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Abstract

:

According to online monitoring data on atmospheric ozone and the pollution characteristics of its precursors obtained in Jinan in June 2021, we analyzed different sites: urban sites (city monitoring station, Quancheng Square), an industrial park site (oil refinery), and a suburban site (Paomaling). The relative incremental reactivity of different precursors was calculated using a photochemical observation-based model to explore the sensitivity of O3 generation at each site and to draw a curve using the empirical kinetics modeling approach. The PMF model was used to analyze the origin of volatile organic compounds (VOCs) pollution in Jinan. The results showed that the concentration of O3 at the industrial park was higher than that in the urban area in Jinan, which may be related to the fact that ozone precursor concentrations in the industrial park were significantly higher than those in the urban area (the AVOCs concentration at the industrial park site was 56.9 ppbv, approximately twice that of the urban site), and there are emission peaks at night; alkanes, oxygenated compounds, and halogenated hydrocarbons were the main components of the AVOCs, and olefins, alkanes, and aromatic hydrocarbons were the main active components in Jinan. The O3 generation in urban areas generally occurred in the VOCs-sensitive zones, while the O3 generation in the other areas occurred in the VOCs-NOx transition zone; there was a clear diurnal variation in the sensitivity of the industrial park, with the site being in the obvious VOCs-sensitive zone from nighttime to morning hours and shifting to the VOCs-NOx transition zone in the afternoon hours; the relative incremental reactivity (RIR) value of AVOCs for O3 generation in Jinan was the largest, and olefins were the most sensitive component of O3. The AVOCs in Jinan mainly originated from motor vehicle exhaust, oil and gas volatilization, industrial emissions, and solvent use, and ozone prevention and control in summer should strengthen the control of these sources.
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1. Introduction


Tropospheric ozone (O3), being a key component of atmospheric photochemical smog, is a secondary pollutant generated from photochemical reactions by a precursor of volatile organic compounds (VOCs), NOx, and CO in the atmosphere [1,2]. Many studies have shown that high concentrations of O3 near the ground are harmful to human health and the growth of animals and plants [3]. They also negatively impact the climate and the ecological balance [4]. A study of 95 cities in the United States showed that the risk of death in a given population may increase by 0.52% (95% CI: 0.27–0.77%) for every 5.1 μg/m3 increase in the daily O3 concentration [5]. High concentrations of O3 induce damage to plant leaves, accelerate plant senescence, reduce photosynthesis capacity, and reduce ecosystem carbon sink capacity, thereby affecting the ecological balance [6,7].



In recent years, the concentrations of O3 in the key cities of China have shown an upward trend, and O3 has gradually become the primary air pollutant [8]. There is a strong nonlinear relationship between the O3 concentration and the emission of specific atmospheric precursors (e.g., VOCs and NOx). It is thus important to study the relationship between O3 and its precursors for the formulation of O3 pollution prevention and control strategies [9]. Primary pollution would be reduced by precursors control measures, but O3 concentrations may be still increased. Studies have shown that summertime O3 concentrations increased by approximately 2 ppbv/yr from 2003 to 2015 in North China, although urban NOx emissions have greatly reduced since 2012.



Scientific research on the reaction mechanism and pollution prevention of O3 and its precursors has been carried out in many cities in China, including on the photochemical reaction mechanism of O3 [10,11], the sensitivity of O3 and its precursors (VOCs, NOx) [12,13], the contribution of local and regional transport [14], the emission of O3 precursors, the correlation between O3 pollution and meteorology [15], and the effect of O3 on human health [16]. Most studies have shown that the formation of O3 is controlled by VOCs in large Chinese cities, such as Beijing [1], Shanghai [17], Shenzhen [18], Nanjing [19], and Chengdu [2]. Furthermore, VOCs with high O3 formation potential are largely alkenes and aromatic hydrocarbons. On the contrary, the formation of O3 is controlled by NOx in some suburbs or rural areas, such as Taishan, the suburbs of Guiyang, and Yanshan, which have higher VOC emissions from natural sources [20,21,22]. Some studies have reported temporal and spatial differences in the sensitivity of O3 and its precursors, which could vary across place and time. For example, studies in Beijing–Tianjin–Hebei, the Yangtze River Delta, and the Pearl River Delta have found that the local formation of O3 is VOC-sensitive in the morning and NOx-sensitive in the afternoon [22,23,24]. In addition, there may be differences across cities, suburbs, and outer suburbs at the same time. Generally, cities are VOC-sensitive, the outer suburbs are NOx-sensitive, and the inner suburbs are VOCs-NOx-sensitive [25,26].



