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ABSTRACT: Formaldehyde (HCHO) plays a critical role in
atmospheric photochemistry and public health. While existing
studies have suggested that vehicular exhaust is an important
source of HCHO, the operating condition-based diesel truck
HCHO emission measurements remain severely limited due to the
limited temporal resolution and accuracy of measurement
techniques. In this study, we characterized the second-by-second
HCHO emissions from 29 light-duty diesel trucks (LDDTs) in
China over dynamometer and real-world driving tests using a
portable online HCHO emission measurement system (PEMS-
HCHO), considering various operating conditions. Our results
suggested that the HCHO emissions from LDDTs might be underestimated by the widely used offline DNPH-HPLC method. The
HCHO emissions at a 200 s cold start from China V LDDT can be up to 50 mg/start. Different driving conditions over
dynamometer and real-world driving tests led to a 2−4 times difference in the HCHO emission factors (EFs). Under real-world hot-
running conditions, the HCHO EFs of China III, IV, V, and VI LDDTs were 43.5 ± 35.7, 10.6 ± 14.2, 8.8 ± 5.1, and 3.2 ± 1.2 mg/
km, respectively, which significantly exceeded the latest California low emission vehicle III HCHO emission standard (2.5 mg/km).
These findings highlighted the significant impact of vehicle operating conditions on HCHO emissions and the urgency of regulating
HCHO emissions from LDDTs in China.
KEYWORDS: formaldehyde, light-duty diesel trucks, vehicle operating conditions, dynamometer tests, real-world driving emissions tests,
online emission measurement

1. INTRODUCTION
Formaldehyde (HCHO) in the atmosphere is a highly active
species that is responsible for tropospheric secondary
pollution, and it imposes severe threat to human health as
one of the most detrimental hazardous air pollutants.1−4

HCHO can be directly emitted from various natural and
anthropogenic sources (primary HCHO), and it can be
produced from the photooxidation of hydrocarbons (secon-
dary HCHO).5,6 Although secondary HCHO is the largest
contributor to total atmospheric HCHO,7 primary HCHO is
an important contributor to ambient HCHO and ozone (O3)
formation.5,8,9 However, field observations have indicated that
the modeling simulations have greatly underestimated HCHO
concentrations by 45%, most likely due to the missing sources
of primary HCHO.10 Studies in China and Mexico suggested
that emission inventories might underestimate the HCHO
emissions from primary anthropogenic sources by two to three
times, as suggested by ambient measurement11 and on-road
measurement.12 A better understanding and characterization of
the primary HCHO emission sources are in need.
Vehicle exhaust is an important primary source of

atmospheric HCHO.13,14 In many countries, the HCHO

emissions from vehicles are regulated. For decades, the USA
has set and strengthened the HCHO emission standards of
vehicles in tier and low emission vehicle (LEV) regulations.
Additionally, Brazil and Korea have had vehicular HCHO
emission standards for many years. Europe is considering to
include HCHO as a regulated pollutant in the Euro VII
emission standards. However, there is no HCHO emission
standard for vehicles in China, partly due to a lack of
understanding on the HCHO emission characteristics of
vehicles. Although light-duty passenger cars have been
reported to have near-zero HCHO emissions due to the
implementation of the newest Euro VI and China VI
standards,15−17 diesel trucks have been found to emit high
levels of HCHO.18,19 However, to the best of our knowledge,
there are only a few studies on HCHO emissions from diesel
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trucks in China,19−22 all of which have used offline 2,4-
dinitrophenylhydrazine (DNPH) cartridges with chromatog-
raphy analysis to determine HCHO emissions. This DNPH
method is likely to induce large biases for HCHO
quantification due to its sampling efficiency, interference
from NOx, and the measurement accuracy under high
temperature, humidity, and NOx emissions.23−25 In addition,
the DNPH method cannot be used to characterize HCHO
emissions with high temporal resolution. Though several
studies have employed online Fourier transform infrared
spectroscopy and proton-transfer reaction mass spectrometry
to measure HCHO from vehicles,26−29 problems of limited
measurement range, large equipment size, and high demand of
energy consumption to support on-road testing remain
outstanding. Therefore, there are large gaps in our under-
standing of the HCHO emissions from diesel trucks and the
impacts of their operating conditions on HCHO emissions.
To better understand HCHO emissions from diesel trucks,

in this study, we investigated HCHO emissions of 29 light-
duty diesel trucks (LDDTs) under different operating
conditions using a self-developed online portable emission
measurement system for HCHO (PEMS-HCHO).30 Based on
the online measurements, we quantified the second-by-second
HCHO emission characteristics and discussed the impacts of
the operating conditions on the HCHO emissions. Addition-
ally, the HCHO emission factors (EFs) of LDDTs under
different operating conditions were established. The findings of
this study provide a better quantification of HCHO emissions
from diesel trucks and scientific evidence for LDDT HCHO
emission regulation in China.

