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Abstract On-road emission profiles of ultra-fine particle

matter with aerodynamic diameter \1 lm (PM1) were

obtained from a Euro IV diesel bus in Beijing under two

typical load mass conditions. PM1 mass and number

emissions were recorded second by second using an elec-

trical low-pressure impactor (ELPI). An on-road driving

mode binning method was applied to relate instantaneous

emission rate with real-time on-road driving conditions,

and an engine-operating mode binning method was used to

explore the impacts of engine load on PM1 emission

characteristics. Our results show that higher load mass will

increase both particle mass and number emissions. Mea-

sured PM1 mass emission factors were 0.147 and 0.185 g/

km under low and high load mass conditions, respectively.

PM1 number emission factors were 3.71 9 1013 and

4.58 9 1013 #/km. In addition, load mass also influenced

the size-resolved concentration of PM mass and number

from that sampled bus. For example, under low load mass

conditions, an obvious peak of PM number concentration

was observed situated in the second channel of the ELPI

corresponding to the median diameter 63 nm. By contrast,

peak concentration of the PM number was increased under

high load mass conditions and situated in the third channel

of the ELPI corresponding to the median diameter 109 nm.

Keywords PM1 � Particle number � Diesel bus � Size

distribution � Engine load

Introduction

In China, an impressive growth in total vehicle population

has been accompanied by rapid economic and social devel-

opment since the 1990s (Wu et al. 2012a). Vehicle emissions

are identified as one of the most important sources of urban

air pollution (Kho et al. 2007; Malakootian and Yaghmaeian

2004), especially in some megacities such as Beijing and

Guangzhou (Du et al. 2012; Hao et al. 2001; Zhang et al.

2013; Zhou et al. 2010). China’s government has been

making great efforts to control vehicle emissions in order to

improve urban air quality (Wu et al. 2011). Among all

vehicle categories, heavy-duty diesel vehicles (HDDVs)

receive special attention due to their substantially higher

emission factors of nitrogen oxides (NOX) and particle

matters (PM) (Wu et al. 2012b), relative to those of light-duty

gasoline vehicles (Wang et al. 2013). In particular, diesel PM

is identified as one of the mobile source air toxics and has

become a major source of environmental pollution, espe-

cially in urban areas (Giechaskiel et al. 2012; Maricq 2007;

Song et al. 2012, 2013; Wu et al. 2014). Furthermore, a

working group of the International Agency for Research on

Cancer (IARC) recently assessed the carcinogenicity of

gasoline and diesel engine exhaust in June 2012 (Benbrahim-

Tallaa et al. 2012). The most significant outcome of that

evaluation was the upgrade classification of diesel exhaust,

from Group 2A ‘‘probably carcinogenic to human’’ to Group

1 ‘‘carcinogenic to human’’ with sufficient evidence for lung
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cancer (Benbrahim-Tallaa et al. 2012; Scheepers and Ver-

meulen 2012). Epidemiological studies have demonstrated

that smaller diameter PM can reach the lower human airways

and lead to adverse health effects (Oberdorster et al. 2004;

Somers et al. 2004). Furthermore, submicron fractions of PM

with aerodynamic diameter \1 lm (PM1), which are the

dominant part of diesel PM number emissions, have signif-

icantly stronger physiological effects than larger diameter

PM (Mazzarella et al. 2012; Pope 2000).

To mitigate diesel particulate emissions, increasingly

stringent emission standards are implemented for new

HDDVs. For example, the regulatory emission limits for

particle mass of the Euro IV standard have become sub-

stantially tightened compared to those of the Euro III

standard, from 0.10 to 0.02 g/kW h under the steady test

cycle (i.e., the European Steady Cycle, ESC) and from 0.16

to 0.03 g/kW h under the transient test cycle (i.e., the

European Transient Cycle, ETC) (Giechaskiel et al. 2012;

Wu et al. 2012b). The Euro V standard for HDDVs remains

at the same stringent level for particle mass emissions as

that of the Euro IV standard. In China, however, those

more stringent emission standards (e.g., Euro IV and Euro

V) have been currently adopted only by the public fleets

(e.g., urban public buses) in megacities, such as Beijing

and Shanghai (Zhang et al. 2014). The Euro VI emission

standard introduces regulatory limits for particle number

emissions in addition to tightened limits for particle mass

emissions, which would bring a renewed focus on particle

number emissions from HDDVs (Giechaskiel et al. 2012).

