30 5.74 0.00
i-hexane? 0.10 0.22 1.74 0.00 0.15 0.26 1.56 0.00
n-Hexane® 0.24 0.30 3.40 0.00 0.07 0.22 2.26 0.00
i-Octane? 0.11 0.10 0.81 0.00 0.11 0.11 0.79 0.00
n-Heptane® 0.10 0.14 1.18 0.00 0.02 0.09 0.90 0.00
n-Octane® 0.01 0.04 0.31 0.00 0.00 0.02 0.25 0.00
Sub-Total 38.08 11.89 20.40 4.71
Alkenes Ethene® 4.35 1.15 8.76 2.07 3.17 1.58 7.31 0.00
Propene® 2.01 0.73 4.50 0.65 0.97 0.37 2.64 0.28
trans-2-Butene® 0.01 0.04 0.27 0.00 0.32 0.15 1.21 0.00
1-Butene® 0.38 0.17 1.19 0.00 0.01 0.03 0.16 0.00
cis-2-Butene? 0.10 0.07 0.40 0.00 0.04 0.05 0.43 0.00
1,3-Butadiene? 0.13 0.06 0.36 0.00 0.07 0.05 0.39 0.00
trans-2-Pentene® 0.08 0.09 0.66 0.00 0.03 0.07 0.84 0.00
1-Pentene® 0.17 0.17 1.29 0.00 0.03 0.08 1.29 0.00
Isoprene® 0.88 0.35 2.08 0.27 0.63 0.25 1.61 0.19
Monoterpenesb 0.39 0.15 0.97 0.14 0.34 0.15 1.58 0.11




Sub-Total 8.49 1.44 5.61 1.66

Alkyne Ethyne? 2.89 2.01 21.70 0.00 3.49 3.28 26.11 0.00

Aromatics Benzene” 0.33 0.18 1.15 0.03 0.28 0.16 0.91 0.04
Toluene” 1.64 0.91 5.78 0.21 1.73 1.05 6.19 0.24
C,-Benzenes® 1.19 0.69 4.45 0.17 0.65 0.40 3.73 0.12
1,3,5-Trimethylbenzene® 0.00 0.01 0.07 0.00 0.00 0.02 0.22 0.00
1,2,4-Trimethylbenzene® 0.08 0.07 0.40 0.00 0.05 0.08 0.51 0.00
1,2,3-Trimethylbenzene® 0.00 0.01 0.11 0.00 0.00 0.01 0.26 0.00
Chlorobenzene® 0.12 0.08 0.38 0.00 0.14 0.06 0.36 0.05
Dichlorobenzene” 0.29 0.11 0.74 0.10 0.21 0.10 0.88 0.02
Trichlorobenzene® 0.07 0.09 0.94 0.02 0.09 0.03 0.34 0.00
Sub-Total 3.72 1.17 3.15 1.15

OVOCs Formaldehyde® 4.49 2.29 12.62 0.17 2.00 1.21 8.13 0.24
Methanol” 4.38 1.54 10.48 1.30 3.31 1.47 22.35 1.29
Acetaldehyde” 1.99 1.03 5.92 0.00 1.74 0.82 5.70 0.42
Acrolein” 1.67 0.74 4.29 0.08 1.20 0.52 3.54 0.38
Acetone® 2.45 0.94 5.79 0.92 2.18 0.89 6.88 0.90
MVK&MACR" 0.29 0.14 0.77 0.05 0.21 0.10 0.57 0.05
MEK" 0.46 0.25 1.33 0.08 0.37 0.19 1.27 0.11
Sub-Total 15.73 3.19 11.00 2.32

Other Acetonitrile® 0.42 0.09 0.75 0.21 0.25 0.06 0.63 0.10
Total 69.32 12.61 43.91 6.51

 Measured by on-line GC-FID.

® Measured by PTR-MS.
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Figure 1. (a) Traffic flow and (b) weighting percentage of different vehicle types at
MKAQMS in Hong Kong
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Figure 8. Factor profiles (% of species) for roadside VOCs at MKAQMS before and

after the LPG CCRP.
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