2. MATERIALS AND METHODS
2.1. Vehicle Information. In this study, a total of 29

LDDTs were measured. Among these vehicles, 15 LDDTs
were tested with dynamometer experiments, 12 LDDTs were
tested under real-world driving conditions, and 2 LDDTs were
tested with both the dynamometer and real-world driving tests.
The LDDTs were randomly recruited from car rental agencies
in Guangzhou. These LDDTs were compliant with China III,
IV, V, and VI standards, which are representative considering
their share in the diesel truck population of China.31 The
engines and fuels of LDDTs are regulated by the emission
standard and fuel quality standard, respectively. For most
LDDTs comply with China III standard, they are equipped
with four-cylinder high-pressure direct injection engines. The
China IV−China VI LDDTs mainly have four-cylinder high-
pressure common rail fuel injection engines. Under the sixth-
phase fuel quality standards of China, all the LDDTs use the
commercial 0# diesel (without biodiesel blends) in Guangz-
hou. For the LDDTs we used for the experiment, they cover
the above engine types and fuel. Model year of the tested
LDDTs cover the years from 2009 to 2020, with weights
ranging from 2160 to 2805 kg. Specifications of the LDDTs are
provided in Tables S1 and S2. We tested 35 light-duty gasoline
vehicles (LDGVs) (passenger cars) compliant from China I to
China VI over the dynamometer for comparison; specifications
of the LDGVs are detailed in Table S3.
2.2. Measurement Devices. Highly temporally resolved

(second-by-second) HCHO concentrations and the corre-
sponding vehicle activities were measured by the online PEMS-
HCHO, which can be used for both the dynamometer tests
and the real-world driving emission (RDE) tests. The PEMS-
HCHO includes a pretreatment module, an auxiliary

parameter measurement module, and a portable online
HCHO measurement instrument (Hantzsch-Abs), as intro-
duced and demonstrated in our previous study.30 Tailpipe
emissions were first sampled using the portable pretreatment
module before entering the Hantzsch-Abs to prevent the loss
of HCHO from the high temperature and humidity and to
provide high dilution ratios for the exhausts. This pretreatment
module was based on split-flow dilution method and used
high-pure nitrogen as dilution gas. The uncertainty of the
dilution ratio was reported to be ±5%, with more details of the
pretreatment module in a study by Liao et al.32 The Hantzsch-
Abs was based on the Hantzsch reaction and absorption
photometry, and it featured the application of liquid waveguide
capillary cells to achieve high detection sensitivity and online
measurements for HCHO. In this study, we adjusted the
measurement range to be 0−1.8 ppmv, and the limit of
detection was 0.04 ppbv. The auxiliary parameter measurement
module included an on-board diagnostics system, a global
positioning system, and a slope meter to collect real-time
engine and vehicle activity data, such as engine speed, vehicle
speed, and road slope. Details of the field deployments can be
seen in the Supporting Information.

In addition, we used a SEMTECH EFM-2 flowmeter to
obtain the exhaust flow rate, temperature, and relative
humidity. To verify the dilution ratio, CO2 concentrations in
the raw exhausts were detected by a SEMTECH-DS (Sensors,
Inc., USA); then, the concentrations were compared to the
diluted CO2 concentrations provided using a CO2 analyzer (Li-
840A. Licor, Inc.) connected to the pretreatment module. All
the measurement devices had the same data acquisition
frequency at 1 Hz, and all the data were synchronized on a
second-by-second basis. To ensure the accuracy of the test
results, the measurement devices were zeroed before and after
each test and calibrated with standard gases/solutions before
the first test of each day.
2.3. Test Cycles over the Dynamometer. Two testing

cycles widely used were adopted for LDDTs during the
dynamometer tests: urban driving cycle (UDC) and steady-
state cycle (SSC) (see Figure S5). The UDC is composed of
four repeated Economic Commission for Europe (ECE) cycles
without interruption. An ECE cycle lasts for 195 s with an
accumulated distance of 1.13 km. The SSC consists of three
different constant speed stages of 20, 40, and 60 km/h, each
lasting for 4 min. All LDDTs were measured by hot-start
cycles, while two of the China V LDDTs (coded D12 and
D13) were tested by cold-start UDC to investigate the impacts
of start modes. Emission measurements under cold-start
conditions were performed by soaking the vehicles for at
least 6 h at a test temperature of 20−30 °C; hot-start
conditions were obtained by warming the vehicles fully and
then turning them off for 10 min.
2.4. Driving Route for Real-World Driving Emission