Impacts of operating conditions on PM emission char-

acteristics (e.g., particle mass, particle number, and size

distribution) have been reported in previous studies based

on laboratory measurements using a dynamometer. For

example, Lähde et al. (2011) identified an increasing trend

of PM emissions in the nonvolatile nucleation mode (i.e.,

the core mode) at medium and high load conditions in

dynamometer testing. Ushakov et al. (2013) found that

engine load conditions had impacts on the size distribution.

However, it should be noted that those test conditions do

not represent on-road driving conditions; when considering

real-world driving speed, engine conditions, and load mass,

there might be significantly different results with those

fixed experimental conditions. Furthermore, on-road

vehicular PM emissions could be tested by using on-board

portable emission measurement systems (Liu et al. 2011;

Wu et al. 2012b), on-road vehicle chasing (Tang and Wang

2006; Wang et al. 2011, 2012), remote sensing (Kuhns

et al. 2004), and tunnel measurement (Grieshop et al.

2006). However, compared to the on-board PEMS, the

other on-road measurement technologies mentioned above

could only provide emission profiles for a rather short

period without detailed record of instantaneous driving

conditions for tested vehicles. Emission characteristics of

PM1 from HDDVs need to be further studied by using the

on-board PEMS technology with potential impacts from

on-road operating conditions taken into account.

In this paper, we measured on-road emission factors of

particle mass and number from a Euro IV diesel bus under

two typical load mass conditions. On-road driving and

engine-operating mode binning methods are developed to

relate emission rates with real-time operating conditions. In

addition, we also explored the impacts of load mass on size

distribution of particle mass and number concentration.

This paper aims to provide a better understanding of PM

emissions of HDDVs from an on-road perspective.

Materials and methods

Experimental section

One in-use heavy-duty diesel bus compliant with the Euro IV

emission standards was tested in this study. The detailed

information of the engine specifications is provided in

Table 1. Figure 1 presents the schematic of the emission

measurement system. The exhaust gas was diluted by a two-

stage dilution tunnel setup. The dilution factor of each stage

was maintained at approximately 8:1. Temperatures of those

two dilution stages were controlled at about 150 and 30 �C,

respectively. The dilution air was dried and pre-filtered.

A Sensor Inc. SEMTECH-DS PEMS was used to measure

on-road emissions of gaseous pollutants and to keep a record

of instantaneous vehicle speed, engine conditions (e.g., engine

speed and engine load), and fuel consumption rate (Wang

et al. 2013; Wu et al. 2012b; Zhang et al. 2014). A Dekati

electrical low-pressure impactor (ELPI) was used to measure

real-time PM emission profiles including size-resolved con-

centration of particle mass and number second by second (Liu

et al. 2011; Maricq et al. 2006). Furthermore, previous studies

indicated that calculated particle mass on the basis of particle

number concentration recorded by the ELPI could agree well

with filter gravimetric measurement for conventional diesel

vehicles (Maricq et al. 2006; Zervas et al. 2006). In this study,

Table 1 Engine specifications of the sampled bus

Parameter Value

Engine model Cummins ISBe4? 225B

Model year 2007

Vehicle manufacturer King Long

Emission standard Euro IV

Rated torque at 1,500 RPM (Nm) 850

Number of cylinders 6

Engine displacement (L) 6.7

Accumulated mileage (km) 242,520
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the first 8 ELPI channels (median diameters from 30 nm to

1.02 lm) are taken into account as the PM1 fraction. All of

the instruments were calibrated and tested individually with

ambient air before carrying out the engine experiments.

