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1 INTRODUCTION
There are serious air pollution problems in Chinese cities, which are manifested as high levels of ground ozone (O3) and particulate matter (PM) with an aerodynamic diameter of 2.5 μm or smaller (PM2.5) (Dong et al., 2014). Carbonyl compounds are a class of oxygen-containing volatile organic compounds that are important precursors of the formation of O3 and secondary organic aerosols (SOAs), these compounds can contribute 17%–50% to the ozone formation potential (OFP) (Duan et al., 2008; Han et al., 2019), and they can lead to the generation of photochemical smog (Shen et al., 2013; Zhang et al., 2019; Shen H. et al., 2021). Carbonyl compounds include aldehydes, ketones and dicarbonyl compounds, which are harmful to human health. Formaldehyde and acetaldehyde have been identified as toxic air pollutants and can generate carcinogenic effects (World Health Organization, 2000). Formaldehyde can irritate the upper respiratory tract and can affect health after acute or chronic exposure through inhalation and other forms of exposure, including through the eyes, nasopharynx and throat. Formaldehyde was included in the first list of human carcinogens by the International Agency for Research on Cancer (Cogliano et al., 2011; Luecken et al., 2018). Acetaldehyde can cause digestive tract diseases (Ho et al., 2015), and acrolein can damage the cardiovascular system and cause cardiomyopathy and heart failure (Henning et al., 2017).
The main sources of atmospheric carbonyl compounds are anthropogenic, natural and atmospheric photochemical reactions (Christensen et al., 2000; Ho et al., 2002), the anthropogenic sources include vehicle exhaust, biomass combustion, industrial processes, interior decoration procedures and cooking activities (Tsai et al., 2012; Yao et al., 2015a, Yao et al., 2015b; Seco et al., 2007; Sindelanova et al., 2014). The carbonyl compounds emitted by motor vehicles in urban areas cannot be ignored, which has attracted increasing attention among researchers. The bench test, tunnel test and onboard test methods have mainly been used to evaluate gasoline and diesel vehicle emissions containing carbonyl compounds. Schauer et al. (1999) and Caplain et al. (2006) used a dynamometer to determine the carbonyl emissions of gasoline and diesel vehicles, respectively, meeting Euro III emission standards. Pierson et al. (1996) and Ban Weiss et al. (2008) quantified the carbonyl compound emission rate of light and heavy vehicles in the Fort McHenry Tunnel and Bay Area Highway Tunnel, United States, respectively; Ho et al. (2007), Zhang et al. (2016) and Wu et al. (2021) obtained the emission factors (EFs) for carbonyl compounds of gasoline, diesel and liquefied petroleum gas (LPG) vehicles, respectively, in the Chengmen Tunnel and Pearl River Tunnel in China; Nogueira et al. (2015) obtained carbonyl emission data of light-duty vehicles (LDVs) and heavy-duty vehicles (HDVs) in a traffic tunnel in the Sao Paulo metropolitan area of Brazil. However, the tunnel test method measures mean EFs and total emissions but cannot measure the EF of an individual vehicle. The chassis dynamometer test method measures the EF of an individual vehicle but cannot measure on-road real-time emissions (Shen et al., 2014; Shen et al., 2021d). A portable emission measurement system (PEMS) can measure vehicle on-road real-time emissions and is usually employed to measure vehicle carbonyl compound emissions. Yao et al. (2015a), Yao et al. (2015b), Yao et al. (2015c) and Cao et al. (2016, 2020) used a PEMS to determine the carbonyl compound emissions of gasoline and diesel trucks in Beijing and Xiamen, respectively. The average EF of gasoline vehicles was 58.67 mg/(kg-fuel), the average light-duty diesel truck (LDDT) EF was 137.74 mg/(kg-fuel), the average medium-duty diesel truck (MDDT) EF was 175 mg/(kg-fuel), and the average heavy-duty diesel truck (HDDT) EF was 309.38 mg/(kg-fuel). With the development of testing technology, PEMS have been used to test the emission of CO, HC, NOX, PM and its components, PN, BC and other pollutants from non-road mobile machinery (Fu et al., 2012; Cao et al., 2016; Li et al., 2021; Pang et al., 2021; Yu et al., 2020; Zhang et al., 2020; Tan et al., 2021; Wu et al., 2022a; Wu et al., 2022b; Shen et al., 2023). Fu et al. (2012) performed tests on twelve excavators and eight loaders under real-world operating conditions by using a PEMS to determine their gaseous and PM emission characteristics. Zhang et al. (2020) conducted real-world measurements on three typical types of NRCE to study their emission characteristics and chemical composition of PM by a PEMS. Tan et al. (2021) performed real-world measurements on 16 excavators and 19 loaders by using a PEMS to quantify CO, HC, NOx and particle number (PN) EFs under idling, moving and working modes. Wu et al. (2022a) and Wu et al. (2022b) investigated the multi-pollutant (CO, HC, NOx, PM2.5, and BC) and CO2 emissions from non-road construction equipment under real-world conditions by using a PEMS.