Jinan is located in the central and western parts of Shandong Province. The urban area is surrounded by Mount Tai in the south and presents an elevated landform in the south and north. The frequency of the temperature inversion is high, and the wind speed is low, which makes the region prone to the accumulation of pollutants. The air pollution in the city and surrounding areas is relatively serious [27]. During the 13th 5-Year Plan, the air quality in Jinan improved significantly, the annual average concentration of PM2.5 decreased by 42.7%, and the number of days with good air quality increased by 13.8%. However, the annual 90th percentile of the highest 8 h daily concentration of O3 increased by 5.1%. In 2020, the annual average concentration of O3 was 185 μg/m3, ranking 8th from the bottom among the 337 cities in the country. As an important city in the air pollution transmission channel of Beijing–Tianjin–Hebei, Jinan has sufficient data on meteorological parameters and air pollutant monitoring, but research on O3 pollution is obviously less than in other key cities, such as Beijing, Shanghai, and Shenzhen. In this study, the pollution characteristics of O3 and its precursors were analyzed at four different field sites in Jinan in June 2021. An observation-based model (OBM) was used to identify the sensitivity and control factors. Positive matrix factorization (PMF) was used to analyze the sources of VOCs. The findings of this study are expected to provide a scientific basis for the refinement of local pollution prevention and control policies for O3 and its precursors.




2. Methods and Data


2.1. Field Measurements


This study presents the results from a field campaign conducted in Jinan in June 2021. Four stations were set-up in different pollution source areas: a monitoring site in Jinan (117.05° E, 36.66° N); Quancheng Square site (117.02° E, 36.66° N), an oil refinery site (117.17° E, 36.70° N), and Paomaling site (117.22° E, 36.43° N). As shown in Figure 1, the city monitoring station (MS) and Quancheng Square (QCS) were located in an urban area of Jinan city, where their surroundings comprised traffic sources; therefore, they were the representative stations of the urban area. The refinery site was located around a refinery in an industrial park, serving as the representative site of the industrial area. There was no obvious anthropogenic source around the Paomaling site (PML), mainly due to the presence of vegetative influences and, thus, it was representative of the suburbs.



The VOC species were detected and analyzed by GC-MS/FID, including 107 components of PAMS and TO-15. The MS and QCS adopted the Shanghai Panhe automatic monitor for VOCs; OL and PML adopted the Wuhan Tianhong automatic monitor for VOCs. For each sample analysis, four internal standard compounds (i.e., bromochloromethane, 1,4-difluorobenzene, deuterated chlorobenzene, and 4-bromofluorobenzene) were used for an internal standard method of quantification. The quantitative calibration curve gradient was 0.5, 1.0, 2.0, 5, 15, and 20 ppbv linear regression acquisition. The middle point of the curve was calibrated once every morning to ensure that the deviation was not greater than 30%, otherwise, the standard curve was redrawn for calibration. The conventional pollutants (i.e., SO2, NO2, CO, O3, PM2.5, and PM10) and meteorological parameters (i.e., wind direction, wind speed, temperature, humidity, and atmospheric pressure) were obtained from the site’s automatic monitoring network data. The monitoring equipment was automatically calibrated every morning. All monitoring data were updated every hour.




2.2. Ozone Formation Potential (OFP)


In the atmosphere, the amount of O3 generated from reactions depends on many factors, such as the concentration of VOCs and NOx, the atmospheric oxidation rate, and the specific oxidation mechanism. Carter proposed the concept of VOCs’ incremental reaction (IR, g O3/g VOCs) to evaluate the contribution of various VOCs to O3 generation, which was used to measure the change in O3 by changing the amount of VOCs [28]. The maximum incremental reactivity (MIR) was obtained by changing the VOCs/NOx ratio. The MIR is generally used to calculate the OFP values of the different VOC species to estimate their activity and ability for O3 generation [29]. The OFP was calculated using the following formula [8].


