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The application of low-condensation diesel in cold regions with extremely low ambient temperatures
(—14 to —29 °C) has enabled the operation of diesel vehicles. Still, it may contribute to heavy haze
pollution in cold regions during winter. Here we examine pollutant emissions from low-condensation
diesel in China. We measure the emissions of elemental carbon (EC), organic carbon (OC), and ele-
ments, including heavy metals such as arsenic (As). Our results show that low-condensation diesel
increased EC and OC emissions by 2.5 and 2.6 times compared to normal diesel fuel, respectively. In-
dicators of vehicular sources, including EC, As, lead (Pb), cadmium (Cd), chromium (Cr), nickel (Ni), and
manganese (Mn), increased by approximately 20.2—162.5% when using low-condensation diesel. Sea-
sonal variation of vehicular source indicators, observed at road site ambient environments revealed the
enhancement of PM; 5 pollution by the application of low-condensation diesel in winter. These findings
suggest that —35# diesel, a low-cetane index diesel, may enhance air pollution in winter, according to a
dynamometer test conducted in laboratory. It raises questions about whether higher emissions are

released if —35# diesel is applied to running vehicles in real-world cold ambient environments.
© 2024 Published by Elsevier B.V. on behalf of Chinese Society for Environmental Sciences, Harbin
Institute of Technology, Chinese Research Academy of Environmental Sciences. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Vehicle exhaust emission is a significant source of inhalable
particulate matter (PM), particularly in urban areas [1,2]. These
emissions release hazardous substances into the air, including PM-
bound carbonaceous materials, heavy metals, volatile organic
compounds (VOCs), and polycyclic aromatic hydrocarbons (PAHs).
These pollutants degrade urban air quality and directly threaten
residents' health. Vehicle exhaust emissions were responsible for
approximately 12.5% of deaths in China attributed to long-term
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exposure to PM,s in 2018 [3]. Epidemiological studies have
revealed that prolonged exposure to PM from the exhaust has
adverse health consequences, including cardiovascular disease-
related fatalities, respiratory diseases, and childhood asthma
[3,4]. The presence of potentially toxic elements (PTEs) in the
environment, such as arsenic (As), cobalt (Co), chromium (Cr),
cadmium (Cd), copper (Cu), nickel (Ni), lead (Pb), antimony (Sb),
and zinc (Zn), has raised considerable concerns due to their high
toxicity, persistence in the environment, and propensity to bio-
accumulate [5,6]. In China, five heavy metals, specifically Cd, mer-
cury (Hg), Cr, As, and Pb, were classified as hazardous air pollutants
(HAPs) in 2019, emphasizing the need for risk management mea-
sures based on the updated HAPs list [ 7]. Elemental carbon (EC) and
organic carbon (OC) contribute to the toxicity of PM, with potential
health impacts such as disruptions in heart rate, lipid peroxidation
of human bronchial epithelial cells, and elevated levels of plasma
oxidative stress markers [8].
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Temperature enhanced the emissions of toxic substances by
resulting the low combustion efficiency, low catalyst performance,
and possible operation under fuel-rich conditions [9,10]. Growing
evidence has indicated a substantial increase in diesel vehicle
emissions at low temperatures, heightening health risks [11,12].
These conditions notably boost the release of OC, EC, and PAHs from
diesel trucks. Specifically, at low ambient temperatures (—20
to —13 °C), the emission factors (EFs) for EC from China II light-duty
diesel trucks (LDDTs) and China IV LDDTs surpass those at 18—25 °C
by 1.41 and 1.96 times, while the EFs for EC from China II heavy-
duty diesel trucks (HDDTs) and China IV HDDTs exceed those at
18—25 °C by 1.93 and 1.73 times. Emissions of nitrogen oxides from
gasoline vehicles are 67% greater in winter than in spring [13].
Vulnerable populations, including children, the elderly, and in-
dividuals with chronic illnesses are disproportionately affected by
winter pollutants due to their weakened immunity and reduced
resilience [14].