With the increasingly strict control of urban motor vehicles, the contribution of construction machinery emissions to carbonyl compounds in urban areas is becoming increasingly important. In 2020, the total amount of hydrocarbons (HCs) emanating from non-road mobile sources was 4.25 × 105 tons, and the emissions of construction machinery accounted for 28.2% of the total emissions (MEE, 2021), which constitutes the second largest pollution source among non-road mobile sources (Shen et al., 2021b). There exists a strong positive correlation between the total emissions of non-road machinery and the urbanization level (Fan et al., 2018; Guo et al., 2020; Fan et al., 2023). The total amount of self-owned construction machinery equipment reached 9.83 × 106 by the end of 2020. Construction machinery, including excavators, loaders, and bulldozers, are widely used in construction, water conservancy, electric power, roads, national defense and other engineering fields.
However, construction machinery usually exhibit a high workload, long service life and lack of maintenance (Fu et al., 2012). The regulation and control procedures of non-road mobile machinery generally lag behind those of road vehicles (Bie et al., 2022). At present, research on the emissions of construction machinery mainly adopts the chassis dynamometer and PEMS to study CO, HC, NOX, PM and its components, PN, BC and other pollutants (Frey et al., 2008, Frey et al., 2010; Cao et al., 2018; Ma et al., 2018; Zhang et al., 2020; Tan et al., 2021; Tu et al., 2021). However, carbonyl compound emissions from construction machinery using PEMS have been studied little. Real-world carbonyl compound emissions from construction machinery are still not understood. Yao et al. (2015c) and Yu et al. (2023) measured the emission of carbonyl compounds from rural vehicles and agricultural machines in China using PEMS and found that severe carbonyl compound pollution was caused by agricultural machines.
The main purpose of this study was to better understand the emission characteristics of carbonyl compounds in the actual working process of construction machinery in China. Twenty-one construction machinery types meeting different emission standards in various working processes were evaluated via a PEMS in China. Carbonyl compounds were collected using a 2,4-dinitrophenylhydrazine (2,4-DNPH) adsorption cartridge and then qualitatively and quantitatively determined via high-performance liquid chromatography (HPLC). The carbonyl compound fuel-based EF was calculated, the influence of emission standards, working processes and machinery type on the carbonyl compound emissions of construction machinery was characterized, and the OFP of the tested construction machinery was obtained. The research results can improve our understanding of the potential impact of construction machinery on ozone formation, improve the accuracy of construction machinery emission inventories, help decision makers develop more effective tailpipe emission control measures to improve air quality.
