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ABSTRACT 36 

Vehicle evaporation emission is one of the important sources of volatile organic 37 

compounds (VOCs) in the atmosphere. Research on its emission factors and chemical 38 
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composition, especially the emissions from in-use vehicles under the new regulatory 39 

standards, is still scarce and affects the understanding of evaporation emissions. In this 40 

work, evaporative emission measurement for in-use gasoline vehicles was carried out 41 

for the China Ⅵ and Ⅴ vehicles, and their emission factors, chemical compositions and 42 

hydroxyl radical total reactivity (kOH) were measured. These three evaporative emission 43 

processes, hot soak loss (HSL), diurnal breathing loss (DBL) 24h, and DBL 48h 44 

emission factors, China V vehicles can reach 3.2, 4.6 and 7.6 times that of China Ⅵ 45 

vehicles, and high mileage vehicle aging and abnormal evaporative emission control 46 

systems can significantly increase emissions. In the HSL process, aromatics dominate, 47 

with contributions from China Ⅵ and V reaching 44.1% and 42.8%, followed by light 48 

carbon alkanes (LC-alkanes, ≤C6). In the DBL process, the chemical components were 49 

dominated by LC-alkanes, contributing 40.7 - 50.5%. The source profiles of 50 

evaporative emissions have been established, with n-butane (3.2 - 26.1%), isopentane 51 

(6.2 - 13.5%), toluene (6.1 - 16.0%) being the more important components. It was also 52 

discovered that n-pentane/ethane and methyl tert-butyl ether/benzene with can be used 53 

to discriminate the sources of evaporative emissions and exhaust. The kOH analysis 54 

revealed that branched chain alkenes (BC-alkenes), linear alkenes and aromatics were 55 

the most reactive components, such as mainly 2-methyl-2-butene, 2-methyl-1-butene, 56 

trans-2-pentene and toluene etc. The measurement of BC-alkenes has expanded our 57 

understanding of highly reactive components. It is necessary to strengthen the 58 

measurement of high reactivity alkenes, especially BC-alkenes, in future research. 59 

Keywords: Gasoline vehicles; Evaporative emissions; Source profiles; OH reactivity 60 

Short summary: Our research investigates the volatile organic compounds evaporative 61 

emission characteristics of China's typical representative vehicle regulatory standards. 62 

The emission factors, chemical composition characteristics and source profiles of 63 

volatile organic compounds were determined. The hydroxyl radical total reactivity and 64 

compositions of evaporative emissions were quantified, and identified key volatile 65 

organic compounds reactive species contributing to atmospheric photochemical 66 

processes. 67 
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1. Introduction 68 

VOCs are precursors of ozone and secondary organic aerosols, and have significant 69 

impacts on air pollution and human health (Li et al., 2019; Guan et al., 2021). Gasoline 70 

vehicles are an important source of VOCs emissions which originate mainly from 71 

exhaust and evaporative emission processes (Song et al., 2018; Li et al., 2022; Liu et 72 

al., 2017; Yan et al., 2021). In recent years, with the update of emission standards, the 73 

VOCs emissions from vehicle exhaust have decreased significantly, and the problem of 74 

evaporative emissions has gradually become prominent. For example, in 2016, China's 75 

vehicle evaporative emissions and exhaust emissions contributed 73% and 27% 76 

respectively (Yan et al., 2021). Meanwhile, for the vehicle emission factors, the current 77 

evaporative emission factor is also significantly greater than the exhaust emission factor 78 

(Liu et al., 2015; Zhu et al., 2017; Rodríguez et al., 2019). The annual emission factors 79 

of China Ⅵ and China V vehicles are 62 g/yr and 190 g/yr in exhaust emissions, 80 

respectively, while they are 284 g/yr and 412 g/yr in evaporative emissions, respectively 81 

(Li et al., 2024). Therefore, evaporative emissions from vehicles have become an 82 

important source of VOCs emissions from vehicles. The main processes of evaporative 83 

emissions from vehicles are hot soak loss (HSL), diurnal breathing loss (DBL), and 84 

running loss etc. (Liu et al., 2015). HSL refers to the emissions during the parking 85 

period of a vehicle after driving for a period (one hour after turning off the engine); 86 

DBL refers to the situation where the headspace pressure of the fuel tank changes due 87 

to temperature fluctuations between day and night, resulting in the emission of 88 

headspace vapor; running loss refers to the evaporative emissions during vehicle 89 

operation.  90 

From the perspective of evaporative emission factors of vehicles in the fleet, E4 (the 91 

European regulations) vehicles are significantly higher than T2 (the United States 92 

regulations) vehicles, for example, when DBL24 (emissions on the first day after 93 

parking), E4 and T2 were 0.834 g/d and 0.297 g/d, respectively. This difference was 94 

mainly due to differences in the vehicle's evaporative emission control system, with 95 

significant differences in control efficiency (Liu et al., 2015). For vehicles with Chinese 96 
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standards, China V vehicles (equivalent to E4) have an average emission of 0.88 g/d in 97 

the DBL24, which was also higher than the T2 (Zhu et al., 2022). Research on China 98 

Ⅵ shows that DBL24 emissions are 0.25 g/d, significantly lower than the China V 99 

standard and close to the emissions results of vehicles in the T2 (Zhu et al., 2022). China 100 

vehicle evaporative emissions standard has significantly tightened its evaporative 101 

emissions during the China Ⅵ standard stage (0.7 g/test) in 2020. The China Ⅵ 102 

standard has significantly decreased compared to the previous standard (2 g/test). 103 

Currently, China Ⅵ gasoline vehicles account for 9.9% of the total emissions of 104 

hydrocarbons in China (Ministry of Ecology and Environment, 2024), which implies 105 

that most vehicles in the Chinese fleet are in a high emission state under the old 106 

regulatory standards. Moreover, the stock of gasoline vehicles accounts for 88.7% of 107 

the Chinese fleet in 2018, while the stock of diesel vehicles accounts for 41.3% in the 108 

European Union in 2015(Ministry of Ecology and Environment, 2019; Chossiere et al., 109 

2018). A higher proportion of gasoline vehicles in the fleet can lead to higher 110 

evaporative emissions. Therefore, from the perspective of emission standards and fleet 111 

fuel formula, China faces a more severe situation for evaporative emission control 112 

compared to the United States and the European Union. 113 

The chemical composition of VOCs emitted by vehicle evaporation mainly consists 114 

of alkanes, alkenes, aromatics and oxygenated VOCs (OVOCs) (Man et al., 2020; Liu 115 

et al., 2022b). However, there are significant differences in chemical composition 116 

understanding in different studies. For example, some studies suggest that the 117 

proportion of alkanes in the DBL process reaches 68.5 - 91.6% (China Ⅳ and T2), 118 

while others suggest it was 55.3% and 51.1% (China Ⅳ and V). This difference was 119 

mainly due to the different number of species being focused on, with the former testing 120 

57 VOCs and the latter testing 115 VOCs, measuring the number of species directly 121 

affects the understanding of the composition of emission components (Yue et al., 2017; 122 

Zi et al., 2023).  In the study of evaporative emissions, measurement procedures 123 

corresponding to national standards are usually used to ensure consistency in 124 

measurement methods. However, the fuel formulation is also a factor that affects the 125 
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chemical composition of evaporative emissions. For example, the use of ethanol 126 

gasoline has increased the contribution of low-carbon species (Li et al., 2024). In 127 

addition, in the testing of China Ⅵ vehicles, there is a significant difference in the 128 

contribution results of OVOCs, through comparison, it was found that there are 129 

significant differences in fuel formulation and vehicle condition (Liu et al., 2022b; Zi 130 

et al., 2023). In the study of gasoline evaporation, branched chain alkenes (BC-alkenes) 131 

were considered as important OH radical reactive species in gasoline evaporation (Wu 132 

et al., 2015). In addition, emissions of BC-alkenes have also been observed in oil sands 133 

facilities, such as 2-methyl-2-butene and 2-methyl-1-butene (Li et al., 2017). 134 

Measurement of BC-alkenes emissions was also noted in early studies on evaporative 135 

emissions (Liu et al., 2008; Lu et al., 2003; Zhang et al., 2013). However, there are 136 

currently few measurements of this species in research on vehicles in China Ⅵ and V. 137 