Tests. To investigate the discrepancies between laboratory
dynamometers and real-world roads, 14 LDDTs were tested on
open roads in the Panyu district of Guangzhou city, which
comprised ∼40% suburban roads (non-highway phase) and
∼60% highways, as shown in Figure S6. This test route covered
the representative driving road types for LDDTs in
Guangzhou. Basic information about the route is shown in
Table S4. The lengths of the test routes ranged from 55 to 58
km, and the road slope ranged from −5.34 to 3.60%. Each
vehicle was measured for two to three trips over the same
route, both clockwise and counterclockwise. All vehicles were
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tested after being fully warmed up to maintain hot-running
conditions throughout testing.

3. RESULTS AND DISCUSSION
3.1. Comparisons of HCHO Emissions between PEMS-

HCHO and DNPH-HPLC. Previous experiments usually used
the DNPH sampling with the high-performance liquid
chromatography analysis (DNPH-HPLC) method to detect
HCHO emissions, which was suspected to underestimate
HCHO in a diesel engine-operated environment.22 In this
study, we conducted a comparison experiment between the
PEMS-HCHO and DNPH-HPLC methods over the dyna-
mometer test to investigate the discrepancy between the two
methods. In total, 12 samples of LDGVs and 20 samples of
LDDTs were measured by both the PEMS-HCHO and
DNPH-HPLC.
As shown in Figure 1a, the HCHO EFs for LDGVs

measured by the PEMS-HCHO versus the DNPH-HPLC were
highly concentrated around the diagonal line (the 1:1 line, as
shown in Figure 1a). It suggests that the results detected by the
two methods were consistent. Also, the HCHO EFs of LDGVs

in this study were close to the results from other studies (see
Table S5). These results suggested that the PEMS-HCHO
system was reliable for the exhaust HCHO emission
measurements.

As shown in Figure 1b, the HCHO emissions from LDDTs
were approximately 2 orders of magnitude higher than those of
LDGVs. In addition, most of the HCHO EFs determined by
the DNPH-HPLC were obviously lower than the results
measured by the PEMS-HCHO. To further evaluate the
reliability of PEMS-HCHO, we conducted comparison tests
between the Hantzsch-Abs in the PEMS-HCHO and a
commercial online HCHO measurement instrument (the
Hantzsch-flu, formaldehyde-monitor AL4021, Aero-Laser)
over the dynamometer (see Text S2). Results from the
Hantzsch-Abs at the high HCHO emission level were slightly
lower than the Hantzsch-flu. The observed differences might
be attributed to the lower sampling efficiency of the Hantzsch-
Abs and higher interferences from other carbonyls in the
Hantzsch-flu. Overall, these two instruments showed a good
agreement, indicating that the PEMS-HCHO was also reliable
for HCHO measurements at high emission conditions.

Figure 1. Scatter plots of the HCHO EFs measured by the PEMS-HCHO and the DNPH-HPLC for (a) LDGVs and (b) LDDTs. In the right
panel, the dot points with solid border represent the results of the LDDTs with SCR devices, and the dots without border indicate the results of
LDDTs without SCR.