2 MATERIALS AND METHODS
2.1 Sampling system and fleet
In this test, PEMS equipment was used to measure the carbonyl compound emissions of construction machinery under real-world working conditions. The exhaust gas originating from the exhaust pipe passed through four parts: a SEMTECH-LDV gas analyzer (Sensors, Ann Arbor, MI, United States), SEMTECH-EFM exhaust flowmeter (Sensors, Ann Arbor, MI, United States), CTM-039 fine particulate matter (FPM) isokinetic sampling dilution system (Environmental Supply Company, Durham, NC, United States) and carbonyl compound sampling device. A fixed dilution ratio model is used for a single test. The dilution ratio was adjusted appropriately according to the test object, the dilution ratio was 12.6 ± 3.1 (Average ± Standard deviation) for construction machinery 1# to 7#, the dilution ratio was 8.0 ± 0.5 for construction machinery 8# to 21#. The carbonyl compound sampling unit comprised a rotameter, a three-stage sampling cylinder and a nonoil pump in series. Two 2,4-DNPH adsorption columns were connected in series downstream of the KI sampling cylinder to eliminate any interference of oxides and particles for penetration prevention. The using two DNPH adsorption columns is to prevent one DNPH adsorption column from being penetrated. Aldehydes and ketones in the emitted tail gas were collected in the system by reacting with 2,4-DNPH. Two DNPH adsorption columns were separately eluted with acetonitrile, and the eluate was diluted to 5 ml. The target compounds were analyzed via HPLC. The mobile phase was water and acetonitrile. The gradient elution procedure is summarized in the table, in which the injection volume was 20 μL, the flow rate was 1 ml/min, the column temperature was 25°C, and the wavelength of the UV detector was 360 nm. Detailed information is provided in our previous study (Shen et al., 2021c; Yu et al., 2023).
The sampling process in this experiment was conducted in Jining city, Shandong Province. A total of 21 construction machineries were assessed, including 9 loaders and 12 crawler hydraulic excavators. The machines tested in this study were produced from 2003 to 2020. Two machines met the China 0 (C0) standard (before the implementation of the China I standard (CI)), one machine met the CI standard, eight machines met the China Ⅱ standard (CII) and ten machines met the China Ⅲ standard (CIII). The test included walking and working operations, and the working operations included loading and excavation. All machines were fueled by diesel. Detailed information is provided in Table 1, and more detailed information is presented in our previous study (Wu et al., 2022a; Wu et al., 2022b).
TABLE 1 | Detailed information on the construction machineries tested in this study.
[image: Table 1]2.2 Emission factor calculations
The EFs of carbonyl compounds based on the fuel consumption can be calculated with Eq. 1:
[image: image]
where EFi (g/(kg-fuel)) is the EF for carbonyl compound i, C1i and C2i (μg/ml) are the concentrations of carbonyl compound i in the first and second cartridge eluates, respectively, V1e and V2e (ml) are the eluent volumes of the first and second cartridges, respectively, DR is the dilution ratio of the exhaust gas, Vg (L) is the total volume of exhaust gas during the entire test, Vs (L) is the volume of the sample flowing through the cartridge and F (kg-fuel) is the fuel consumption of the construction machine in the test process. The EF for carbonyl compound i was calculated by dividing the total amount of carbonyl compound i emitted by the fuel consumption amount during the test period.
2.3 OFP value calculations
The OFP value based on a given carbonyl compound can be calculated using the maximum incremental reactivity (MIR) method (Carter, 1994), as expressed in Eq. 2:
[image: image]
where OFPi ((g O3)/(kg-fuel)) is the OFP of carbonyl compound i, EFi (g/(kg-fuel)) is the EF for carbonyl compound i, and MIRi is the MIR value of carbonyl compound i.
3 RESULTS AND DISCUSSION
3.1 Influencing factors of the carbonyl compound emissions of construction machines
3.1.1 Emission standards
The EFs for the carbonyl compounds in the exhaust of the tested construction machinery under the different emission standards are shown in Figure 1. The EFs of carbonyl compounds originating from the C0, CⅠ, CⅡ and CⅢ construction machines were 2.08 ± 0.74, 0.84, 0.54 ± 0.30 and 0.52 ± 0.37 g/(kg-fuel), respectively. Formaldehyde, acetaldehyde and acrolein were the most important substances. The EFs for formaldehyde originating from C0 to CⅢ construction machineries were 0.98 ± 0.29, 0.45, 0.19 ± 0.17 and 0.21 ± 0.20 g/kg-fuel, respectively, and were 0.20 ± 0.05, 0.10, 0.05 ± 0.04, 0.06 ± 0.05 g/(kg-fuel) for acetaldehyde, respectively.