A representative bus route in Beijing was chosen to

simulate real operating conditions, which included frequent

stops and starts. The tested bus was warmed up before each

test. To evaluate the effects of load mass, this bus was

tested under two states of load mass, respectively, such as

high load mass (2.0 t) and low load mass (the total mass of

measurement instrument, driver, and technicians is around

0.5 t). Low sulfur diesel fuel (with a sulfur content limit of

50 ppm) meeting the Euro IV diesel quality standard was

used for the tested diesel bus during our study period.

On-road driving mode binning

In order to explore potential relationships between emis-

sion characteristics of diesel particulates and on-road

driving conditions, a mode binning methodology is applied

in this study. We use a proxy variable, vehicle-specific

power (VSP), to indicate instantaneous vehicle power

demand. VSP is defined as instantaneous power per unit

mass of the vehicle and has been widely used in the

development of vehicle emission models, such as the

MOVES model by US Environmental Protection Agency

(Koupal et al. 2004) and the EMBEV model by Tsinghua

University (Wu et al. 2012b). Here, we calculated VSP by

Eq. 1.

VSP ¼ A

m
� vþ B

m
� v2 þ C

m
� v3 þ avþ gv sin h ð1Þ

Where m is vehicle weight, tons; v is instantaneous

vehicle speed, m/s; a is instantaneous vehicle acceleration,

m/s2; h is road grade, radians; A is the rolling resistance

coefficient, kW � s=m; B is the rotational resistance

coefficient, kW � s2�
m2; C is the aerodynamic drag

coefficient, kW � s3�
m3. In this study, A

m
, B

m
, and C

m
are

0.0643 kW � s=m � t, 0 and 0.000279 kW � s3�
m3 � t,

respectively(Wu et al. 2012b).

A total of 22 on-road driving modes are eventually

established, including a braking mode (i.e., bin 0), an idling

mode (i.e., bin 1), and 20 modes presenting cruise or

acceleration driving conditions (Wu et al. 2012b; Wang

et al. 2013). Time allocations of each on-road driving

mode are compared to test cycles under low and high load

mass conditions and presented in Fig. 2, together with that

for a typical driving cycle for urban buses in Beijing (i.e.,

BJBC) (Wu et al. 2012b). Because of frequent stops and

driving congestion of urban buses, the average idling time

share under low and high load mass conditions is 22 %,

and low-speed zones with on-road driving mode bins

11–18 contribute approximately 60 % of total time for

those two tested cycles. There are no data in the high-

speed segment (i.e., bins 35–38) with speed over 80 km/h

due to the city speed limit. As a result, average speeds of

tested cycles under low and high load mass conditions are

as low as 17.5 and 17.9 km/h, respectively. The average

emission rates of particle mass and particle number of each

on-road driving mode are estimated in a similar way as

with emission rates of major air pollutants (Wu et al.

2012b). Furthermore, the distance-based emission factors of

PM1 mass and number are developed on the basis of

average emission rate and time allocation of on-road

driving mode bins with that typical driving cycle (i.e.,

BJBC).

Engine-operating mode binning

From the on-board diagnostic (OBD) system, we obtained

detailed real-time data regarding engine-operating conditions,

such as engine load and engine speed. They are key param-

eters which are highly related to engine emissions. As Fig. 3

indicates there is a reasonable linear correlation (R2 = 0.65)

between real-time engine load rate and calculated VSP.