Figure 2. (a) Second-by-second HCHO emission rates, (b) start EFs, and (c) comparison of the total average EFs (dashed box) and running EFs
for the D12 China V LDDT under cold-start (green) and hot-start (orange) UDC testing; (d−f) for the D13 China V LDDT; and (g−i) for all
LDDTs tested at the hot-start mode, of which the solid line represents average values from all the test vehicles, and the shaded areas represent 5
and 95% confidence intervals for the second-by-second emission profile.
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Therefore, the differences between PEMS-HCHO and DNPH-
HPLC for LDDTs might be attributed to the fact that: (a) the
DNPH cartridges cannot completely capture HCHO due to
limited sampling volume of cartridge and high carbonyl
emissions by LDDTs;19 (b) high NOx and CO emissions in
LDDT exhausts could consume the DNPH cartridges, which
lead to the loss of HCHO;23 and (c) high temperature and
humidity in LDDT exhausts could result in HCHO loss for
directly sampling without pretreatment. These factors affected
the HCHO measurement accuracy of the DNPH-HPLC for
LDDTs. However, for the LDGVs, these factors had less
impacts on the DNPH-HPLC measurements due to the lower
HCHO, NOx and CO emissions, and exhausts temperatures
(see Texts S6 and S10). As a result, measurements between
two methods were more consistent. Similarly, discrepancies of
the measurement results for the LDDTs with selective catalytic
reduction (SCR) devices were relatively smaller, as shown in
Figure 1b, given the lower NOx emissions from the LDDTs
with SCR (see Text S11) and thus less interferences on the
DNPH-HPLC measurements.
The above results showed that the DNPH-HPLC method

might underestimate HCHO emissions from LDDTs, while
the PEMS-HCHO is a more reliable method for measuring
HCHO emissions from LDDTs. Therefore, the following
analyses will be based on the measurement data by the PEMS-
HCHO.
3.2. HCHO Start Emissions from the Dynamometer

Test. Previous studies have demonstrated that vehicle starts
have great influence on pollutant emissions such as volatile
organic compounds and NOx.

33,34 In this study, two LDDTs
(coded as D12 and D13) were used to perform emission tests
during the UDC under both cold- and hot-start modes to
analyze the impacts of vehicle start modes on the HCHO
emissions. The second-by-second HCHO emission rates
(mass-based) are shown in Figure 2a,d. Extremely high
HCHO emissions induced by the engine cold-start mode

occurred within the initial 200 s for both vehicles. After that,
the HCHO emissions dropped considerably. The proportions
of HCHO emissions during the initial 200 s in the total cold-
UDC emissions reached 53 and 44% for the D12 and D13
LDDTs, respectively (Figure S7). We investigated the effects
of vehicle start modes on HCHO emissions from LDGVs and
found that peak HCHO emissions occurred during the first
200 s in the cold-start mode, as shown in Text S6. The high
emissions of HCHO under vehicle cold-start conditions were
observed in other studies as well, but with varied occurrence
periods ranging from 50 to 1000 s, probably due to different
testing conditions.26−28 In this study, we defined the duration
of the initial 200 s after vehicle start as the start phase and the
testing time after that as the running phase.

For the hot-start cycle, the HCHO emissions during the
start phase were much lower than those during the cold-start
cycle. While the HCHO emissions in the start phase did not
increase significantly for D12 and D13 LDDTs, there were
slight increase for the average HCHO emission of all LDDTs
tested in the hot-start mode, as shown in Figure 2g. Ko et al.
found there was no peak of HCHO emissions from diesel
vehicles under idle conditions in the hot-start mode,29 which
might be explained by the low exhaust flows during idling. The
high emissions during the start phase are relevant to the engine
conditions. When the engine was recently ignited, the engine
had not fully warmed up. As a result, the engine can produce
much more HCHO due to the incomplete combustion of fuel
in the vehicle engine, especially in the cold-start mode.35

Based on the second-by-second emission patterns, we
quantified the start EFs (start EF in Figure 2) of the D12
and D13 LDDTs in both cold-start and hot-start modes, in
addition to the average start EFs for all the LDDTs tested
under hot-start UDC conditions. The start EFs were calculated
from the increasing HCHO emissions during the start phase
that were higher than the average emissions during the running
phase according to the study of Wen et al.33 (detailed are given

Figure 3. (a) HCHO emission rates as a function of vehicle speeds, (b) HCHO emission rates as a function of accelerations, and (c) HCHO EFs
comparison during UDC, SSC, and RDE testing for the D2 China III (also the R4) LDDT; and (d−f) for the D8 (also the R5) China IV LDDT.
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in Text S3). Additionally, we compared the running EFs of
HCHO without increasing start emissions (the cold_run and
hot_run distance-based EFs) and the total average EFs
throughout testing (the cold_ave and hot_ave distance-based
EFs) based on the test distances.
The cold-start EFs of HCHO for the D12 and D13 LDDTs