Low-condensation diesel oil is used in cold regions in the winter.
Various studies represent the impact of diesel properties on haz-
ardous emissions in ordinary temperatures. Viscosity, density, and
cetane index were found to significantly impact emissions. The
higher the kinematic viscosity of the fuel, the worse its fluidity. It is
detrimental to the transport, atomization, and combustion of the
fuel [15,16], which would increase hydrocarbon (HC) and PM
emissions. Lower-density fuels may cause incomplete combustion
and produce unburned HC, while a higher-density fuel with more
heavy constituents would raise the emissions of CO; and PM [17].
Diesel with a high cetane index burns evenly, making it easy to start
and produce a large output power, while diesel with a low cetane
index ignites slowly, works unstably, and is prone to detonation
[18,19]. It is necessary to select suitable fuels according to seasons
and regions, and fuel properties. Hence, the selection of fuel is the
first factor affecting the EFs of PM [20].

Thus far, there's few evidence to evaluate whether low-
condensation diesel would enhance air pollution in winter. In this
study, a dynamometer was applied to evaluate the characteristics of
fine particle emissions from —35# low-condensation diesel. The
investigation was conducted in a laboratory to avoid the influences
of other factors, such as traffic conditions, road materials, driving
custom, and emissions from other parts of vehicles. In vast regions
with cold winters, —35# diesel is the fuel of choice. It has distin-
guishable properties (cetane index, density, viscosity, cold-filtered
plugging point, flashing point, etc.) compared to 0# diesel used in
ordinary temperatures. Carbonaceous matters (elemental carbon,
organic carbon, and total carbon, TC) and heavy metals (vanadium,
V, Cr, manganese, Mn, Ni, Cu, Zn, Cd, Pb, and molybdenum, Mo) are
tested. The research aims to determine whether low-condensation
diesel is a significant driver of increased air pollution in cold winter.

2. Methods and materials
2.1. Experimental design

To investigate the properties of PM; s-bonded chemicals from
low condensation diesel fuel, a dynamometer was used to test the
operational cycles of the diesel engine. The test was conducted in
the laboratory to avoid confounders such as interruptions to traffic
systems, driving custom, road materials, etc. Hence, the conditions
of emission tests could be more controllable, accurate, and
repeatable. The exhaust dilution sampling system was equipped
with an exhaust pipe to collect the PM; 5 samples (Fig. 1).

The emissions from two types of diesel fuel were examined. The
target of determination was low-condensation diesel (—35#
diesel). 0# diesel, which is used at ordinary ambient temperature, is
applied to compare with —35# diesel. The PM; 5s-bonded chemicals
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Fig. 1. The exhaust sampling dilution system. The system consists of a dilution
chamber, a digital control module, a PM, 5 impactor, an air compressor, an air cleaner,
flow meters, pumps, and heaters. The exhaust is diluted before going through the
PM, 5 impactor. Before entering the dilution chamber, the compressed air is cleaned. To
prevent the loss of particles due to condensation, the diluted air is heated before
passing through the PM, s impactor.

included carbonaceous matter (TC, OC, and EC), heavy metals (V, Cr,
Mn, Ni, Cu, Zn, Cd, Pb, and Mo), and the non-metallic element As.

This study compared the differences in emissions from the
combustion of —35# and 0# diesel under the same experimental
conditions. Hence, the tests were conducted at 23—25 °C in the
dynamometer laboratory. Notably, the emissions from —35# diesel
would be even worse in ambient environments below —20 °C. The
low temperature would lead to lower combustion efficiency in the
engine, resulting in higher actual emissions than those measured in
the laboratory.

2.2. Fuel properties

In China, diesel fuel is classified according to China GB19147-
2016 [21]. Specifically, —35# diesel is a typical low-condensation
diesel used in the temperature range of —14 to 29 °C. Conversely,
0# diesel is used in temperatures above 4 °C. Compared to 0#
diesel, —35# diesel has a lower cetane index, density, viscosity, and
flash point (Table 1).