At present, GC-MS/FID (Gas Chromatography-Mass Spectrometry/Flame Ionization 138 

Detection) is commonly used for measuring VOCs, with reference gases such as PAMS 139 

(Photochemical Assessment Monitoring Stations) and TO-15 (Toxic Organics-15) (Liu 140 

et al., 2022b; Zi et al., 2023; Yue et al., 2017). However, there is still insufficient 141 

attention paid to the measurement of BC-alkenes, which directly affects the 142 

understanding of the evaporation and emission characteristics of China Ⅵ and V 143 

vehicles. Therefore, improvements can be made in the measurement method by 144 

determining the measurement species based on the characteristics of evaporative 145 

emission sources, and obtaining a more comprehensive VOCs emission source profile. 146 

Moreover, in terms of emission factors, the DBL24 emissions of in-use vehicle and new 147 

vehicle in China V were 5.27 g/test and 0.81 g/test, respectively, indicating that in use 148 

vehicles may have significantly increased emissions due to aging vehicle configurations 149 

(Liu et al., 2022b). However, previous study has also suggested that the in-use vehicle 150 

of China V (DBL24) was 0.55 g/test (Yue et al., 2020). This significant difference in 151 

chemical composition and emission factors also lead to inconsistent understanding of 152 

evaporative emissions. Improvements can be made in measurement techniques and 153 

experimental procedures, such as adding measurement methods, customizing 154 
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experimental fuel formulation, and selecting test vehicles, to ensure a complete and 155 

accurate understanding of evaporation emissions. Therefore, further research is needed 156 

on the composition of chemical components and emission factors, especially on the 157 

China Ⅵ vehicles after the revision of evaporative emission standards, which are still 158 

relatively rare compared to vehicle research in China V and before. 159 

In this work, we focus on the emission and chemical reactivity components 160 

characteristics of VOCs evaporative emission from gasoline vehicles in-use by China 161 

Ⅵ and China V vehicles. By utilizing a designed measurement system, and improving 162 

VOCs measurement methods, the measurement of reactive species can be achieved. 163 

Quantified and evaluated the emission factors and chemical composition of different 164 

vehicle models and emission processes, established corresponding evaporative 165 

emission source profiles, and identified the key reactive components of evaporative 166 

emissions through OH radical reactivity analysis (Lou et al., 2010; Sha et al., 2022). 167 

Improved the understanding of VOCs reactive species in the evaporative emissions of 168 

China Ⅵ and China V vehicles, providing important reference for the emission control 169 

and management of vehicle emissions. 170 

2. Experiments and Methods 171 

2.1. Vehicle testing procedures 172 

The experiment takes light duty gasoline vehicles as the test objects, all of which was 173 

in-use, including a total of 9 vehicles, with 4 China Ⅵ vehicles and 5 China Ⅴ vehicles. 174 

More common sedan and sport utility vehicles were chosen, while also considering 175 

compact and intermediate car, to reflect the actual composition characteristics of the 176 

Chinese fleet as much as possible (Table 1). In the emission standards of China V and 177 

previous stages, the implementation of emission limits is consistent (2 g/test), and the 178 

test methods from China III to China V were also the same. According to statistical data, 179 

hydrocarbons emitted by vehicles in the stages of China III to China V are the main 180 

source of emissions for gasoline vehicles (Ministry of Ecology and Environment, 2022, 181 

2024). Therefore, in the experimental design of this study, China V vehicles were used 182 

as the vehicles for the previous stage of emission standards for testing, in order to 183 
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compare with China Ⅵ emission stage vehicles. The gasoline used in the experiment 184 

was China Ⅵ stage 95# gasoline, which was obtained through customization (The 185 

composition can refer to Table S1). This experiment compared different emission stages 186 

of vehicle models during testing, so by using a uniform gasoline in the experiment, the 187 

influence of emission results caused by differences in gasoline products can be avoided. 188 

Evaporative emissions test was carried out in the variable-temperature sealed housing 189 

for evaporative determination (SHED, AVL MAGNUM), which can achieve a constant 190 

temperature and simulate diurnal temperature changes, meeting the measurement 191 

requirements for evaporative emissions. To facilitate the comparison of emission 192 

differences among different vehicles, this study adopted a unified test method in the 193 

experiment. The pretreatment and testing procedures of the all vehicles in the 194 

experiment were based on the China Ⅵ stage emission standard method, this ensures 195 

the consistency and comparability of the experimental results (Figure S1a). In addition, 196 

we also conducted tests on the China Ⅴ method, which differs from the China Ⅵ 197 

method in terms of testing temperature and pre-treatment process, compare the 198 

differences in different test methods for China Ⅴ vehicles (Figure S1b). After the 199 

vehicle undergoes various processes, such as draining gasoline, refueling, pre-treatment 200 

driving, draining gasoline and refueling again, carbon canister loading, and high-201 

temperature driving, etc. The carbon canister of the vehicle's evaporative emission 202 

system is loaded and breakdown, and the vehicle is soaking in high temperature. After 203 

the evaporative emission control system fails, it undergoes a unified driving cycle, 204 

activating the carbon canister's adsorption capacity. At this point, it can reflect the actual 205 

situation of the vehicle's ability to control evaporative emissions. Based on this state, 206 

conducting evaporative emission testing can obtain the true evaporative emission 207 

results of the vehicle. After the vehicle is driven at high temperatures, HSL, DBL24 208 

and DBL48 (emissions on the second day after parking) measurement are conducted in 209 

the SHED.  210 

In the carbon canister loading process, n-butane was used to load and test the carbon 211 

canister adsorption capacity (CCAC). The n-butane loading rate was set to 40 g/h, and 212 
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the gas will first pass through the tested carbon canister. A second carbon canister was 213 

connected to the tested carbon canister outlet. When the mass of the second carbon 214 

canister increases by 2 g, it was considered that the tested carbon canister was fully 215 

loaded. At this point, the increase in mass of the tested carbon canister was the CCAC. 216 

During the experiment, the carbon canister of vehicle I was clogged due to aging issues 217 

during the loading process. After multiple attempts, until the breakdown value of n-218 

butane reaches the breakthrough point of 2 g, the loading was completed. So, vehicle I 219 

did not obtain a loading amount that can reflect the actual CCAC. Vehicle G' was 220 

subjected to the China V test method, in which the first step is to load the carbon canister. 221 

As the vehicle has just completed the China Ⅵ test method process (parking time 222 

greater than two days), a portion of the gasoline vapor adsorbed in the canister does not 223 

have the actual CCAC loading amount, so this test does not focus on the CCAC value. 224 

For the HSL sampling schedule, sampling was performed at the beginning and end. 225 

DBL was sampled at 0h, 24h, and 48 h. A total of 11 experimental tests were carried 226 

out.  227 

  228 
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Table 1. Test vehicle information. 229 

Stages Model Vehicles Odometer(km) Displacement(ml) CCAC(g) Tank(L) 

China Ⅵ 

sedan A 50033 1395 140.32 68.5 

sedan B 106245 1498 83.61 52.8 

SUVs C 50455 1984 134.64 60 

SUVs D 155386 1499 73.32 58 

China Ⅴ 

sedan E 87727 1598 33.28 55 

sedan F 132237 1591 60.02 53 

SUVs G 87036 1984 37.52 63 

SUVs G` 87146 1984 * 63 

sedan H 89354 1984 12.58 64 

sedan I 82489 1798 * 70 

sedan I` 85271 1798 30.09 70 

G`: Using the China Ⅴ evaporative emission test method; I`: replace the carbon canister of vehicle 
I; CCAC: carbon canister adsorption capacity; *: the loading capacity of the carbon canister cannot 
be counted, please refer to section 2.1 for details. 