[image: Figure 1]FIGURE 1 | Carbonyl compound emission factors (A) and mean compositions (B) for the construction machinery under the different emission standards.
The EF for carbonyl compounds decreased with standard tightening, which is consistent with the trend of EFs for CO, HCs, black carbon (BC) and other pollutants obtained in other studies (Fu et al., 2012; Wu et al., 2022a; Wu et al., 2022b). The EFs for carbonyl compounds of the CⅠ machinery were 59.89% lower than those of the C0 machinery, and the EFs for formaldehyde, acetaldehyde and acrolein of the CⅠ machinery were 54.45%, 52.28% and 63.27% lower, respectively, than those of the C0 machinery. This may occur because the latter emission standard was first implemented, and notable pollution reduction efforts were subsequently implemented. Hence, the pollutant emissions greatly decreased. From CⅠ to CⅡ, the EFs for the total carbonyl compounds, formaldehyde, acetaldehyde and acrolein decreased by 35.66%, 56.72%, 47.52% and 18.60%, respectively. This occurred because to meet the restrictions at the second stage, manufacturers mainly used intercooled and turbocharged diesel engines. These engine types exhibited an improved fuel economy and reduced exhaust gas temperature, thereby lowering the emission of pollutants (Fu et al., 2012).
As shown in Figure 1B, the proportions of formaldehyde and acetaldehyde emitted by the CII and CIII construction machineries were lower than those emitted by the C0 and CI machineries, indicating that formaldehyde and acetaldehyde were more efficiently reduced than acrolein and other carbonyl compounds due to the implementation of new standards and engine technology updates. At present, emission limits of carbonyl compounds are not specified in the emission standards for non-road mobile machinery in China, but our results indicate that with the implementation of stricter CO, HC, NOx and PM standards, the EFs for carbonyl compounds also gradually decreased.
3.1.2 Operating modes
Figure 2 shows the influence of operating modes on carbonyl compound emission factors, fuel consumption and mean compositions for the construction machinery under the different emission standards (CII and CIII) and machinery types (excavator and loader). The EFs for carbonyl compounds under working were higher than moving conditions. The carbonyl compounds EFs under moving condition for CII excavator, CIII excavator, CII loader and CIII loader were 0.51 ± 0.21, 0.48 ± 0.37, 0.43 ± 0.37, 0.45 ± 0.26 g/(kg-fuel), respectively. The carbonyl compounds EFs under working condition were 2%, 32%, 93% and 1% higher than moving condition for CII excavator, CIII excavator, CII loader and CIII loader, respectively. The EFs for formaldehyde, acetaldehyde, acrolein and carbonyl compounds under working conditions were all higher than those under moving conditions, respectively. Construction machinery only moves forward or backward during walking, but it repeatedly performs lifting, falling, overturning, excavation and other actions during working. So the engine load is higher under working condition than walking condition, the fuel consumption increases, but fuel combustion is insufficient, resulting in an increase in emissions under working conditions. The above trend was similar to that of BC, CO, HCs and other pollutants determined in other studies (Fu et al., 2012; Wu et al., 2022b). The proportions of formaldehyde and acetaldehyde under working condition were lower than moving condition for CII and CIII excavator, but were higher than moving condition for CII and CIII loader.
[image: Figure 2]FIGURE 2 | The influence of operating modes on carbonyl compound emission factors, fuel consumption and mean compositions for the construction machinery under the different emission standards and machinery types.