were 33.8 and 48.5 mg/start, respectively, which were 10−14
times greater than those of gasoline vehicles (3.4 mg/start on
average, see Figure S9). The ratio of the additional HCHO
emissions from cold start to per-kilometer hot-running
emissions (γ)36 was 4−5 km for the two LDDTs. It is
comparable to the ratios of CO and NOx with 2−6 km of
driving distance but much lower than HC and other volatile
organic compounds such as benzene, toluene, and xylenes
(ratios of 11−300 km).33,34 After removing the effects of the
increasing emissions from the cold-start phase, the running-
phase EFs at the cold-start cycle were 39 and 25% smaller for
the D12 and D13 LDDTs, respectively, compared to the total
average EFs. For the hot-start mode, the increasing HCHO
emissions for D12 were negligible and those for D13 LDDT
were 4.7 mg/start, which were much smaller than the cold-start
mode. On average, the hot-start HCHO EF was 14.6 ± 30.4
mg/start for all tested LDDTs. The hot-running EF decreased
by 13% by excluding the additional emissions caused by hot
start. These findings suggest that HCHO EFs can vary
significantly from start modes and running conditions. The
high HCHO emissions from cold-start also underline the
necessity of targeted emission control.
3.3. Comparisons of HCHO Running Emissions

between Dynamometer and RDE Tests. In addition to
start modes, driving conditions during the running phase, such
as vehicle speed and acceleration, are key factors affecting
HCHO emissions. Discrepancies in HCHO emissions were
observed by dynamometer tests based on various driving
cycles.15 In reality, a vehicle was operated under hot-running
conditions with a warmed-up engine most of the time. It
indicates that the running phase still make up an important
contribution to HCHO emissions. In this study, the D2 LDDT

(also coded R4) of the China III standard and the D8 LDDT
(also coded R5) of the China IV standard were repeatedly
tested under UDC, SSC, and RDE conditions (in the hot-start
mode) to analyze the impacts of driving conditions on HCHO
emissions.

Second-by-second HCHO emission profiles are shown in
Figures S10 and S11, highlighting the fluctuations in mass-
based HCHO emission rates and instantaneous fuel con-
sumption. Figure 3 shows the transient HCHO emission rates
versus speeds and accelerations, in addition to the distance-
based HCHO EFs under different conditions. For UDC
testing, the vehicle start effect on the increasing HCHO
emissions was noticeable for the D2 LDDT. Notably, the
distribution of HCHO emission rates during the running phase
at the UDC condition varied from the non-highway phase
during RDE testing (similar speed ranges). The running EFs of
HCHO for UDC (71.5 mg/km for the D2 LDDT and 9.3 mg/
km for the D8 LDDT) were higher than those of non-highway
driving for RDE at the running phase (25.5 mg/km for the D2
LDDT and 5.9 mg/km for the D8 LDDT). Compared to the
RDE non-highway phase, the UDC running phase consumes
fuel much faster at a low speed and deceleration conditions (as
shown in Figures S14−S16), which might contribute to the
difference. In addition, compared to the RDE test, the higher
fuel consumption under the SSC conditions led to higher
HCHO emission rates and higher average EFs. These
comparisons suggested that testing under the UDC and SSC
driving conditions of dynamometers cannot reflect real-world
emission characteristics.

Overall, the HCHO EFs derived from dynamometer tests
were approximately 2−4 times higher than those from the
RDE conditions. In other words, EFs generated from
dynamometer tests would lead to significant overestimations
of HCHO emissions from LDDTs.
3.4. HCHO Running Emissions from PEMS-HCHO.

Based on the UDC, SSC, and RDE tests using the PEMS-
HCHO, we developed the average hot-running HCHO EFs of
LDDTs compliant with China III−VI standards, which are