2.2. Sample collection and analysis 230 

To simultaneously characterize the chemical components and OH radical total 231 

reactivity (kOH) characteristics of evaporative emissions, we designed an evaporative 232 

emission dilution sampling system. Total hydrocarbons (THC), VOCs, inorganic gases, 233 

and kOH from evaporative emissions were measured. Figure 1 shows the conceptual 234 

diagram of the evaporative emission measurement system. 235 
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 236 

Figure 1. Conceptual diagram of evaporative emission sampling analysis system. 237 

The measurement of THC was carried out by equipment configured in the SHED, 238 

with equipment model AVL SHED FID I60 LH (unit is g). Calibration of the equipment 239 

was performed before and after each test. The concentrations of nitrogen oxides were 240 

also examined, using a commercial SAILHERO XHN200B instrument (with a sample 241 

flow rate of 0.5 L/min, the detection limit was 0.4 ppb) and a Thermo Fisher Scientific 242 

Model 42i Trace Level instrument (sample flow rate of 1 L/min, the detection limit was 243 

0.05 ppb). A commercial instrument by cavity ring-down spectroscopy method (Picarro 244 

G2307) was used to measure formaldehyde, and the sampling flow rate was 245 

approximately 0.4 L/min, and the detection limit was 0.16 ppb (1σ).  246 

A proton transfer reaction time-of-flight mass spectrometry (VOCUS-Eiger, 247 

ToFWerk) was used for real-time measurement of OVOCs components (sampling flow 248 

rate of approximately 0.08 L/min). During the experiment, standard gas was injected 249 

every day to compare the changes in the sensitivity of the equipment and evaluate the 250 

working state of the equipment (e.g. m-xylene was approximately 1000 cps/ppb). 251 

Tofware v3.2.3 was used for mass spectrometry peak identification and fitting. Six 252 

OVOCs were used for quantification (Table S2).  253 

The main VOCs components of evaporative emissions were sampled using silica-254 

lined SUMMA canisters, and following using GC-MS/FID for quantitative analysis. To 255 

prevent errors caused by the instantaneous sampling of the SUMMA canisters, a flow 256 

limiting tube was used to stabilize the sampling flow. The collected offline samples 257 
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(SUMMA canisters) were undergoing pressure dilution pretreatment (ENTECH 4700) 258 

and preconcentrated using an atmospheric volatile organic compound preconcentrator 259 

(ZF-PKU-VOC1007) before the GC-MS/FID (Agilent Technologies 8890+5977B) 260 

analysis. During the experiment sample analysis, the equipment was regularly 261 

calibrated, and the calibration curve was updated. The detection limit for species was 262 

between 5 - 50 ppt. Before each sample measurement, a nitrogen sample will be 263 

measured to ensure equipment stability before conducting sample testing. The 264 

quantitative curve of GC-MS/FID was performed using a customized mixed standard 265 

gas of 116 VOCs components. Set five concentration gradients were set during 266 

calibration, namely 0.5, 1, 2, 4 and 8 ppb, and repeat each concentration gradient twice. 267 

The R2 of calibration curve was 0.98 or above. The VOCs species were shown in Table 268 

S3. For species with overlapping OVOCs components and VOCUS-Eiger 269 

measurements, use VOCUS-Eiger measurement results. We have customized 7 BC-270 

alkenes, isobutene, 3-methyl-1-butene, 2-methyl-1-butene, 2-methyl-2-butene, 4-271 

methyl-1-pentene, 2-methyl-1-pentene and 2-methyl-2-pentene. Characteristic ion 272 

fragments were considered in the measurement, peak retention times were identified 273 

and these fragments were added to the GC-MS/FID measurement method to obtain 274 

calibration data, thereby achieving quantitative determination of the sample 275 

concentration (Table S4). The establishment of the standard curve is consistent with the 276 

116 VOCs component method mentioned above. The R2 of the calibration curve can 277 

reach 0.99. Considering the measurement of isoprene in 116 VOCs components, a total 278 

of 8 BC-alkenes were quantitatively measured in this study. 279 

The kOH refers to the comprehensive ability of OH radicals in the atmosphere to react 280 

with reactive gas components, which can be directly measured and calculated based on 281 

the reactive gas components (Kovacs and Brune, 2001; Yang et al., 2019). Direct 282 

measurement of the OH total reactivity (kOHmea) was carried out using the laser photolysis 283 

laser-induced fluorescence (LP-LIF) device deployed by Lou et al. (2010), which has 284 

been applied in field observations and vehicle source emissions (Lou et al., 2010; Liu 285 

et al., 2023; Sha et al., 2022; Liu et al., 2019). A detailed description of the LP-LIF 286 
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equipment details was provided in the supplementary materials (Text S1 and Figure S2). 287 

Considering the working flow rate and measurement range of LP-LIF, the allowed 288 

sampling volume of SHED and the kOH range of evaporative emissions are not suitable 289 

for the normal operation of LP-LIF. A dilution sampling system was designed to 290 

measure the evaporative emissions kOH (Figure 1). The kOH measurement was divided 291 

into two stages of dilution. The first stage was achieved by suppling 3 L/min of 292 

synthetic air and mixing it with approximately 1 L/min of sampling in a mixing tube. 293 

The second stage involves LP-LIF sampling approximately 1 L/min of gas from the 294 

mixing tube and mixing it with 12 L/min of the gas supplied by the LP-LIF system to 295 

achieve second stage dilution. By adjusting and measuring the primary and secondary 296 

sampling flow rates during the experiment, specific dilution coefficients can be 297 

obtained to achieve the measurement of kOH. By conducting zero gas (background 298 

testing) testing on LP-LIF and repeating it 7 times, the method detection limit of LP-299 

LIF was 0.6 s-1 (3σ). The variation characteristics were tested within 50 s-1, which 300 

revealed linear changes that met the measurement requirements of this experiment. 301 

Considering the combination of the dilution sampling system and the LP-LIF 302 

measurement system, and through standard gas testing, comparing reactivity 303 

measurement and calculation, the error of this measurement system estimated at 304 

approximately 15%. To increase the number of samples and reduce measurement errors, 305 

resulting in a total sampling time of about 8 minutes. This time setting considers both 306 

the impact of sampling volume on the normal operation of SHED and the reliability of 307 

equipment testing results. 308 

2.3. Calculation of evaporated emission mass 309 

The emission calculation of THC in the experiment was carried out by the SHED 310 

online measurement system, and its calculation method refers to the calculation process 311 

of THC in the China Ⅵ standard (GB 18352.6-2016). The description is as follows: 312 

𝐸𝐸𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇 = 𝑘𝑘 × 𝑉𝑉 × 104 × �𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇,𝑓𝑓×𝑃𝑃𝑓𝑓
𝑇𝑇𝑓𝑓

− 𝐶𝐶𝑇𝑇𝑇𝑇𝑇𝑇,𝑖𝑖×𝑃𝑃𝑖𝑖
𝑇𝑇𝑖𝑖

� + 𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇,𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇,𝑖𝑖𝑖𝑖    (1) 313 

where EFTHC is the evaporative emission mass of THC, g; k is a constant, 1.2×314 

(12+H/C), in the HSL and DBL processes, H/C was set to 2.2 and 2.33, respectively; V 315 
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is the corrected volume of SHED, m3; CTHC,f is the final concentration of THC within 316 

SHED, ppm; CTHC,i is the initial concentration of THC within SHED, ppm; Pf and Pi 317 

are the pressure at the end and start of the sampling process, kPa; Tf and Ti are the 318 

pressure at the end and start of the sampling process, K; MTHC,out and MTHC,in are the 319 

amounts of THC emitted and entering SHED during the experiment, respectively; there 320 

was no exchange of THC between SHED and the ambient atmosphere during this 321 

experiment. Based on this formula, the evaporation emission factors of HSL, DBL24, 322 

and DBL48 were calculated separately. In the evaporative emission process, the unit of 323 

HSL is g/h, and, the unit of DBL is g/d. 324 

The VOCs evaporation compositions mass was given by: 325 

EFi =  (Ci,end−Ci,start)×𝑉𝑉×P×Mi
R×T×109

                                   (2) 326 

where EFi is the evaporative emission mass of species i, g; Ci,end is the final 327 

concentration of species i within SHED, ppb; Ci,start is the initial concentration of 328 

species i within SHED, ppb; P is the average pressure at the start and end of the 329 

sampling process, Pa; Mi is the molar mass of species i, g/mol; R is the gas constant, 330 

8.314 J/mol/K; and T is the average temperature at the start and end of the sampling 331 

process, K.  332 

2.4. Calculation of the OH total reactivity  333 

The calculation of kOHcal  is based on the sum of the measured concentration of the 334 

reactive gas multiplied by the corresponding rate constant of the OH radical reaction. 335 