  O F  P i  = V O C  s i  × M I  R i   



(1)







In the formula,   O F  P i      represents the OFP value corresponding to species i of the VOCs;   V O C  s i      represents the concentration of species i of the VOCs in ppbv;   M I  R i    represents the MIR value of species i of the VOCs, and it is dimensionless. The MIR data were obtained from reference [30].




2.3. Observation-Based Model (OBM)


The OBM model was based on observational data to simulate atmospheric photochemical reactions, where the input of the data comprised hourly concentrations of NO, NO2, CO, SO2, and VOCs species. The hourly values of meteorological parameters, such as relative humidity, air pressure, and temperature, were also used with the CB05 mechanism to simulate and obtain the output. The VOC species included alkanes, alkenes, aromatic hydrocarbons, and oxygen compounds. Data on the photochemical reaction-related parameters were used by the model to simulate the chemical process of the atmospheric reactions and to inversely deduce the relationship of the precursor VOCs, NOx, and O3 [29]. Usually, the empirical kinetics modeling approach (EKMA) curve is used to identify the sensitive area of O3 generation, and the relative incremental reactivity (RIR) is used to identify the sensitivity of the different kinds of precursors to O3 generation.



2.3.1. Empirical Kinetics Modeling Approach (EKMA)


The EKMA curve is an expression of ozone generation concentration simulated by a photochemical reaction model. It is an isoconcentration curve graph drawn based on the concentration data of ozone, VOCs, and NOx, which can be used to express the relationship between ozone and the concentrations of its two precursors, NOx and VOCs [29]. The inflection point connection of the contour lines is the ridge line of the EKMA curve. Normally, NOx is taken as the ordinate and VOCs as the abscissa. When it is above the ridge line, O3 is generated in the VOC-sensitive area; controlling the VOCs emission is beneficial for reducing the O3 generation. When it is below the ridgeline, the O3 generation is in the NOx-sensitive area, and controlling the NOx emissions is conducive to reducing the O3 generation [31].




2.3.2. Relative Incremental Reactivity (RIR)


The RIR was used to explore the sensitivity relationship between O3 and different precursors, and it is expressed as the ratio between the rate of change (%) of the photochemical generation rate of O3 and the rate of change (%) of the source. When the RIR is positive, this indicates that controlling such a precursor can effectively reduce the generation of O3. The larger the value, the more sensitive the precursor is to the generation of O3 [32]. The RIR can be calculated as follows:


  RIR x =   [  P   O 3     x  −  P   O 3      x − Δ x   ] /  P   O 3     x    Δ c  x  / c  x     



(2)




where   RIR x     is the relative incremental reactivity of precursor  x ;    P   O 3      is the generation rate of the daytime (07:00~19:00) O3;  x  denotes the NO, CO, AVOCs (artificial source VOCs), and any other O3 precursors;   Δ c  x    is the change in the concentration of species  x .    P   O 3      x − Δ x     is the O3 formation rate corresponding to the change in the concentration of the species  x . In the simulation process of this study,   Δ c  x    was selected as 10% of   c  x   , and the net production rate of O3 (   P   O 3     ) was calculated by using the OBM simulation output parameters [33].



The production of O3 mainly depends on the degree of the photochemical reaction [32]. The net production rate of O3 (  P    O 3     ) can be calculated by the difference between the gross production (  G    O 3    )   and the destruction (  D    O 3    )  .   G    O 3      is calculated by the oxidation of NO by HO2 and RO2. Peroxyradicals (HO2, RO2) oxidize NO to produce NO2, and then photolysis occurs to produce O3. Concurrently, O3 can be destructed through photolysis and in the reaction with alkenes, HO2, and OH [32]. All radicals and intermediates were obtained from the outputs of the OBM. The constants (k) represent the rate of each reaction.


  P    O 3    = G    O 3    − D    O 3     



(3)






  G    O 3    =  k 1    NO       HO  2    +  k 2    NO       RO  2     



(4)






  D    O 3    =  k 3     H 2  O      O 1  D   +  k 4    alkenes      O 3    +  k 8    OH      O 3    +  k 9      HO  2       O 3    +  k  10     OH       NO  2     



(5)









2.4. Positive Matrix Factorization (PMF) Model


In this study, the PMF5.0 model recommended by USEPA was used for the source analysis of atmospheric VOCs. When running the model, the hourly concentration of VOC species with pollution source characteristics was used as the input. Most of the residuals of the VOC species in the analysis results were between −3.0 and 3.0. When the signal-to-noise ratio of the VOCs species was greater than 1, it was defined as strong (Strong) and could be directly fed into the model calculation. When it was between 0.5 and 1, it was defined as weak (Weak), and the species uncertainty set in the input model file was multiplied 3 times. When the signal-to-noise ratio of the VOCs species was less than 0.5, it was defined as bad (Bad) and was not included in the model calculation [34].