Figure 4. Hot-running HCHO EFs of LDDTs under UDC, SSC, and RDE tests; the columns and error bars are means and standard deviations,
and the dashed lines represent the HCHO emission standards for LDT and LDV in LEV I−III regulations implemented by California.48
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presented in Figure 4. The measured HCHO EF for China III
LDDTs was 73.9 ± 28.8 mg/km under UDC, excluding excess
start emissions. This value was comparable to 94.8 ± 58.2 mg/
km under SSC, while the HCHO EF derived from RDE tests
was much lower (43.5 ± 35.7 mg/km). The relatively high
HCHO emissions from the China III LDDTs were mainly
attributed to the old direct injection engines, the higher
accumulated mileages, and lack of aftertreatment devices. The
RDE result was three times higher than that of a study on
carbonyl emissions under hot-stable RDE testing in Beijing
using the offline DNPH method,19 with a calculated HCHO
EF of 14.1 mg/km for China III LDDTs. The discrepancy is
partly due to the slightly higher accumulated mileages of the
tested LDDTs in our study and the variation of driving
conditions for different test routes. Moreover, we suspected
that the DNPH cartridge could be incapable to capture the
complete HCHO emissions, as discussed above. The China IV
LDDTs had similar HCHO EFs under the UDC and SSC
conditions (25.5 ± 16.7 and 33.5 ± 15.7 mg/km, respectively).
The HCHO EF for China IV LDDTs derived from RDE tests
was 10.6 ± 14.2 mg/km, which was substantially lower than
those tested by the dynamometer. However, the China V
LDDTs performed differently. The HCHO EFs measured by
UDC tests and RDE tests were similar, with values of 7.4 ± 4.3
and 8.8 ± 5.1 mg/km, respectively. The HCHO EF tested
under SSC was much higher, with a value of 27.5 ± 14.1 mg/
km. The China VI LDDT showed a noticeable decline in
HCHO emissions with an EF of 3.2 ± 1.2 mg/km in the RDE
test.
It is worth mentioning that the HCHO emissions from

LDDT exhausts were 20−90 times higher than those from
LDGVs (Figure S9), although the HCHO EFs decreased as
the emission standards tightened. Previous studies mainly
focused on HCHO emissions from light-duty passenger cars,
presenting a range from 0.002 to 4.4 mg/km for China I−VI
and Euro I−VI light-duty gasoline passenger cars15,37−43 and
0.006−8.4 mg/km for China II−VI and Euro II−VI light-duty
diesel passenger cars.15,40,44−47 In contrast, even the hot-
running HCHO emissions from LDDTs could be several
orders of magnitude higher than the HCHO emissions from
passenger cars, suggesting that more comprehensive study of
LDDTs should be carried out in order to reduce their HCHO
emissions.
3.5. Implications. Although the DNPH-HPLC method is

widely used for sampling HCHO emissions from vehicles due
to its low cost and simple operation, our comparison
experiments demonstrated that the DNPH-HPLC method
might underestimate HCHO emissions from LDDTs due to
the sampling efficiency. In addition, the DNPH-HPLC method
cannot provide high time-resolution data of HCHO emissions
to understand the emission characteristics of LDDTs
associated with different operating conditions. Therefore, it is
important to use portable online techniques such as the PEMS-
HCHO to overcome the limitations in sampling, pretreatment,
and measurement so as to better understand the real-time
HCHO emission characteristics of LDDTs.
The second-by-second HCHO emission patterns underlined

the significant impacts of start modes and driving conditions
on HCHO emissions from LDDTs. LDDT cold starts induced
extremely high HCHO emissions. There was a 2−4 times
difference in the HCHO EFs under various driving conditions.
Moreover, the relationships between HCHO emission and
speeds/accelerations were quite different, indicating that

dynamometer tests cannot reflect real-world dynamic HCHO
emissions. During real-world driving conditions, many factors
such as driving style and traffic congestion can affect the
vehicle operating conditions and exhaust emissions. As shown
in Figure S18, the uncertainties of vehicle speeds resulted by
these factors during the RDE tests were up to 25%, which can
lead to considerable HCHO emission variations as discussed
above. These results suggest that more work is needed to
measure HCHO emission from RDE tests in order to fully
uncover the dynamic relationships between HCHO emissions
and driving style and traffic conditions, for different vehicle
types.

Our findings demonstrated the high HCHO emissions from
LDDTs, which could be thousands of times greater than those
from passenger cars. Notably, the HCHO emissions during hot
running conditions of most LDDTs tested in this study were
significantly higher than the least stringent California LEV I
emission standard for light-duty trucks (LDTs, 14.3 mg/km)
implemented over 20 years ago, as shown in Figure 4. Even the
China VI LDDTs with the lowest HCHO EFs still exceeded
the California LEV III emission standard for light-duty vehicles
(LDVs, 2.5 mg/km). Recent regulations in China only
considered hydrocarbons detected by flame ionization
detection (FID), but FID has zero response to HCHO.28,49

Thus, HCHO emissions from vehicles are essentially
unregulated. Therefore, we suggest that HCHO should be
considered a regulated pollutant in vehicle emission standards
in China, especially for LDDTs. Given that LDDTs presented
significant discrepancies in HCHO emissions at different start
and running conditions, emission standards for HCHO should
be formulated considering the variance under operating
conditions.
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