The expression can be expressed as in Equation (3). 336 

kOHcal =  ∑ ki × [Reactive gasi]                                     (3) 337 

where Reactive gasi (molecule/cm3) is the measured concentration of organic and 338 

inorganic gases in this experiment. ki (cm3/molecule/s) is the reaction rate constant of 339 

the OH radicals corresponding to the reactive gases. k obtained from NIST Chemical 340 

Kinetics Database, Master Chemical Mechanism (v3.3.1), and International Union of 341 

Pure and Applied Chemistry (IUPAC) databases. For detailed data on the parameter ki, 342 

please refer to Table S5. 343 
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3. Results and discussion 344 

3.1. Emission factors of THC 345 

Figure 2 presents the measurement results for the evaporative emissions of THC 346 

together with the relevant literature research results. The THC emissions of the China 347 

Ⅵ vehicles are significantly lower than those of the China Ⅴ vehicles. The THC values 348 

of China Ⅴ vehicles during HSL, DBL24 and DBL48 were 0.205 g/h, 0.599 g/d, and 349 

0.904 g/d, respectively. The corresponding values for the China Ⅵ vehicles were 0.065 350 

g/h, 0.132 g/d, and 0.119 g/d, respectively. Thus, the China Ⅴ values were significantly 351 

higher than the China Ⅵ values, with the HSL, DBL24 and DBL48 values 3.2, 4.6 and 352 

7.6 times higher, respectively. The difference can be explained by the working ability 353 

of the carbon canister. The carbon canister configured in China Ⅵ vehicles has a higher 354 

CCAC compared to China V vehicles, with 119.52 g and 35.85 g respectively. The 355 

larger CCAC reduces the volatile emissions of gasoline vapor from the fuel tank. The 356 

evaporative emission limit of Chinese VI standard, which was fully implemented in 357 

2020, is 0.7 g/test, which is close to the evaporative emission limit of 0.65 g/test in the 358 

T2 stage of the United States. Through literature testing data, it can also reflect the 359 

current emission control level of China Ⅵ vehicles. The T2 data in Figure 2 summarizes 360 

the research results of the literature, with HSL, DBL24, and DBL48 values of 0.065 361 

g/h, 0.308 g/d, and 0.281 g/d, respectively (Liu et al., 2015). Both China Ⅵ and T2 362 

emissions can meet the emission limit requirements, but from the DBL processes, the 363 

emission level of China Ⅵ was slightly lower than that of T2. A study found that the 364 

DBL24 and DBL48 test results for China Ⅵ were 0.16 g/d and 0.198 g/d, slightly higher 365 

than the results for China Ⅵ in this study. Comparing the CCAC of the vehicles, the 366 

CACC of the literature research vehicle was 81.04 g, which was lower than that of the 367 

vehicle in this study (Zi et al., 2023). For both the China V vehicle and literature study, 368 

the China Ⅵ test method was used, and it was found that the DBL results were basically 369 

consistent within the fluctuation range. At the same time, it was also found that the 370 

carbon canister CCAC (15.45 g and 40.35 g) used in this study was basically consistent 371 

(Zi et al., 2023). Therefore, from this comparison, it can also be found that the working 372 
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capacity of carbon canister has an impact on evaporative emissions. However, for the 373 

HSL process with lower emissions, there was slight differences, such as the results of 374 

China V, which was slightly higher in this study than in literature research. For example, 375 

the results of China V were slightly higher than the literature research's 0.071 g/h (Zi et 376 

al., 2023). This subtle difference may be due to differences in experimental vehicles, 377 

mileage, and gasoline, or it may be within the normal error range. More experiments 378 

will be needed in the future to verify this. 379 

  380 



16 
 

 381 

Figure 2. Evaporative emission factors of different vehicles and processes (Liu et 382 

al., 2015; Zi et al., 2023). (a) China Ⅵ HSL; (b) China Ⅴ HSL; (c) China Ⅵ DBL24; 383 

(d) China Ⅴ DBL24; (e) China Ⅵ DBL48; (f) China Ⅴ DBL48; CCAC: carbon 384 

canister adsorption capacity; *: CACC data could not be obtained, please refer to 385 

section 2.1 for details; #: the data has been reduced by 10 times. 386 

If the control system (carbon canister) malfunctions, emissions increase significantly. 387 

For example, in vehicle I (China Ⅴ), there was an abnormal carbon canister, resulting 388 

in a significant decrease in the adsorption efficiency. In DBL24 and DBL48, the THC 389 

reached 1.987 g/d and 11.209 g/d, which was significantly higher than those of other 390 

China V vehicles (Figure 2). For the sake of comparison, we have replaced the carbon 391 

canister of vehicle I with an equivalent model. The results (I`, China Ⅴ) after the carbon 392 

canister were replaced were 0.345 g/d and 0.326 g/d, respectively. Comparing the 393 

results of I and I`, abnormal malfunctions of the carbon canister will significantly affect 394 

the evaporative emissions (Figure 2). Compared with HSL, abnormal carbon canister 395 

has a greater impact on DBL emissions, which may be mainly due to the increased 396 

workload of the carbon canister caused by the headspace vapor of the fuel tank in 397 

response to temperature changes (20 - 35 ℃), resulting in higher emissions from DBL. 398 
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As the evaporation control system of motor vehicles, the working state of the carbon 399 

canister determines the control efficiency of evaporation emissions. Previous research 400 

has shown that the qualification rate of evaporative emission control systems in fleets 401 

was tested, and it was found that the qualification rate of vehicles in the China V stage 402 

was between 44 - 75%, and other studies have also shown it to be 33.83% (Lu et al., 403 

2022; Zhang and Hua, 2024). This indicates that abnormal conditions in the evaporative 404 

emission control system are a common problem, and also suggests that in the 405 

management of VOCs in vehicles, this part of the vehicles should be a key focus of 406 

supervision. 407 

Higher ambient temperatures promote evaporative emissions (Huang et al., 2022). 408 

The China Ⅵ test method shows a significant improvement in the temperature setting 409 

of the testing program compared to the China V test method. In order to demonstrate 410 

the differences in results between different test methods, the same vehicle (vehicle G) 411 

was selected and a comparison was made between the China Ⅵ and China V test 412 

methods. Using vehicle G (China Ⅵ test method) for testing, the THC of HSL was 1.5 413 

times higher than the corresponding G' (China Ⅴ test method) values (Figure S3). The 414 

testing procedure of China Ⅴ has a temperature setting of 23 ℃ - 31 ℃ (test setting at 415 

25 ℃) in the HSL, which may not reflect the actual environmental conditions. By 416 

contrast, the 38 ℃ set by China Ⅵ HSL is closer to the environmental characteristics 417 

of the summer high temperature weather and also enhances the representativeness of 418 

the test results (Rodríguez et al., 2019). For example, in Chengdu from August 7th to 419 

24th, 2022, the daily maximum temperature ranges from 36.1 - 41.6 ℃ (Lei et al., 2024). 420 

Study has confirmed that when the temperature increases from 25 ℃ to 35 ℃, the 421 

anthropogenic source VOCs concentration can increase by about 2 times (Qin et al., 422 

2025). This also reflects the importance of testing evaporative emissions at high 423 

temperatures. In the DBL comparison, the China V test method was 14.4% higher than 424 

the China Ⅵ test method (Figure S3). The main reason for this difference may be due 425 

to the difference in the soak temperature setting during preprocessing. In China V, the 426 

requirement is 20 - 30 ℃, while in China Ⅵ, it is 38 ℃ (Figure S1). A higher soak 427 
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temperature is beneficial for the volatilization of pollutants. Therefore, in the DBL 428 

process, so there was a situation in the DBL process where the test method in China Ⅵ 429 

was lower than that in China V. 430 

Previous studies have shown that the THC of China V new vehicles have emissions 431 

of 0.81 g/d for DBL24 (Liu et al., 2022b). For the DBL of China Ⅴ in-use vehicles, the 432 

results of this study were higher than those of new vehicles, and the emissions of China 433 

Ⅴ in-use vehicles were 5.27 g/d for DBL24; this may be due to the high vehicle mileage, 434 

which causes aging and increases VOCs emissions, the mileage range of the new car 435 

were 2987 - 3065 km, and the in-use cars were 32012 km and 36854 km (Liu et al., 436 