The VOC components involved in the model calculation had high signal-to-noise ratios (greater than 2) and fewer missing values to reduce the impact of data measurement errors on the PMF analysis. The selected species were required to have a high-volume fraction and a strong source indication to reduce the uncertainty caused by the initial volume fraction calculation. The species with very high reactivity were not selected.





3. Results and Discussion


3.1. VOC Pollution Characteristics


3.1.1. Meteorological Condition and Pollution Characteristics


In June 2021, Jinan city has accumulated 14 days of mild O3 pollution (100 ppbv ≥ O3 maximum 8-h average > 75 ppbv), and eight days of moderate pollution (124 ppbv ≥ O3 maximum 8-h average > 100 ppbv). In terms of hourly concentration, there was a total of 93 h of O3 mild pollution (140 ppbv ≥ O3 hourly concentration > 93 ppbv) in June 2021, and the monthly average O3 maximum 8-h 90th percentile concentration was 106.4 ppbv. The average temperature in Jinan was 27.1 °C, and the relative humidity was 55.9%. A high temperature and low humidity are favorable for ozone formation. The meteorological parameters and pollutant concentrations of the four component monitoring stations are shown in Table 1. From the perspective of meteorological conditions, the stations in the urban area (i.e., city monitoring station (MS) and Quancheng Square (QCS)) and the industrial park (refinery (or)) were cleaner than the stations (Paomaling (PML)) with a higher temperature and lower humidity. The meteorological conditions were more conducive to O3 generation. In terms of the pollutant concentration, the industrial park site (Refinery) had the highest O3 concentration, and the monthly average (90th percentile of the highest 8-h daily) concentration of O3 was 118.1 ppbv, followed by the urban site (i.e., city monitoring station and Quancheng Square), with a concentration of approximately 114 ppbv. The clean site (i.e., Paomaling) had the lowest O3 concentration (92.3 ppbv). For NOx, the urban stations were affected by motor vehicle emissions, and the concentration was slightly higher than that of the industrial park stations. The NOx concentration in Quancheng Square was the highest (17.1 ppbv), and that at the clean stations was the lowest (4.6 ppbv). For AVOCs, affected by surrounding industries and certain combustion emissions, the concentration of AVOCs in the industrial park station was 56.9 ppbv, which was approximately twice that of the urban station. In addition, the average concentration of isoprene at each station was low, which shows that the ozone pollution in Jinan in summer was not significantly affected by natural sources.



Figure 2 shows the daily changes in the meteorological parameters and pollutant volume fractions at each station in Jinan over the observation period. In the summer of 2021, the precursor NOx and VOCs in Jinan at night and in the morning had high concentrations. When the hourly temperature in the afternoon reached above 35 °C, the hourly concentration of O3 easily exceeded the standard. As shown in Figure 1, the AVOCs concentration at the industrial park site in Jinan city exceeded 200 ppbv at 20:00–22:00 and 02:00–05:00 on 20–24 June. Meanwhile, the maximum hourly NOx concentration in the morning from 06:00 to 08:00 exceeded 40 ppbv, and the daily maximum temperature reached 38~40 °C. In the afternoon, the maximum hourly O3 concentration reached approximately 120 ppbv~140 ppbv. However, Jinan city was in O3 pollution day from 20 to 24 June and reached O3 moderate pollution.



In addition, the analysis of the pollutant concentration at each station shows that there were obvious high concentrations of AVOCs and NOx at night at all stations in Jinan Industrial Park, which may have been the result of industrial enterprises secretly discharging at night. In order to control the ozone concentration at this station under high-temperature conditions, the supervision of industrial enterprises at night should be strengthened.