2.3. Test engine and working modes

The tested engine JX493ZLQ has a power output of 75 kW, uses
high-pressure common rail electronic injection technology,
equipped with a supercharged intercooler. According to the work-
ing conditions, the electronic control unit (ECU) controls the fuel
pressure in the high-pressure oil rail through a high-pressure oil
pump and controls the pressure relief valve on the nozzle to select
the best fuel injection phase and rule. It is a four-cylinder diesel
engine with a displacement of 2.771 L (Supplementary Material

Table 1

Properties of —35# and 0# diesel.
Fuel properties —35# O#
Application temperature (°C) —14 to -29 >4
Density (kg m~3) 790—840 810—-850
Cetane index >45 >49
20 °C viscosity (mm? s~1) 1.8-7.0 3.0-8.0
Sulfur content (mg L") 10 10
Cold filtered plugging point (°C) -29 4
Flash point (°C) >45 >60
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Table S1). The engines of the series are mostly applied to light-duty
trucks.

The test cycle is based on the specifications of the tested engine
and follows the calculation method of the European Stability Cycle
(ESC) (Supplementary Material Fig. S1). The ESC defines high speed
as 70% of the declared maximum net power, while low speed is 50%
of the maximum net power. The detailed calculations of speeds are
shown in the Supplementary Materials (Supplementary Material
equations S1—S3). The test cycle featured three speeds (A, B, and
C represent engine speeds of 1500, 2000, and 2500 r min ),
respectively) and three loads (25%, 50%, and 75%), resulting in nine
operating points. Three samples were collected for each operating
point, and the same driving mode was used in testing both fuels.

2.4. Sampling and analysis

The exhaust particles from diesel engine emissions were
collected by an exhaust sampling dilution system (Fig. 1). Duplicate
samples were collected at the same operational cycles on a quartz
filter and a Teflon filter for 10 min (23—25 °C, relative humidity
50%). The quartz filter was prepared and cut into a circular sampling
film with a diameter of 47 mm. It was then placed in a muffle
furnace and calcined at 450 °C for 24 h. After completely cooling the
filter, it was enclosed in prepared foil with one open end. The
wrapped filters were placed in a desiccator for 48 h.

The carbonaceous matter was determined by the DRI Model
2001A OC/EC analyzer (Desert Research Institute, USA) employing
the Improve Temperature Program (reflectance method). A 633 nm
laser irradiated the sample and measured the change in reflectance,
enabling the distinction between OC and EC. The carbon contents
were quantified using a flame ionization detector (FID).

Spectroscopic method (ICP-MS) were employed to identify and
determine the amounts of chemical elements (V, Cr, Mn, Ni, Cu, Zn,
As, Mo, Cd, and Pb) in the PMj5 samples. The samples were
digested in a polytetrafluoroethylene digestion tank with 6 mL
nitric acid, 2 mL hydrogen peroxide, and 100 pL hydrofluoric acid
[22,23]. The polytetrafluoroethylene digestion tank was sealed and
placed in a high-pressure autoclave, where it was digested for 8 h
under high temperature and high pressure. Subsequently, deion-
ized water (15 mL) was added to each sample, and the measure-
ments were performed using an Agilent 7700 ICP-MS spectrometer.

2.5. Computing methods

2.5.1. Emission factors
EFs were calculated according to the mass of chemicals in
samples and the corresponding diesel consumption (equation (1)):

Mjx2x¢
EFjj= Vo (1)
Where i represents the type of diesel, j represents the determined
chemical compound, M is the mass of chemicals j in the samples
(mg or ug), ¢ is the sampling ratio (the sampling volume divided by
the total emission volume from the exhaust), V is the volume of
diesel i (L), p is the density of diesel i (kg L), and EF; is the EF of
chemical j from the emissions of diesel i (ug kg™1).