2022b). However, high mileage vehicles may also be due to the reduced efficiency of 437 

the evaporative emission control system, resulting in higher evaporative emission 438 

results. In this experiment, we also found that the THC values of DBL24 and DBL48 439 

from vehicle D, which was a China Ⅵ vehicle, were 0.55 g/d and 0.464 g/d (Figure 1), 440 

respectively, significantly higher (by approximately a factor of 4) than the average 441 

levels of other the China Ⅵ test vehicles. But the difference in HSL emissions is not 442 

significant (approximately 5.1%). The mileage of vehicle D was 1.6×105 km, which is 443 

approximately 2.3 times higher than the average mileage (6.9×104 km) of the other 444 

China Ⅵ test vehicles. We found that the CCAC of vehicle D was 73.32 g, which was 445 

lower than the average 83.61 - 140.32 g of other vehicles. Due to the significant 446 

temperature changes (20 - 35 ℃) during the DBL process, the fuel tank undergoes a 447 

breathing process through the carbon canister. The lower adsorption capacity of the 448 

carbon canister can lead to a decrease in control efficiency. This indicates that higher 449 

mileage may also significantly degrade the operational capability of the evaporative 450 

emission control system. In the future, it is necessary to establish a quantitative 451 

relationship between evaporative emissions and carbon canister efficiency for high 452 

mileage vehicles, which will help further analyze the influence of this high mileage 453 

vehicle aging factor. 454 

3.2. Evaporative emission chemical compositions and source profiles 455 

Figure 3 shows the chemical composition results of the VOCs evaporation emissions 456 
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from the China Ⅵ and China Ⅴ vehicles. LC-alkanes (≤C6, light carbon alkanes), 457 

aromatics and OVOCs were the main emission components. Compared with the DBL, 458 

the HSL has higher aromatics emission, whereas LC-alkanes contribute the most to the 459 

DBL. In the HSL process, the aromatics, LC-alkanes and OVOCs contents in China Ⅵ 460 

vehicles (A, B and C) were 44.1%, 22.2% and 18.6%, respectively, while those in China 461 

Ⅴ vehicles (E, F, G and H) were 42.8%, 26.6% and 10.1%, respectively. For DBL24, 462 

the aromatics, LC-alkanes and OVOCs contents in China Ⅵ vehicles (A, B and C) were 463 

20.2%, 40.7% and 19.1%, respectively, while those in China Ⅴ vehicles (E, F and G) 464 

were 20.9%, 42.9% and 9.7%, respectively. For DBL48, the aromatics, LC-alkanes and 465 

OVOCs contents in China Ⅵ vehicles (A, B and C) were 14.3%, 45.8% and 17.6%, 466 

respectively, while those in China Ⅴ vehicles (E, F and G) were 15.3%, 50.5% and 8.5%, 467 

respectively. There was also a significant difference in the proportion of OVOCs 468 

between China Ⅴ and China Ⅵ vehicles, contribution of OVOCs in China Ⅵ vehicles 469 

was greater than that in China V; this situation will be further analyzed from the 470 

emission source profiles in the following text. For L-alkenes (linear alkenes) and BC-471 

alkenes, China Ⅴ vehicles showed higher values than China Ⅵ vehicles, DBL values 472 

were higher than HSL values, and DBL48 values were higher than DBL24 values. 473 

Overall, the average proportion of L-alkenes (4.0 - 10.9%) was slightly higher than that 474 

of BC-alkenes (2.7 - 7.8%). In addition, different test methods were used for the China 475 

V vehicle, with vehicle G using the China Ⅵ test method and G' using the China V test 476 

method, HSL and DBL24 were tested, and the chemical composition and proportion 477 

were basically the same. 478 
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 479 

Figure 3. Composition characteristics of VOCs evaporation emissions from 480 

different vehicles. (a) HSL; (b) DBL24; (c) DBL48; vehicle information can be 481 

found in Table 1. 482 

The vehicle with higher emissions of THC were accompanied by a higher proportion 483 

of LC-alkanes, such as in the case of vehicle D (China Ⅵ high mileage, HSL, DBL24 484 

and DBL48 were 48.8%, 65.4% and 65.8%, respectively). Meanwhile, in DBL24 and 485 

DBL48 of vehicle I (China Ⅴ), the high emissions caused by abnormal carbon canister 486 

accounted for 84.2% of LC-alkanes, far higher than the average level of the China Ⅴ 487 

vehicles. After replacing the carbon canister in Vehicle I (the result is denoted as I`), a 488 

significant decrease in emissions was observed, and the composition was also 489 

essentially the same as that for the other China Ⅴ vehicles. In a previous study, Liu et 490 

al. focused on PAMS and TO-15 species, and quantified the number of 108 VOCs 491 

species (Liu et al., 2022b). In this study, by increasing quantitative measurements of 492 

BC-alkenes, it was found that evaporative emissions exhibit distinct characteristics of 493 

BC-alkenes emissions, and their contribution levels were also close to those of L-494 

alkenes. By contrast, if only the PAMS component was considered, the proportion of 495 

alkanes will be overestimated and the contribution of OVOCs will be ignored, for 496 



21 
 

example, in the DBL24 process, alkanes proportion can reach 68.5 - 82.6% (Yue et al., 497 

2017). The contribution of BC-alkenes was comparable to that of L-alkenes, indicating 498 

the need to include BC-alkenes in future vehicle emission tests to achieve the most 499 

comprehensive assessment of pollutants possible. A study on refueling emission and 500 

headspace vapor testing found that alkanes dominate, accounting for 70.54% and 66.0%, 501 

the contribution of aromatics was only 1.43% and 1.13%, respectively (Man et al., 502 

2020). Comparing the evaporative emission process, the DBL process of normal 503 

vehicles was lower than this proportion, but for high emission vehicles, it was close to 504 

this proportion. But for aromatics, evaporative emissions (14.3 - 44.1%) were 505 

significantly higher than the proportion of refueling emission and headspace vapor. 506 

Aromatics and alkanes have relatively high contributions in gasoline vehicle exhaust 507 

emission, accounting for 43.2% and 32.27% respectively (Liu et al., 2024). Among 508 

them, the contribution of aromatics was close to that of the HSL process in evaporative 509 

emissions, but the difference from the DBL process was obvious. Aromatics in DBL 510 

are not the largest contributing VOCs component. And the exhaust emissions also have 511 

a high characteristic of alkynes (9.57%) emissions, with alkynes being extremely low 512 

in evaporative emissions (Liu et al., 2024). 513 

The measurement results of the evaporative emission source profiles for the China 514 

Ⅵ and China Ⅴ vehicles were shown in Figure 4 and S4. The key source profiles 515 

species are shown in Figure 4, and complete source profiles information can be found 516 

in Figure S4. The source profiles calculation accounted for both normal and high-517 

emission vehicle scenarios, and emission source profiles were obtained for different 518 

emission processes. Sixty-three VOC species were selected, including 8 HC-alkanes 519 

(high carbon alkanes, the number of carbon atoms >C6), 10 LC-alkanes, 4 cycloalkanes 520 

(alkanes with cyclic structures), 9 L-alkenes, 5 BC-alkenes, 15 aromatics and 12 521 

OVOCs, accounting for more than 95% of the total VOCs mass. Overall, n-butane (3.2 522 

- 26.1%), isopentane (6.2 - 13.5%), n-pentane (3.6 - 8.4%), toluene (6.1 - 16.0%), m/p-523 

xylene (2.5 - 10.7%), methyl tert-butyl ether (MTBE) (5.3 - 7.4%) and 4-methyl-2-524 

pentanone (0.4 - 5.8%) were the main contributors. Compared with that during the HSL 525 
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process, the proportion of n-butane during the DBL process significantly increases, 526 

whereas the proportions of toluene and m/p-xylene decrease. During each emission 527 

process, OVOCs were significantly higher in the China Ⅵ vehicles than in the China 528 

Ⅴ vehicles, which was due mainly to species such as 4-methyl-2-pentanone and MTBE. 529 

The proportions of 4-methyl-2-pentanone in China Ⅵ and China Ⅴ were 2.2 - 5.8% 530 

and 0.4 - 0.9%, respectively, with the corresponding MTBE values of 5.5 - 7.4% and 531 