3.1.2. Diurnal Variation


O3 and its main precursors are affected by several factors, such as the source of emissions, photochemical reactions, and atmospheric boundary layer movement, which show significant daily variation [35]. The average daily variation in pollutant concentrations at each site in Jinan city is shown in Figure 3. The daily concentrations of O3 in urban areas and industrial parks showed a unimodal change. The concentrations began to increase at 06:00, reached a peak at 15:00, and then gradually decreased. Among these, the hourly peak concentration of O3 at the industrial park was higher than that in the urban areas. The diurnal variation of O3 in the suburbs was relatively gentle due to the significantly lower emissions of precursors than at the other sites. The peak concentration was significantly lower than that in the urban areas and industrial parks as well. However, from night to early morning, when sun exposure was weak, the emissions of NO in the urban areas and industrial parks were higher than those in the suburban areas. NO reactions that consume O3 occurred at night which, in turn, leads to lower O3 concentrations in urban areas and industrial parks than in suburban areas.



The daily concentration of NOx in the urban areas and industrial parks showed an obvious bimodal change, where a peak occurred between 07:00 and 20:00. There was an obvious peak in the morning and evening, indicating that near-surface anthropogenic sources, such as motor vehicles, played a dominant role in NOx emissions. The variation range of the daily hourly concentration of NOx in the suburbs was small, and there was no obvious peak.



For AVOCs, the daily concentrations of AVOCs in urban areas and industrial parks showed a bimodal change, but the peak time was significantly different. However, the trend in the daily variation of AVOCs at the suburban sites was not obvious, and the concentrations were lower. Affected by motor vehicle emissions during the morning peak, the first peak in the urban area appeared around 07:00, while the second peak appeared at 22:00–23:00, which was mainly due to the reduction in the atmospheric boundary layer height at night and the reduction in the environmental capacity. In addition, the photochemical reactions were weakened, resulting in a certain degree of accumulation of VOCs concentration. In the two peak periods, alkanes, alkynes, and alkenes all reached high values, indicating that incomplete combustion and volatilization of oil and gas caused by motor vehicle emissions increased during this period. The peak values observed at the industrial park site were 100.0 and 83.8 ppbv at 02:00 and 21:00, respectively. These concentrations were three times higher than those observed at the urban site. The increase in alkanes during the peak period was particularly obvious, which further indicated that the site was significantly affected by characteristic species discharged by surrounding industrial enterprises, especially the oil and gas that was discharged by nearby refineries.




3.1.3. O3 Formation Potential (OFP) of VOCs


The main components of the VOCs in summer in Jinan city were alkanes, oxygenates, halogenated hydrocarbons, and olefins, accounting for 52%, 17%, 14%, and 8% of the mass concentration of TVOCs, respectively. Table 2 provides a comparison between the study of VOCs in the summer in other cities in China. The study also selected Yantai, which is a coastal city in Shandong Province, Taizhou and Shaoxing in the Yangtze River Delta region, Zhengzhou, which is an important megacity in central China, and Chengdu, which is a typical city in Chengdu–Chongqing region, as comparative references. The results show that the mass concentration of TVOCs in Jinan is close to that in Chengdu, higher than that in Yantai and Taizhou in Shandong Province, and lower than that in Shaoxing, Zhengzhou, and other cities. Part of the reason is that there were certain differences in the number of monitored species. The proportion of alkanes in Jinan (52%) was significantly higher than that in other cities; the proportion of halogenated hydrocarbons (14%) was close to Chengdu, Taizhou, Yantai, and other cities, lower than in Shaoxing and Zhengzhou. The proportion of oxygen-containing compounds (17%) was close to that of Shaoxing and Chengdu but lower than that of Yantai, Taizhou, and Zhengzhou. The mass concentration ratio of alkynes (8%) was close to that of Yantai but lower than those of Taizhou, Zhengzhou, and Chengdu.



The concentrations of the VOCs at the monitoring stations in each region are shown in Figure 4. Alkanes, oxygenated chemicals, halohydrocarbons, and alkenes were the main VOC components in Jinan. Their average proportions at the four stations were 52, 17, 14, and 8%, respectively. The proportion of alkanes in the industrial park was 64%, while in the urban areas and suburbs, it was ~40%. The monitoring site of the industrial park was affected by the characteristic pollutant discharge of the adjacent refinery and, thus, the alkane concentrations were 36.2 ppbv, which were ~3 times and 9 times the concentrations recorded at the urban and suburban sites, respectively.