2.5.2. Principal component analysis

Principal component analysis (PCA) is a multivariate statistical
method applied to determine correlation in variable indexes in
agriculture, biology, and other research fields. In PCA, new variables
(principal components [PCs]) are derived according to the original
variables. PCs are linear combinations of the original variables and
retain the original variables to be as informative as possible, and
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they are orthogonal. The percentage of variance that the PCs can
explain reflects the percentage of data that can be interpreted, and
most of the information within the initial variable is compressed
into the first component (PC1) [24]. The datasets of measured
chemical elements in PM,5 samples were subjected to factor
analysis with varimax rotation using Statistical Package for the
Social Sciences (SPSS) version 25. Graphs of the analyzed data were
plotted and modified on http://www.cloud.biomicroclass.com/.

2.6. Chemical composition of PM> 5 in ambient environments

To analyze the emissions of chemicals from —35# diesel, the
ambient concentrations of corresponding chemicals emitted in
January 2024 (winter) and August 2023 (summer) were adapted
from the Atmospheric Super Site in Harbin, Heilongjiang Province,
China (45.78° N, 126.53° E). Metal element (Mn, As, Ni, Cr, Pb, and
Cd) were analyzed by a real-time ambient multi-metals monitoring
system (Xact-625, Cooper Environmental, USA). The semi-
continuous OC-EC field analyzer measured EC and OC mass con-
centrations (Mode 14, Sunset Laboratory, Portland, OR, USA). The
real-time source apportionment results for PM, 5 were analyzed
using the online Single Particle Aerosol Mass Spectrometry (SPAMS
0515) program.

3. Results and discussion

3.1. Negative effects of low-condensation diesel on carbonaceous
matter in fine particle emissions

The combustion of low-condensation diesel (—35#) led to the
higher emission of carbonaceous matter in fine particles than the
combustion of 0# diesel (above 4 °C). The comprehensive EFs
(EFcomp) of TC, EC, and OC were 9.78, 8.57, and 1.21 mg kg~ under
the 13-cycle operating condition. The EFcopmp of TC, OC, and EC from
low-cetane diesel were 2.51, 2.62, and 2.50 times higher than that
from combusting 0# diesel (Fig. 2). EC is composed of soot formed
by incomplete combustion. Thus, the OC emissions correlated with
the physicochemical properties of the fuel, specifically the un-
burned fuel or lubricant oil. OC is generated by unburned fuel,
lubricating oil, and condensation during the cooling process
through the exhaust pipe [12,25,26]. The cetane index of —35#
diesel is lower than that of 0# diesel, which reduces the evenness
and efficiency of fuel combustion in engines. It revealed the initi-
ation of higher carbonaceous emissions from combusting —35#
diesel. The cetane index is a significant factor in carbonaceous
emissions. These results show that air pollutants produced by
incomplete combustion decrease with an increase in the cetane
index of diesel fuel [27]. Moreover, the EC/OC ratios of —35# and 0#
diesel were 6.84 and 7.56, respectively (Fig. 2). The OC proportion
of —35# diesel emissions was higher than that of O# diesel. It in-
dicates that also emissions of both EC and OC were increased by
using —35# diesel, and the proportion of OC in TC from —35# diesel
was higher than that from 0#.

Engine operating conditions, fuel composition, and type have a
significant influence on the formation of EC and OC [1,26,28—30].
Use of —35# diesel resulted in significantly higher emissions of EC
and OC at various engine working cycles (excluding the working
cycle with the highest speed and load, C75%). The 25% and 50%
loads, the EC/OC ratios of —35# diesel emissions were lower, but
when the load was up to 75%, the results were inverse. When en-
gine speeds increased, the EC emissions decreased for both —35#
and 0# diesel, and the differences in EC emissions between the two
types of diesels decreased. This aligns with the relationship be-
tween engine speed and combustion efficiency, indicating that
higher speeds enhance air swirl motion in the combustion
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chamber, promoting fuel evaporation, atomization, air mixing, and
combustion. Lower engine speeds can weaken air swirls, leading to
reduced thermal efficiency.