5.3 - 7.1%. From the DBL24 process to the DBL48 process, the proportion of n-butane 532 

in the China Ⅴ vehicles increased significantly compared with that in the China Ⅵ 533 

vehicles. In the emission profiles of gasoline headspace, isopentane was the main 534 

component, and aromatics were not significant (Wu et al., 2015). Although LC-alkanes 535 

was very important in gasoline headspace and evaporative emissions, there are still 536 

differences in the main species. At the same time, there was still significant differences 537 

compared to the HSL process, such as aromatics. Gasoline headspace is an important 538 

source of evaporative emissions, due to different emission processes, there are also 539 

significant differences in its compositions, which reflects the importance of conducting 540 

tests on different evaporative emission process. For BC-alkenes and L-alkenes, 2-541 

methyl-2-butene (1.6 - 4.3%), 2-methyl-1-butene (0.7 - 2.0%), and trans-2-pentene (1.6 542 

- 3.4%) were found to be the main components. Lu et al. tested the source profiles of 543 

BC-alkenes in gasoline vapor (Lu et al., 2003). Zhang et al. reported that the 544 

contribution of BC-alkenes in headspace vapor was approximately 6.2% (Zhang et al., 545 

2013). Liu et al. also observed the emission of BC-alkenes in the 2004 - 2005 546 

evaporative emission test (Liu et al., 2008). The research on BC-alkenes related to 547 

vehicle emissions sources is relatively early. Therefore, the addition of 2-methyl-2-548 

butene and 2-methyl-1-butene also improved the previous evaporative emission 549 

profiles of China Ⅴ and China Ⅵ vehicles (Liu et al., 2022b; Li et al., 2024; Zi et al., 550 

2023). In addition, formaldehyde was an important emission characteristic of China Ⅵ 551 

vehicles, particularly in the HSL, with emissions reaching 1.6%, which is much higher 552 

than those of DBL and China Ⅴ vehicles, and this result is consistent with the OVOCs 553 

results in Figure 3. 554 
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 555 

Figure 4. Weight percentage of HSL, DBL24 and DBL48 key species in the source 556 

profiles for evaporative emissions; the complete source profiles information is 557 

shown in Figure S4 of the supplementary materials. 558 

Figure 4 also compares the source profiles of high emission vehicles, such as China 559 

Ⅵ vehicles with high mileage features and China V vehicles with abnormal carbon 560 

canister. Compared with normal China Ⅵ vehicle emissions, n-butane, isopentane, and 561 

n-pentane of China Ⅵ have a significant increase. For example, for high emission 562 

vehicles in China Ⅵ, n-butane, isopentane, and n-pentane were 11.0 - 21.3%, 19.5 - 563 

25.1%, and 9.7 - 11.8%, respectively. For high emission China V vehicles, carbon 564 

canister breakthrough emissions were observed at DBL48, with n-butane and 565 

isopentane reaching 38.5% and 35.2%, far higher than the normal China V vehicle 566 

emissions of 26.1% and 10.6%, respectively. For aromatics and OVOCs species, under 567 

high emission conditions, the contribution of major species such as toluene, m/p-xylene, 568 

and MTBE in the source profiles will decrease compared to normal vehicles. Overall, 569 

due to vehicle anomalies such as aging at high mileage and abnormal carbon canister, 570 

resulting in high evaporative emissions, the proportion of tracer species in the source 571 

profile will increase compared to normal emission vehicles. 572 
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The species composition of evaporative emissions is characterized by relatively high 573 

proportion of n-butane (3.2 - 26.1%) and isopentane (6.2 - 13.5%), significantly 574 

exceeding the proportion of ethane (0.0 - 1.0%). In contrast, in the exhaust emissions 575 

of gasoline vehicles, the contribution of ethane was comparable to or even exceeds that 576 

of n-butane and isopentane; for example, in China V gasoline vehicles, ethane, n-butane, 577 

and isopentane were approximately 2.3%, 3.5%, and 2.0%, respectively; in China Ⅵ 578 

gasoline vehicles, they correspond to approximately 6.5%, 0.8%, and 0.7%, 579 

respectively (Li et al., 2024). This also reflects the VOCs species differences in 580 

evaporative emissions and exhaust emissions. From the analysis of the ratio of 581 

characteristic species n-pentane to ethane, the exhaust ratios of China V and China Ⅵ 582 

are approximately 1.1 and 0.6 (Li et al., 2024), respectively, corresponding to 6.5 - 583 

121.2 and 9.2 - 174.3 in evaporative emissions. It was also found that the ratio (n-584 

pentane/ethane) of HSL was significantly higher than that of DBL. Additionally, the 585 

MTBE/benzene (MTBE/B) ratio of HSL and DBL process ranged from 5.7 - 7.1. This 586 

ratio was significantly higher in evaporative emissions than in exhaust related emission 587 

sources, such as 1.2 and 0.6 in tunnels (Sun et al., 2019; Liu et al., 2022a), 1.3 in 588 

underground parking (Chai et al., 2023), 0.4 in diesel exhaust (Huang et al., 2020). 589 

There are significant differences between evaporative emission sources and process and 590 

solvent usage sources in terms of tracer species. There are usually high levels of 591 

OVOCs species such as acetone, ethyl acetate, and n-butyl acetate in the process and 592 

solvent sources, but the evaporative emissions have obvious MTBE and 4-methyl-2-593 

pentanone emission characteristics, which can be used to identify evaporative 594 

emissions (Zhao et al., 2018; Wang et al., 2017). Therefore, the above species 595 

parameters can be used as important references for identifying vehicle evaporative 596 

emissions. 597 

3.3. OH reactivity characteristics 598 

The direct measurement results of kOH (kOHmea) for China Ⅵ and China V vehicles 599 

were shown in Figure 5. Overall, the kOHmea  level of the China Ⅵ vehicles was 600 

significantly lower than that of the China Ⅴ vehicles. The kOHmea values of China Ⅵ 601 



25 
 

vehicles (B and C) were 34.6 s-1 and 72.2 s-1, 157.4 s-1 and 174.3 s-1, 160.9 s-1 and 194.7 602 

s-1 for HSL, DBL24 and DBL48, and the corresponding values for the China Ⅴ vehicles 603 

(E and G) were 213.4 s-1 and 278.7 s-1, 1389.5 s-1 and 690.0 s-1, 2851.9 s-1 and 805.3 s-604 

1, respectively. The kOHmea values of HSL, DBL24 and DBL48 of vehicle D were 107.3 605 

s-1, 708.9 s-1 and 609.4 s-1, respectively, which were significantly higher than those of 606 

China Ⅵ vehicles (B and C), approaching the level of China Ⅴ vehicles. This indicates 607 

that high mileage vehicles may have higher evaporative emission characteristics due to 608 

evaporative emission control systems and vehicle aging. 609 

  610 

Figure 5. Comparative analysis of calculation (𝐤𝐤𝐎𝐎𝐎𝐎𝐜𝐜𝐜𝐜𝐜𝐜  ) and direct measurement 611 

(𝐤𝐤𝐎𝐎𝐎𝐎𝐦𝐦𝐦𝐦𝐦𝐦) of total OH reactivity; (a) HSL; (b) DBL24; (c) DBL48; Figure d, e and f 612 

shows the HSL, DBL24 and DBL48 reactivity closure calculation using species 613 

provided by literature source profiles (Liu et al., 2022b); *: the data has been 614 

reduced by 10 times; vehicle information can be found in Table 1. 615 
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Figure 5a, b, c and Figure 6 shows the composition proportion characteristics of the 616 

kOH components calculated based on VOCs component measurements. There was a 617 

significant difference in the composition of the components compared to the results 618 

presented in Figure 3, L-alkenes, BC-alkenes and aromatics dominate the kOH. In the 619 

reactive composition of the HSL process, L-alkenes account for 18.3 - 30.4%, BC-620 

alkenes account for 14.8 - 33.4%, and aromatics contribute 20.9 - 39.8%. The 621 

contribution of L-alkenes and BC-alkenes to the reactivity in the DBL process occupies 622 

an absolute dominant position. During the DBL24 process, L-alkenes account for 26.6 623 

- 41.2%, BC-alkenes account for 25.7 - 38.2%, and aromatics contribute 6.8 - 16.0%; 624 

in the DBL48 process, the proportions of these three components were 30.9 - 54.9%, 625 