As shown in Figure 5, the industrial park site had the highest OFP (100 ppbv), which was ~2 times and 6 times that of the two sites in the urban area, respectively. The contribution of alkenes, alkanes, and arenes to the OFP value in Jinan reached ~50, 26, and 15%, respectively.



The species with the highest VOC component concentration in Jinan were mainly C2-C5-containing alkenes, acetone, dichloromethane, etc., which indicates that, on the whole, the VOCs in Jinan were obviously affected by vehicle exhaust, gasoline, LPG, and other fuels’ volatilization, industrial emissions, etc. The top species of OFP were mainly olefins and aromatic hydrocarbons with strong photochemical reaction activity (such as 1-butene, ethylene, propylene, M/p-xylene, and toluene) and alkanes with high concentrations (propane, n-butane, isopentane, etc.), mainly from vehicle exhaust, industrial production, and other emissions.



The top ten species in concentration and OFP among the four sites are shown in Figure 6 and Figure 7. Among the top 10 species ranked in terms of concentration and OFP, each site was relatively similar. Therefore, to control O3 generation, each site should start with the species with the higher OFP.





3.2. Sensitivity of O3 Formation to Precursors


3.2.1. EKMA


The EKMA curve was used to identify the ozone generation control area in the study area. The concentration of NOx, AVOCs, CO, and other precursors and the mean value of the meteorological condition parameters corresponding to the day when O3 exceeded the standard was used as the reference conditions for drawing the EKMA curve. We set up multiple precursor concentration combination scenarios according to the concentration of the atmospheric environmental pollutants and meteorological observation data in the study area [28]. First, we selected the concentration of the precursors (VOCs, NOx) corresponding to the baseline scenario, that is, the concentration of the VOCs and NOx in the actual observation, which can be the average value of the observation over a period of time. Then, it was assumed that different concentrations of VOCs and NOx could form multiple precursor concentration combination scenarios. The concentration combination of multiple precursors could be obtained by increasing or decreasing the concentration of NOx per hour in the time dimension in an equal proportion or by increasing or decreasing the concentration of each component of VOCs per hour in an equal proportion. The number of combined scenarios was unlimited, and the number of combined scenarios of the precursor concentration can be determined according to the actual application needs.



In this study, 196 monitoring scenarios were simulated, and the combined scenario of the precursor concentration was input into the box model containing an atmospheric photochemical reaction to draw the EKMA curve and to identify the ozone generation sensitive area information. The daily sensitivity (Figure 8) and hourly sensitivity (Figure 9) of ozone generation represent two different time modes. The Daily sensitivity is to process the data of VOCs and NOx into average daily concentrations and place them in the EKMA curve to determine the sensitivity of ozone generation on different days. The hourly sensitivity is to process the concentration data at the same time on different days in June to obtain the average concentration at different times of 0:00–23:00, and then placed in the EKMA curve to determine the ozone generation sensitivity at different times of the month. These two different ways are reflected in the figure: in the daily sensitivity (Figure 8), each black dot represents the average ozone concentration of each day in June; In the hourly sensitivity (Figure 9), each black dot represents the average ozone concentration of the hour. There are 24 black dots, representing 24 h.



There were certain differences in the sensitive areas of O3 generation in the different regions, as shown in Figure 8. The daily concentrations of O3 at the urban sites were mainly located above the ridge line, typical of the VOC-sensitive area. The industrial park site was in the VOCs-NOx transition zone most often, while the O3 pollution day at the suburban site was near the ridge line and was in the VOCs-NOx transition zone.



The average hourly concentrations of VOCs and NOx at each site in June were placed in the EKMA curve to analyze the O3-sensitive areas of each site in Jinan at different times in June. As shown in Figure 9, the urban and suburban sites did not change significantly during the day and night, urban sites were mainly located in the VOC-sensitive area, and the suburban site was mainly located in the VOC-NOx-sensitive area. while the industrial park site was in the VOC-sensitive area from night till morning; it was in the VOCs-NOx transition area in the afternoon.