We further constructed a total of six engine-operating

modes with engine load rate and engine speed, illustrated

in Table 2. Figure 4 presents an increasing trend in

average VSP with engine-operating modes from BIN 01

to BIN 06, only with an exception of BIN 04. BIN 01

represents braking and deceleration driving modes. BIN

02 primarily represents the idling mode. BIN 03 repre-

sents transient driving conditions with mild acceleration

and deceleration conditions. BINs 04–06 represent cruise

and acceleration conditions with increasing engine

power demand. For example, BIN 06 is an engine-

operating mode with a high proportion of rapid accel-

erations, which are mainly made up of on-road driving

modes bins 16–18 and bins 26–28 with average engine

Fig. 1 Sketch of real-world vehicle emission measurement system

installed in the tested bus
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load rate approximately 80 % and average VSP over

5 kW/t. No statistically significant differences have been

observed between low and high load mass conditions.

However, it is worth noting that time allocation of BIN

06 (i.e., highest power demand mode) increased by 33 %

(from 6.7 to 8.9 % to total time) when load mass was

added which is the engine-operating condition mode

with highest emission rates.

Results and discussion

Emission factors of PM1 mass and number

Emission factor of PM1 mass was 0.147 g/km under the low

load mass condition. It rose to 0.185 g/km when a load mass

of 2 t was added, an increase of 26 %. In terms of the brake-

specific emission factors, they are, respectively, 0.097 and

0.127 g/kW h under low and high load mass conditions, an

Fig. 2 Time allocation of each

on-road driving mode bin to

total time of tested cycles under

low and high load mass

conditions and a typical driving

cycle for urban buses in Beijing

Fig. 3 Correlation between engine load rate and VSP

Table 2 Definition of engine-operating modes by using engine load

rate and engine speed

Engine-

operating

mode

Engine

load rate

(%)

Engine

speed

(RPM)

Average engine load rate

(%, Ave. ± SD)

Low load

mass

High load

mass

BIN 01 [0,5] All 1.0 ± 1.7 0.6 ± 1.4

BIN 02 (5,30] ^1,100 13.5 ± 5.3 13.8 ± 5.3

BIN 03 (5,30] [1,100 17.1 ± 7.8 18.4 ± 7.3

BIN 04 (30,70] ^1,100 38.3 ± 6.4 37.7 ± 6.6

BIN 05 (30,70] [1,100 52.1 ± 10.8 51.2 ± 11.0

BIN 06 (70,100] All 79.9 ± 7.0 81.8 ± 8.6
Fig. 4 Average VSP and time allocation of each engine-operating

mode
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increase of 31 %. When compared to the Euro IV emission

standard, they are both significantly higher than the regula-

tory limits of total exhaust PM mass. This is primarily

attributed to the gap in engine-operating conditions between

real-world driving cycle and regulatory test procedures (i.e.,

the ESC and the ETC) (Liu et al. 2011; Wu et al. 2012b). For

example, Wu et al. (2012b) pointed out that 85 % of real-

world operating time was beyond the ESC emission control

zone for urban diesel buses in Beijing. Therefore, a specific

testing cycle with more real-world driving features (e.g.,

low-speed stop-and-go driving conditions) for urban buses as

well as an advanced in-use compliance testing program (e.g.,

the not-to-exceed (NTE) limits by using PEMS adopted by

the US EPA) is necessary to control real-world PM emissions

for urban buses in the future. Furthermore, decreasing trends

in PM emission factors for both diesel buses and trucks with

increasingly stringent emission standards (e.g., from Euro I

to Euro V) have been identified from a large-sample on-road

field study in Beijing (Wu et al. 2012b). Considering that

HDDVs are a major contributor of PM emissions among all

vehicle categories for many of China’s megacities (e.g.,

Beijing, Guangzhou), the government should accelerate the

implementation of tightened emission certifications for new

HDDVs (e.g., Euro V and Euro VI) and phase out those older

HDDVs with high emission factors (e.g., yellow-labeled

vehicles). In addition, alternative fuel systems and advanced

vehicle technologies (e.g., compressed natural gas, liquefied

natural gas, hybrid electric, and battery electric) might play

an important role in mitigating PM emissions for heavy-duty

vehicles within the urban areas. This requires more mea-

surement data to address in the future.