Furthermore, emissions of both EC and OC at A50% were much
higher than in other working cycles. When engine speed was the
same, the loads of A50% were higher, and the combustion was not
as sufficient as at A25%, which resulted in higher emissions than at
A25%. Compared to A75%, when the loads were up to 75%, with high
gas intake and engine operation temperature, the combustion was
relatively sufficient; hence, the emissions at A75% would be lower
than A50%. Thus at the A50%, it relatively easier to produce high
pollution.

3.2. Influences of low-condensation diesel on heavy metals in fine
particle emissions

Fuel combustion is the key driver in the abundance of heavy
metals in diesel exhaust [31,32]. The dominant elements in heavy
metal emissions from —35# and 0# diesel is of similarity. Emissions
of Mo were the highest compared to other elements. Aside from
Mo, Zn, Ni, and Cr were dominant elements from diesel exhaust
else (Supplementary Materials Table S2). Above all, EFcomp showed
that heavy metals from —35# diesel combustion were higher than
those from O# diesel, except for Zn (Supplementary Materials
Fig. S2). For the individual components, the EF of Cd increased the
most (89.93%), followed by Pb (52.55%), Cr (46.86%), Ni (36.89%), V
(33.62%), As (32.98%), Mn (20.22%), and Cu (17.84%) (Fig. 3). In the
perspective of health risks, all these heavy metals have strong
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Fig. 3. PCA analysis according to fuel type (—35# and 0#). The heavy metals' total
emission factors of 0# diesel and —35# diesel were 94.33 and 116.94 ug kg~ . The pie
charts represent the proportions of elements in total heavy metals.

biotoxicity and are associated with carcinogenic risk. Cd and As
have mutagenic potential, while Pb results in fetal toxicity. The
increase in emissions from the combustion of —35# diesel would
enhance the risk of human exposure to heavy metals in the winter.

The cumulative contribution rate of PC1 and the second
component (PC2) in PCA could explain over 80% of the variance,
ensuring enough information on the principal components [33].
Scatter plots of samples revealed the similarities in the elements
from O# and —35# diesel combustion (Fig. 3). The distance between
samples in a group indicates the similarities in emission properties.
The characteristics of the elements in the 0# diesel group were
closer than those in the —35# diesel group.

The emissions of V, Cr, Mn, Ni, and As statistically correlated
with the engine working cycles (Supplementary Materials
Table S3). At the 25% and 50% loads, the emissions of V, Cr, Mn, Nij,
and As from —35# diesel were higher than those from 0# diesel.
The results were inverse at the 75% load (Fig. 4).

Diesel fuels emit a large amount of Mo due to the higher content
of Mo in diesel fuels [34]. Compared to other detected metals, the
Mo content from both 0# and —35# diesel was much higher,
consistent with previous studies' results [35]. The amount of Mo
from —35# diesel exhaust was higher (116.46 pg kg~!) than that
from 0# diesel (92.27 pg kg~ !). Mo is normally added to diesel as a
lubricant, antioxidant, and preservative. From the perspective of
human health, the excessive intake of Mo causes metabolic disor-
ders, myocardial hypoxia, hyperosteogeny, etc. Hence, increased
Mo emissions is a significant health risk.