26.7 - 39.0% and 3.0 - 11.3%, respectively. In the composition of chemical components, 626 

LC-alkanes was relatively important contributors, especially in the DBL process, 627 

occupying a dominant position. However, in the composition of kOH, the proportion of 628 

LC-alkanes in the DBL process was only 8.8 - 12.0%. This indicates that in VOCs 629 

emission reduction and control, priority can be given to L-alkenes and BC-alkenes with 630 

significant reactivity impact, thereby improving the effectiveness of atmospheric VOCs 631 

emission reduction and control. In the VOCs total emission reduction control strategy, 632 

considering the characteristics of emission sources and incorporating considerations 633 

based on reactive species is beneficial for achieving significant environmental benefits 634 

(Zhong et al., 2021; Wang et al., 2024). 635 

For vehicles with abnormally high VOCs emissions, such as high mileage China Ⅵ 636 

vehicle (vehicle D) and the China Ⅴ vehicle with the abnormal carbon canister (vehicle 637 

I), the contribution of L-alkenes and BC-alkenes significantly increased and dominated, 638 

particularly during DBL24 and DBL48, where vehicle D (China Ⅵ) contributed 76.4% 639 

and 76.6%, respectively, and vehicle I (China Ⅴ) contributed 67.2% and 77.7%.This 640 

indicates that vehicles with higher evaporative emission characteristics have 641 

significantly increased contributions to reactivity from L-alkenes and BC-alkenes in 642 

their reactivity component composition compared to normal emission vehicles. Based 643 

on the abnormal situation of the carbon canister in vehicle I, after replacing the canister, 644 
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it was measured that in DBL48, the reactive components of L-alkenes, BC-alkenes, LC-645 

alkanes, OVOCs and aromatics were 35.0%, 35.5%, 11.9%, 6.6%, and 6.0%, 646 

respectively; however, under the abnormal situation of the carbon canister, they were 647 

61.6%, 16.1%, 21.3%, 0.5% and 0.3%, respectively. It can be observed that the 648 

proportion of L-alkenes in vehicle I with abnormal carbon canister has significantly 649 

increased (61.6%). For the reactive composition of high mileage emission vehicle D, it 650 

was found that there would be differences between the two emission mechanisms. 651 

When the vehicle was in high mileage use, aging brings high emissions, and the carbon 652 

canister working system is in normal condition, species with branched structures will 653 

be more conducive to emissions, so the contribution of BC-alkenes in vehicle D has 654 

increased compared to vehicle B and vehicle C. On the contrary, when the carbon 655 

canister system was abnormal, gasoline vapor was emission directly, and low-carbon 656 

L-alkenes ware more conducive to emissions, resulting in a higher reactivity proportion 657 

of L-alkenes; for example, comparing the changes in DBL48 L-alkenes and BC-alkenes 658 

before and after replacing the carbon canister in vehicle I, the average number of L-659 

alkene species average increased by 71.9 times, while the average number of BC-660 

alkenes average increased by only 30.3 times, corresponding to an average of 4.2 (2 - 661 

6) and 5.3 (4 - 6) carbon atoms, respectively. 662 
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 663 

Figure 6. Contribution characteristics of the OH reactivity calculation results of 664 

the evaporation emission components. (a) HSL; (b) DBL24; (c) DBL48; vehicle 665 

information can be found in Table 1.  666 

The kOH can be determined through both kOHmea and kOHcal  approaches. In theory, if 667 

all reactive components are quantified, kOHmea should equal kOHcal . However, in practice, 668 

current analytical techniques cannot fully capture all chemical species in the 669 

measurement. By comparing kOHmea and kOHcal  (a method referred to as OH reactivity 670 

closure analysis) the completeness of the observed chemical composition contributing 671 

to kOH can be assessed. If kOHcal   is significantly lower than kOHmea , it suggests the 672 

presence of unmeasured reactive species (OH reactivity missing source). From the 673 

perspective of OH reactivity closure, there is a significant missing reactivity in the HSL 674 

process compared with the DBL process, and the OH missing reactivity of the China 675 

Ⅵ vehicles was more pronounced (Figure 5a, b and c). The missing reactivity values 676 

of the HSL process for the China Ⅵ and China Ⅴ vehicles were 31.2% (22.0 - 43.1%) 677 

and 18.5% (12.8 - 22.9%), respectively. Considering a measurement error of 15%, The 678 
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HSL of China Ⅵ vehicles has missing reactivity, and some vehicles of China V vehicles 679 

have missing reactivity, such as vehicle E (22.9%) and vehicle I (20.0%). In the DBL 680 

process, the China Ⅴ vehicles essentially demonstrated closure (-6.4 - 4.5%). By 681 

contrast, kOH missing vehicles were found among the China Ⅵ vehicles, for example, 682 

missed reactivity of DBL24 for vehicle C was 22.8%, and the missed reactivity values 683 

for DBL48 of vehicle B and C was 21.6% and 19.4%, respectively. Overall, the 684 

tightening of evaporative emission standards has effectively controlled pollutant 685 

emissions, but there will be an increase in unknown reactive species, which also 686 

highlights the importance of increasing detection capabilities. Previous studies on the 687 

reactivity closure of exhaust gases have shown that with the increasing of emission 688 

standards, the proportion of OH reactivity missing increases, and the author infers that 689 

this missing reactivity may come from unmeasured OVOCs and L-alkenes, unspecified 690 

high oxygen components and semi/intermediate volatile components (Sha et al., 2022). 691 

In field observation experiments, it was also found that OVOCs make important 692 

contributions to compensation for the missing of OH reactivity (Fuchs et al., 2017). In 693 

our research, we also found that compared with the HSL of China Ⅴ vehicles, the HSL 694 

of the China Ⅵ vehicles with lower emissions shows more significant OH reactivity 695 

missing and higher OVOC emissions, but OVOCs were not the main reactivity 696 

contributors to evaporative emissions. Compared with the DBL process, HSL shows a 697 

higher kOH missing, and the high proportion of aromatics implies that another pathway 698 

for exploring OH reactivity missing (Lee et al., 2009). Compare with DBL process, 699 

higher temperature of HSL is beneficial for the volatile emissions of large molecular 700 

species (such as aromatics) and can also increase the complexity of components. It is 701 

important to note that in the study of kOH closure analyzed in exhaust and atmospheric 702 

environments, the combustion process of fuel and photochemical reactions in the 703 

atmosphere can lead to the oxidation of some organic compounds, generating some 704 

OVOCs key reactive components. For evaporative emissions, VOCs are derived mainly 705 

come from gasoline vapor and vehicle emissions, implying that the direction for the 706 

exploration of the reactivity missing of evaporative emissions is different from those 707 
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for exhaust and atmospheric environments.  708 

The number of species directly affects the understanding of kOH closure. As shown 709 

in Figure 5e, f and g, using the source profiles provided in the related research, focusing 710 

on 35 species, it was found that the missed reactivity would further expand (Liu et al., 711 

2022b). For China Ⅵ vehicles, the average reactivity missing of HSL, DBL24, and 712 

DBL48 were 59.3%, 52.2%, and 56.1%, respectively, corresponding to 50.6%, 37.1%, 713 

and 41.2% for China Ⅴ vehicles, respectively. By comparison, the addition of BC-714 

alkenes in this study can further improve the understanding of evaporative emission 715 

species, and adding these species can enable some vehicles to achieve reactivity closure. 716 

This indicates that BC-alkenes were important species in the evaporative emissions of 717 

vehicles, and it is necessary to pay attention to this part of the species in the future. 718 

Therefore, based on the composition characteristics of reactive chemical components, 719 

it can be inferred that L-alkenes, BC-alkenes and aromatics may be important objects 720 

to compensate for the missing reactivity. 721 

As shown in Figure 7 and S5, establishing an evaporative emission VOCs source 722 

profiles based on the composition and kOH closure characteristics of vehicles (B, C, E 723 

and G), and obtain the reactivity contribution of VOCs components in different vehicle 724 

models and emission processes. The key source profiles species are shown in Figure 7, 725 

and complete source profiles information can be found in Figure S5. In the calculation 726 

of the reactive source profiles for VOCs evaporation emissions, the reactivity weight 727 

percentage of each VOCs species was determined based on the reactivity closure 728 

feature (i.e., reactivity closure is considered when the missing activity is less than 15%). 729 