Figure 5 presents the average emission rates of PM1 mass for

each on-road driving mode bin under low and high load mass

conditions, respectively. Average emission rates of bin 27–28

were ignored in this figure because of too few data available in

those two modes (\10 s). Generally speaking, emission rates

increase with VSP, which is similar to the trends for gaseous

pollutants (e.g., CO, THC, and NOX). Furthermore, the average

PM1 mass emission rates for those on-road driving modes with

VSP higher than 0 kW/t (e.g., bin 14–18 and bin 24–26) are

significantly increased under the high load mass condition,

compared to those under low load mass condition. For example,

PM1 mass emission rates are higher by 19–73 % for bins 14–18

and 111–145 % for bins 24–26 under the high load mass con-

dition relative to those under low load mass condition. To

eliminate the distinction of driving cycles between two test

procedures, emission factors were normalized to the BJBC.

Normalized emission factor of PM1 mass was 0.082 g/km under

low load mass condition over the BJBC. By contrast, it increased

by 34 % to 0.110 g/km under high load mass condition.

Measured emission factors of PM1 number are

3.71 9 1013 and 4.58 9 1013 #/km under the low and high

load conditions, respectively, representing an increase of

23 %. Figure 5 also presents average emission rates of PM1

number for each on-road driving mode under both low and

high load conditions. They present very similar trends to

emission rates of particle mass; emission rates of particle

number also generally increased with VSP. For those on-

road driving modes with VSP higher than 0 kW/t, average

emission rates of particle number were significantly higher

under the high load condition, relative to those under the low

load condition. In addition, normalized emission factors of

PM1 number were 3.33 9 1013 and 4.28 9 1013 #/km,

increased by 28 %, under the BJBC. Our results are also

comparable to previously measured results of Euro IV diesel

buses in Beijing with an ELPI (Liu et al. 2011).

Size distribution of PM1 mass and number

concentration

Figure 6 presents overall size distributions of PM1 mass and

number concentration under low and high load conditions,

respectively. For particle mass emissions, bimodal distributions

were observed under low load conditions, with a major peak

situated in the fourth channel of ELPI corresponding to the

median diameter 173 nm and another minor peak in the sixth

channel around 400 nm. However, under high load condition, it

is worth noting that the mass share of exhaust particles situated

in the eighth channel with the median diameter around 1 lm

significantly increased, even higher than those situated in the

Fig. 5 Average emission rates of PM1 mass and number for each on-

road driving mode
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sixth channel with diameters around 400 nm. For particle

number emissions, they complied with typical unimodal dis-

tributions under both low and high load conditions, with

obvious peaks situated in the second and third channels of ELPI

corresponding to the median diameters 63 and 109 nm,

respectively. A previous study also observed that most of the

particle numbers detected by the ELPI (i.e., median diameter

higher than 30 nm) occurred in the accumulation mode with a

size range 50–200 nm (Liu et al. 2011). They were typical

accumulation particles composed primarily of carbonaceous

agglomerates (Lu et al. 2012; Kittelson et al. 2006). Size-

resolved concentration of PM1 mass is not consistent with that

of PM1 number. Nanometer fractions of PM with aerodynamic

diameter \200 nm make significant contributions to particle

number concentration but play a minor role in particle mass

concentration. Since more evidences indicate that nanometer-

sized PM is more associated with mortality compared to the

fraction with larger size (Kroll et al. 2013), particle number

might be a more reasonable indictor of health impacts com-

pared to particle mass. It should be pointed out that the exhaust

particles with a median diameter smaller than 30 nm are not

observed due to the measurable size range of this ELPI unit (i.e.,

median diameter from 30 nm to *1 lm). Those particle pro-

files with smaller size (e.g., median diameter lower than 30 nm)

could be measured by using more advanced measurement

instruments (e.g., the Dekati ELPI ? with measurable particle

median diameter from 6 nm to 10 lm) in the future.