3.1.3 Rated power
Due to the limited sample size of wheel loaders, we analyzed the effect of the engine power on the EF for carbonyl compounds of crawler hydraulic excavators under the same emission standard, as shown in Figure 3. In regard to the CⅡ excavator, the EFs for carbonyl compounds at the four power stages of <37 kW, 37–75 kW, 75–130 kW and >130 kW were 0.63, 0.47, 0.67 and 0.17 g/(kg-fuel), respectively, and considering the CⅢ machinery, the EFs at the four power stages were 0.83, 0.76, 0.16 and 0.26 g/(kg-fuel), respectively. In general, the fuel consumption of construction machinery with power greater than 75 kW was higher than that of construction machinery with power less than 75 kW, but the carbonyl compound emissions were lower than those construction machinery with power less than 75 kW. The rated power mainly drove a higher fuel consumption. The working conditions of the construction machinery tested in this study are consistent, and the work done to overcome the resistance should also be consistent, construction machinery with power greater than 75 kW may exhibit a lower engine load than that of construction machinery with power less than 75 kW during working and walking, so the emissions of carbonyl compounds may be lower. However, construction machinery with power less than 75 kW (especially construction machinery with power less than 37 kW) exhibited a higher engine load, so the emissions of carbonyl compounds were higher. In some cases, the EF increased with increasing power, which may occur because some machines exhibited a high rated power, but they are used for a long time, provide a high mechanical quality and lack maintenance, resulting in high EFs.
[image: Figure 3]FIGURE 3 | Emission factor for carbonyl compounds of excavators under the different engine rated powers.
3.1.4 Mechanical type
Figure 4 shows the influence of the machinery type on the carbonyl compound EFs (Average of working and walking modes) under the same emission standard. The carbonyl compound EFs of wheel loaders and excavators were 0.55 and 0.52 g/(kg-fuel), respectively, for CⅡ and 0.27 and 0.55 g/(kg-fuel), respectively, for CⅢ. The EF of wheel loaders was slightly higher than that of excavators under CⅡ, which is consistent with the CO, HC, NOX and PM emissions measured by Fu et al. (2012) and Frey et al. (2010). There are obvious differences between the driving and operation modes of loaders and excavators, such as moving and using buckets, while the average engine load of wheel loaders is high when they are operated under the working mode, resulting in high emissions (Fu et al., 2012). However, the carbonyl compound EF of excavators was higher than that of loaders under CIII, which is consistent with the BC emissions reported by Wu et al. (2022a). The reason may be that the fuel consumption of CIII excavators is higher than that of wheel loaders due to the higher engine load of these excavators, as shown in Figure 4. The proportions of carbonyl compounds emitted by wheel loaders and excavators obviously differed, but there were no similar trends between the CII and CIII emission standards.
[image: Figure 4]FIGURE 4 | Influence of the machinery type on the carbonyl compound emission factors under the different emission standards.
3.1.5 OFPs
Construction machinery may constitute an important source of ozone formation. To estimate the contribution of construction machinery to photochemical ozone generation, the MIR method was used to calculate OFP values. Figure 5A shows the contribution of each component to the OFP under the different emission standards. The OFPs under C0, CⅠ, CⅡ and CⅢ were 13.28 ± 4.27, 5.79, 2.94 ± 2.11 and 2.81 ± 2.35 (g O3)/(kg-fuel), respectively. With the tightening of emission standards, the contribution of each component to the OFP gradually decreased, and the OFPs decreased by 56.4%, 49.2% and 4.4% from C0 to CⅠ, CⅠ to CⅡ, and CⅡ to CⅢ, respectively. Similar to agricultural machinery, formaldehyde was also found to be the main carbonyl compound stemming from construction machinery responsible for ozone formation because of the large amounts emitted and the high MIR value of formaldehyde (Yu et al., 2023). The OFPs of construction machinery are lower than those of agricultural machinery and rural vehicles but higher than those of gasoline and diesel vehicles under the same emission standards (Yu et al., 2023; Zhang et al., 2013; Cao et al., 2016; Cao et al., 2020, Ye, 2014; Yao et al., 2015a; Yao et al., 2015b; Yao et al., 2015c). The reason is the difference in EFs, as described later.