Forty-seven VOC species were selected, including 2 HC-alkanes, 8 LC-alkanes, 1 730 

cycloalkane, 9 L-alkenes, 7 BC-alkenes, 11 aromatics and 9 OVOCs, accounting for 731 

more than 95% of the kOHcal . Among the kOH source profiles, 2-methyl-2-butene (8.2 - 732 

22.0%), trans-2-pentene (6.9 - 13.8%), trans-2-butene (4.9 - 18.7%), 2-methyl-1-butene 733 

(2.9 - 9.1%), m/p-xylene (1.2 - 7.3%) and toluene (1.3 - 4.4%) etc. were the main 734 

contributors. Although the concentrations of n-butane, isopentane, and n-pentane in the 735 

LC-alkanes contributed significantly, their contributions to reactivity were not 736 
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significant. When a vehicle exhibits high emissions, taking vehicle D as an example, 737 

high emission was caused by vehicle aging due to high mileage, resulting in a 738 

significant increase in 2-methyl-2-butene (12.7 - 21.2%), 2-methyl-1-butene (6.8 -739 

10.4%), trans-2-pentene (7.4 - 11.9%), trans-2-butene (6.6 - 12.6%), cis-2-butene (3.7 740 

- 6.8%), and isopentane (3.4 - 6.0%).When the high emissions of vehicle (the kOH test 741 

for the DBL48 process of China V vehicle I failed, so the reactivity source profiles 742 

composition was not shown here) was caused by abnormal evaporative emission 743 

control system (carbon canister), the changes in reactive species will be different from 744 

the high emissions of vehicle D, and the impact of low-carbon species will be more 745 

significant. For example, trans-2-butene, cis-2-butene, and n-butane will significantly 746 

increase, while the contributions of 2-methyl-2-butene and 2-methyl-1-butene will 747 

decrease. This also indicates that when the vehicle's evaporative emission control 748 

system is abnormal, the impact of low-carbon alkenes emissions on OH reactivity will 749 

be more prominent. Analysis of key reactive species indicates that L-alkenes, and in 750 

particular BC-alkenes, are the main contributors to the OH reactivity of evaporative 751 

emission sources. This also indicates that in the control of vehicle evaporative 752 

emissions, priority can be given to these highly reactive components, and by improving 753 

the chemical composition of fuel formula and vehicle emission technology, the reactive 754 

impact of evaporative emissions can be reduced.  755 
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 756 

Figure 7. OH reactivity percentage of HSL, DBL24 and DBL48 key species in the 757 

source profiles for evaporative emissions; the complete source profiles information 758 

is shown in Figure S5 of the supplementary materials. 759 

4. Conclusions 760 

In this work, we conducted evaporative emission measurements and evaluated of in-761 

use gasoline vehicles manufactured according to China's current two regulatory 762 

standards (China Ⅵ and China Ⅴ) of evaporative emissions. Using improved 763 

measurement methods and instruments, the evaporative emission factors, source 764 

profiles and OH reactivity characteristics were evaluated. Compared with the China Ⅴ 765 

standard, implementation of the China Ⅵ standard can significantly reduce VOCs 766 

emissions. During the HSL, DBL24 and DBL48 processes, China V vehicles can reach 767 

3.2, 4.6 and 7.6 times that of China Ⅵ vehicles. In the HSL process, aromatics dominate, 768 

accounting for 44.1% and 42.8% respectively in China Ⅵ and V, followed by LC-769 

alkanes at 22.2% and 26.6%, respectively. In the DBL emission process, LC-alkanes 770 

dominate, accounting for 40.7% and 42.9% respectively for DBL24 in China Ⅵ and V 771 

vehicles, and the corresponding proportions were 45.8% and 50.5%, respectively in 772 

DBL48. For OVOCs, the proportion of China Ⅵ (17.6 - 19.1%) was significantly 773 
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higher than that of China V (8.5 - 10.1%). For L-alkenes and BC-alkenes, their 774 

proportions were 4.0 - 10.9% and 2.7 - 7.8%, respectively, with China V slightly higher 775 

than China Ⅵ. Under high evaporative emissions from vehicles, the contribution of 776 

LC-alkanes will significantly increase. The comparative experiment of carbon canister 777 

working conditions shows that in the DBL24 and 48 emission process, the emissions 778 

of THC from abnormal conditions (1.987 g/d and 11.209 g/d) were significantly higher 779 

than those from normal working conditions (0.345 g/d and 0.326 g/d). The emissions 780 

of THC from high mileage vehicles can reach about 4 times the normal emissions. 781 

Under high emission conditions, the contribution of LC-alkanes will significantly 782 

increase. This conclusion also indicates that in the control of vehicle evaporative 783 

emissions, the regulation of high emission vehicles should be a key target for 784 

evaporative emission sources. 785 

This study conducted measurements of VOCs components in evaporative emissions 786 

from in-use vehicles with different emission standards (two evaporative emission 787 

standards in the current fleet) and vehicle conditions (normal emissions and high 788 

emissions states) using customized China Ⅵ stage gasoline. In the chemical 789 

composition, n-butane (3.2 - 26.1%), isopentane (6.2 - 13.5%), n-pentane (3.6 - 8.4%), 790 

toluene (6.1 - 16.0%), m/p-xylene (2.5 - 10.7%), MTBE (5.3 - 7.4%) and 4-methyl-2-791 

pentanone (0.4 - 5.8%) were the main contributors. For BC-alkenes and L-alkenes, 2-792 

methyl-2-butene (1.6 - 4.3%), 2-methyl-1-butene (0.7 - 2.0%), and trans-2-pentene (1.6 793 

- 3.4%) were found to be the main components. Simultaneously obtained the source 794 

profiles corresponding to high emission vehicles caused by high mileage and abnormal 795 

carbon canister. The supplementary measurement of BC-alkenes has also expanded the 796 

current understanding of the source profiles evaporative emissions from China Ⅵ and 797 

China V vehicles. In the analysis of evaporative emission tracer ratio, the n-798 

pentane/ethane and MTBE/B ratio serve as a diagnostic marker to identify evaporative 799 

emissions and other vehicle-related sources. The established evaporative emission 800 

source profiles and the proposed tracer species ratio in this study can serve as important 801 

references for VOCs source apportionment in atmospheric ambient, and further identify 802 
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the contribution characteristics of evaporative emissions based on vehicle emission 803 

sources. It also contributes to the improvement of evaporative emission inventories and 804 

the establishment of emission reduction governance systems based on key species. 805 

In the kOH chemical composition of evaporative emissions, the HSL process was 806 

mainly composed of L-alkenes, BC-alkenes and aromatics, accounting for 18.3 - 30.4%, 807 

14.8 - 33.4% and 20.9 - 39.8%, respectively. In the DBL process, it was mainly 808 

composed of L-alkenes (26.6 - 54.9%) and BC-alkenes (25.7 - 39.0%). And under high 809 

emission conditions, the proportion of L-alkenes and BC-alkenes will increase, 810 

indicating that highly reactive species in high emission vehicles have a greater impact. 811 

Based on direct measurement and reactivity calculation of kOH for closed analysis, it 812 

was found that the missing reactivity of China Ⅵ was more significant than that of 813 

China V vehicles, especially in the HSL process, there are still obvious unknown 814 

reactivity sources in China Ⅵ (22.0 - 43.1%) and China V (12.8 - 22.9%).The update 815 

of emission standards indicates that the total emissions can be controlled, but there will 816 

be an increase in reactive species outside of regulatory monitoring, which hinders the 817 

comprehensive understanding of air pollution caused by evaporative emission sources. 818 

By comparing with literature, it was found that the measurement of BC-alkenes can 819 

significantly improve the understanding of the composition of reactive species in 820 

evaporative emissions. Although n-butane and isopentane dominate in emissions, their 821 

impact on OH reactivity was not as significant as that of 2-methyl-2-butene, 2-methyl-822 

1-butene, trans-2-pentene, m/p-xylene and toluene. Therefore, in management VOCs 823 

evaporation emissions, a strategy combining total emission reduction with prioritized 824 

control of highly reactive species can maximize environmental benefits. 825 
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