We further explore the impacts of engine-operating condi-

tions on particle size distribution. Size distribution of particle

mass and particle number under two load conditions is pre-

sented in Figs. 7 and 8, respectively. For particle mass emis-

sions, we can clearly find that size distributions of particles for

all engine-operating modes (i.e., BIN 01–06) present bimodal

forms under the low load condition, with two clear peaks

around 173 and 400 nm, respectively. When load mass

increased to 2.0 t, particle mass concentration of BIN 05 and

BIN 06 around two peak diameters (i.e., 170 and 400 nm)

significantly increased. In addition, for engine-operating modes

from BIN 01 to BIN 04, particle mass concentration with

aerodynamic diameter around 1 lm became substantially lar-

ger under high load conditions, even higher than those with an

aerodynamic diameter around 400 nm. In terms of particle

number emissions, we can observe obvious unimodal distri-

butions for all engine-operating modes under both low and high

load conditions, with peaks situated in the second and third

channels of ELPI, respectively, corresponding to the median

diameters 63 and 109 nm. It is notable that an abnormal trend of

particle mass distribution is observed under high load mass

condition for BIN 04 (Fig. 7b). This may be associated with the

very low time share (*2 %) of BIN 04 (see Fig. 4), which

represents operating conditions of moderately high engine load

rate and low engine speed. More measurement data would be

required to address this observation in the future.

Table 3 also presents impacts of load mass on particle size

distribution indicated by the geometric mean diameter

(GMD). For example, GMD for each engine load is higher

under the high load mass condition, especially under BIN 06.

This is because the increase in load mass would probably

result in a higher portion of unmixed fuel and air and further

increase exhaust PM concentration (Chuepeng et al. 2011;

Tsolakis 2006; Zhu et al. 2011). Meanwhile, coagulation rate

is also increased with the PM concentration, which could

lead to more particles with larger size (Nabi et al. 2012).

Conclusion

On-road emissions of PM1 were tested from a Euro IV diesel

bus in Beijing under low and high load mass conditions. PM1

mass and number emissions were recorded second by second

using an ELPI. Twenty-two on-road driving modes were

constructed using VSP and vehicle speed to relate instanta-

neous emission rate with real-world driving conditions.

Furthermore, six engine-operating modes defined by OBD

recorded data regarding engine load rate and engine speed

were also developed to explore the impacts of engine load on

PM1 emission characteristics. Our study could provide

needed data of on-road PM emission profiles for HDDVs

(e.g., particle mass, particle number, and size distribution) as

well as the impacts of real-world operating conditions

(engine conditions and loading mass) for further emission

control in urban areas of China.

Fig. 6 Size distribution of

overall PM1 mass and number

concentration
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Emission rates of PM1 mass and number generally

increased with VSP for those on-road driving modes with VSP

higher than 0 kW/t, similar to the trends of gaseous pollutants.

Higher load mass would increase both particle mass and

number emissions. Measured PM1 mass emission factors were

0.147 and 0.185 g/km under low and high load mass condi-

tions, respectively. In terms of PM1 number emission factor,

they were 3.71 9 1013 and 4.58 9 1013 #/km, representing

an increase of 23 % for the higher load mass.

Typical unimodal distributions of size-resolved PM1 num-

ber concentration were observed under both low and high load

mass conditions. Nanometer fractions of PM1 with diameter

\200 nm make significant contributions to particle number

concentration. For size-resolved PM1 mass concentration, they

presented bimodal distributions under low and high load mass

conditions. Furthermore, we also identified impacts of load

mass on size-resolved concentration of PM mass and number.

For example, under low load mass condition, an obvious peak

of PM number concentration was observed around 63 nm

situated in the second channel of ELPI. By contrast, peak

concentration of PM number was increased under high load

mass condition, situated in the third channel of ELPI corre-

sponding to the median diameter 109 nm.
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