[image: Figure 5]FIGURE 5 | Contribution of each component to the OFP under the different emission standards (A), machinery types (B) and working conditions (C,D).
Figure 5B shows the contribution of each component to the OFP under the different vehicle types and emission standards. The contributions of wheel loaders and excavators to the OFP under CⅡ were 3.97 and 2.49 (g O3)/(kg-fuel), respectively, and the contributions of wheel loaders and excavators to the OFP under CⅢ were 1.15 and 3.22 (g O3)/(kg-fuel), respectively. Consistent with the trend of the EFs, the OFPs of wheel loaders were 59% higher than those of excavators under CII, but the OFPs of wheel loaders were 64% lower than those of excavators under CIII.
The OFPs of construction machinery under the different emission standards and working conditions are shown in Figures 5C, D, respectively. In regard to the C0 construction machinery, the OFPs under walking and working conditions were 11.33 ± 10.32 and 15.85 ± 2.54 (g O3)/(kg-fuel), respectively. For the CⅠ construction machinery, the OFPs during walking and working were 2.09 and 11.99 (g O3)/(kg-fuel), respectively. Considering the CⅡ construction machinery, the OFPs under walking and working conditions were 2.51 ± 1.17 and 3.57 ± 4.17 (g O3)/(kg-fuel), respectively. Regarding the CIII construction machinery, the OFPs during walking and working were 2.93 ± 2.11 and 3.12 ± 3.27 (g O3)/(kg-fuel), respectively. The OFPs under working conditions were higher than those under walking conditions considering the different emission standards; the OFPs under working conditions were 1.40, 5.73, 1.42 and 1.07 times those under walking conditions for the C0, CⅠ, CⅡ and CⅢ construction machineries, respectively. Formaldehyde was the species contributing the most to ozone because of its high emissions and high MIR value.
3.2 Comparison to other research
Figure 6 shows the difference in construction machinery carbonyl compound EFs between this and previous studies. There was a slight difference between the pollutant emissions of agricultural and construction machineries. The EFs for carbonyl compounds emitted by the C0, CⅡ, and CⅢ construction machineries were 1.13, 0.86 and 1.25 times, respectively, those emitted by agricultural machinery. In general, the carbonyl compound EF of non-road mobile machinery was 4.5 times that of on-road mobile sources. The EF for carbonyl compounds originating from construction machinery was 9.50 times that for carbonyl compounds originating from gasoline vehicles produced before the first Chinese emission standard (C0) was established, and the emissions of carbonyl compounds originating from construction machinery were 32.03, 27.88 and 21.02 times those originating from gasoline vehicles meeting the CI, CII and CIII emission standards, respectively (Zhang et al., 2013; Cao et al., 2016). Yu et al. (2023), considered that the carbonyl compound EF of construction machinery is higher than that of gasoline vehicles because carbonyl compounds are emitted as a result of incomplete fuel oxidation during combustion, and there are differences in the composition, quality and air/fuel ratio between gasoline and diesel. The carbonyl compound emissions of the CIII construction machinery were 2.24 times those of CIII LDDTs (Ye, 2014; Yao et al., 2015b; Cao et al., 2020). The carbonyl compound emissions of the CIII construction machinery were 2.33 times those of CIII MDDTs (Ye, 2014; Yao et al., 2015b). In addition, under C0, CⅠ, CII and CIII, the emissions of carbonyl compounds of construction machinery were 3.09, 1.88, 2.13 and 2.50 times those of HDDTs, respectively (Ye, 2014; Yao et al., 2015a; 2015b; Cao et al., 2020). This may be due to differences in factors such as the fuel quality, driving cycle, engine technology and exhaust control technology (Yu et al., 2023). The carbonyl compound emissions of the CII construction machinery accounted for 45% of the carbonyl compound emissions of CII rural vehicles. The carbonyl compound emissions of 4-wheel rural vehicles varied between those of the C0 and CI construction machineries, and the carbonyl compound emissions of 3-wheel rural vehicles varied between those of the CI and CII construction machineries.