3.3. Enhanced pollution resulting from vehicular diesel emissions in
the winter

In Northeast China, heavy pollution episodes appear mostly in
winter, owing to the increased emissions of pollutants resulting
from increased fuel combustion (e.g., coal combustion, biomass
burning, or vehicular emissions) in response to colder weather
[23,36,37]. We took Harbin as an example, as it is a typical city in
the cold region of Northeast China. Heavy pollution occurs exclu-
sively in the winter, and PM, 5 is the dominant pollutant that in-
duces haze pollution episodes [36]. Higher concentrations of PM3 5
in winter, while lower in summer appeared periodically (Fig. 5a).
Increased evidences indicate that vehicle emissions become a sig-
nificant source of PM; 5 pollution [23,37]. The latest source appor-
tionment results from a heavy pollution day showed that the
contribution of vehicular sources is up to 20% of the PM5 5 pollution
(Fig. 5b). Owing to the Cleaning Heat Programs launched in
Northeast China, emissions from coal combustion have been
reduced gradually, by inference, emissions of vehicles in winters
would become a serious concernment to heavy pollution and the
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chemical reactions in the air.

On-road vehicular emissions tests have confirmed that pollutant
emissions are higher in the winter than summer (Supplementary

Materials Fig. S3) [12]. These increased emissions could be induced

by the applied fuel in winter, the effects of cold weather on the
operation of engines, the coverage of snow on the road, etc. Low-
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condensation diesel is used in the winter (—35# diesel), a key factor
associated with emissions. To avoid the influences of other factors,
tests of —35# diesel fuel combustion in the lower temperatures
were carried out in a laboratory with a diesel engine dynamometer.
As a result, the indicators of vehicular sources, including EC, OC, As,
Pb, Cd, Cr, Ni, and Mn increased by approximately 20.22—162.48%
(Supplementary Materials Table S4). The corresponding concen-
trations of those elements all went up in winter (Fig. 5c¢). The
growth of Pb, As, Mn, and carbonaceous matters are notably severe.
It revealed the negative impacts of using the low condensation
diesel. Associated with the results of on—road emission tests, the
emissions would be even worse if the —35# diesel is used in a cold
working environment.

Furthermore, Pb and Mn (1316 and 4249.5 pg, respectively)
were detected in emissions from a liter of diesel. They were the
dominant elements in the diesel's chemical profile [34]. The
chemical compositions of PM; 5 in the ambient environment were
determined in both cold winter and summer at a roadside sampling
site in Northeast China [22]. Ambient Pb and Mn in PM,5 were
mostly emitted from vehicular sources. Concentrations of Pb and
ambient PM; 5 were seven and two times higher in the winter than
in the summer, respectively (Fig. 5c, Supplementary Materials
Table S5). On these occasions, Pb and Mn were identified as in-
dicators of increased pollution from the combustion of —35# diesel.

4. Conclusions

The application of —35# diesel fuel has been found to increase
the emissions of carbonaceous matter and heavy metals, such as
Mo, As, Pb, Cd, Cr, and Mn. In fact, proportions of these compounds
emitted from the combustion of —35# diesel fuel are much higher
than emissions from O# diesel fuel. Supporting the real-time
monitoring data gathered at the Atmospheric Super Site, it
revealed that the enhanced emissions from low-condensation
diesel would contribute significantly to heavy pollution episodes.
These findings raise questions regarding the impact of the lower
cetane index of —35# diesel on increased emissions. Further
quantitative analysis is necessary to fully understand the influence
of the cetane index on emissions.

Certain implications of the study should be considered: (1) The
empirical data reported the direct emissions from a diesel engine
and aimed to represent the effects of —35# used in the winter. If
equipped with aftertreatment devices, emissions would be reduced
effectively. Thus far, the reduction efficiency of aftertreatment de-
vices on —35# diesel has not been quantitatively evaluated. The
effects of a low-temperature ambient environment on the working
efficiency of aftertreatment devices should also be considered; (2)
Engines that comply with China VI standards differ from their
predecessors. The present study focused on the characteristics
of —35# diesel in engines designed prior to the institution of China
VI standards. Further investigations are needed to examine the
emissions from China VI engines and provide quantified scientific
evidence to support the elimination of vehicles with high emis-
sions; (3) Due to the higher vehicular emissions in winter, alter-
native energy fuels are required. According to the technologies
currently in use, appropriate aftertreatment and alternative energy
vehicles are urgently needed to improve the air quality of cold
regions.
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