[image: Figure 6]FIGURE 6 | Comparison of the carbonyl compound emission factors of construction machinery in this study to those obtamed in previous studies. Note: The carbon balance method is used to convert emission factors based on mileage from other publications into emission factors based on fuel consumption. CM, AM, GV, LDDT, MDDT, HDDT, RV, 3-W, and 4-W denote construction machinery, agricultural machinery, gasoline vehicles, light-duty diesel trucks, medium-duty diesel trucks, heavy-duty diesel trucks, rural vehicles, 3-wheel vehicles, and 4-wheel vehicles, respectively.
4 CONCLUSION
A total of 21 construction machineries were assessed via a PEMS in the real work process. Offline 2,4-DNPH and HPLC analysis methods were used to evaluate 15 carbonyl compounds emitted by construction machinery, and the MIR method was used to calculate the OFP of carbonyl compounds emitted by construction machinery. The results were compared to carbonyl compound emission and OFP data of other types of vehicles identified in previous studies.
Formaldehyde, acetaldehyde and acrolein accounted for more than 50% of the total carbonyl compound emissions. According to the current emission standards in China, the carbonyl compounds emitted by construction machinery were 9.50–32.03 times and 1.88–3.09 times those emitted by gasoline and diesel vehicles, respectively. We found that the emissions of non-road mobile machinery were 4.5 times those of on-road mobile source vehicles. Compared to other types of vehicles, the amount of carbonyl compounds emitted by construction machinery in the working process was larger, which indicates that more research and control measures for carbonyl compounds emitted by construction machinery are needed in the future. Emission standards and working processes can affect carbonyl compound emissions and OFP. The EFs for carbonyl compounds of the CI construction machinery were 60% lower than those of the C0 construction machinery, 36% lower for the CⅡ machines than those of the CI machines, and 3% lower for the CⅢ machines than those of the CII machines. More carbonyl compounds were emitted in the working process than in the walking process. Under the same emission standard, the EFs decreased with increasing rated power. The EF of CⅡ wheel loaders was higher than that of excavators. However, the EFs of CIII excavators were higher than those of loaders. Formaldehyde was found to be the main carbonyl compound emitted by construction machinery, with the highest OFP value. Carbonyl compounds emitted by construction machinery in China must be further researched.
The OFPs under C0, CⅠ, CⅡ and CⅢ were 13.28 ± 4.27, 5.79, 2.94 ± 2.11 and 2.81 ± 2.35 (g O3)/(kg-fuel), respectively. With the tightening of emission standards, the contribution of each component to the OFP gradually decreased. The OFPs of construction machinery were lower than those of agricultural machinery and rural vehicles but higher than those of gasoline and diesel vehicles under the same emission standards. Consistent with the trend of the EFs, the OFPs of wheel loaders were 59% higher than those of excavators under CII, but the OFPs of wheel loaders were 64% lower than those of excavators under CIII. The OFPs under working conditions were higher than those under walking conditions considering the different emission standards.
In recent years, some Chinese cities have been plagued by O3 pollution. This study obtained the carbonyl compounds EFs data and OFP of construction machinery in the actual working process, which is helpful to improve the accuracy of the carbonyl compounds emission inventory. We found that the implementation of CIII standard did not significantly reduce the emission of carbonyl compounds, the reduction effect of China IV standard implemented on 1 December 2022 also required further research. We found that the tested construction machinery with high rated power generally exhibited lower emissions, and which may reduce the intensity of pollutant emissions while improving work efficiency. Formaldehyde was found to be the main carbonyl compound emitted by construction machinery, with the highest OFP value, the manufacturers should pay more attention to reduce the formaldehyde emission. The carbonyl compound emission and OFPs of construction machinery were higher than those of gasoline and diesel vehicles under the same emission standards. With the strict emission standards implementation of on-road vehicles in China, their pollutant emissions continue to decrease. Thus, pollutant emissions from construction machinery are becoming more prominent as the rapid urbanization in China.
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