3.2.2. RIR of the Major Precursors


The O3 precursors were divided into NOx, anthropogenic VOCs (AVOCs), and natural VOCs (BVOCs, represented by the observed species, isoprene). The RIR values of the O3 precursors corresponding to the different sites were obtained by simulation, as shown in Figure 10. The RIR value indicates the sensitivity of the different precursors to O3. When the RIR value is greater than zero, this indicates that controlling the emission of the given precursor can reduce the generation of O3. The larger the value, the more sensitive the generation of O3 [41]. When the RIR value is less than zero, this indicates that controlling the emission of this precursor promotes the generation of O3, increasing the concentration of O3. Overall, the reduction of VOCs at each site in Jinan could reduce the concentration of O3. AVOCs were the most sensitive to O3 generation, while natural sources (isoprene) were less sensitive. NOx reduction at the industrial park sites and suburban sites also reduced the O3 concentrations. There was a strongly adverse effect of NOx reduction at the urban sites, i.e., NOx reduction alone increased the O3 concentrations instead of decreasing them. The RIR values corresponding to different types of VOCs showed that alkenes were the most sensitive to O3 generation. O3 control in Jinan city should increase the control of such VOC species in the summer.



The diurnal variation in the sensitivity of the O3 precursors is shown in Figure 11. The suburban sites exhibited better NOx reduction in the morning (7:00–11:00) and better AVOCs reduction in the afternoon. In the industrial park, in the morning, due to the increase in NOx emissions from motor vehicles and industrial enterprises during work hours, the O3 generation was sensitive to AVOCs, which led to the appearance of the adverse effects of NOx. In the afternoon, with the reduction in NOx emissions, the adverse effects of NOx gradually weakened. The generation of O3 changed from being VOCs-sensitive to the VOCs-NOxtransition zone. The NOx reduction at 14:00–18:00 was more effective for a reduction in the O3 concentration. Some studies have reported that the O3 generation mechanism in key regions, such as Beijing–Tianjin–Hebei, the Pearl River Delta, and the Yangtze River Delta, in China has changed from VOC-sensitive in the morning to the transition zone in the afternoon (NOx-sensitive in the Pearl River Delta), which may be related to the photochemical consumption of NOx or its diffusion [23,42,43]. Overall, a control strategy based on VOCs in Jinan will be effective in reducing O3 concentration. It is not suitable for urban areas to reduce NOx emissions alone, while coordinated reduction of NOx emissions in industrial parks in the afternoon will be more beneficial for the reduction of O3.





3.3. VOC Source Apportionment by PMF


The sensitivity study of O3 generation in Jinan showed that cutting VOCs at each site could reduce O3 generation. Therefore, PMF was used to further analyze the source of VOCs in Jinan in June 2021. In this study, more than 40 characteristic species were selected for use as input to the model calculation.



The source component spectrum of VOCs in the ambient air over the summer season was obtained by PMF source analysis and is shown in Figure 12 (taking the city monitoring station as an example). The sources of VOCs could be determined according to the contribution of representative species in the spectrum. More than half of factor 1 was associated with o-xylene, 1,3, 5-tritoluene, p-ethyl toluene, 1,2, 4-tritoluene, and 1,2, 3-tritoluene. The urban benzene series mainly originated from solvent use [44]; therefore, factor 1 was judged to be the source of the solvent use. In factor 2, methylene chloride, chloroform, acetone, 2-butanone, isopropanol, and ethyl acetate accounted for a relatively high proportion. Halogenated hydrocarbons, such as methylene chloride and chloroform, mainly originated from industrial emissions [45], while 2-butanone, isopropanol, and ethyl acetate were mainly emitted from industrial solvents, suburban agents, etc. [46]; therefore, factor 2 was associated with industrial emissions. The contribution of C2-C5 alkenes, acetylene, toluene, and benzene was relatively high toward factor 3. All of these compounds are characteristic species of vehicle exhaust [47]; therefore, factor 3 was judged as vehicle exhaust emission. Species with a high proportion of factor 4 contributions included C4-C5 alkanes emitted by motor vehicles and oxygenates emitted by industrial solvent use (acetone, 2-butanone, acrolein, and ethyl acetate). Therefore, this factor was a mixture of characteristic species from multiple sources and was judged as a local mixed source. In factor 5, C4-C5 alkanes, such as isobutane, n-butane, isopentane, n-pentane, and 2, 4-dimethyl pentane, accounted for a relatively high contribution. They were mainly LPG tracer species [44], and factor 5 was judged to be the volatile source of LPG. The contribution of isoprene to factor 6 was 89%. Isoprene was the tracer species from natural sources [48]; therefore, it was judged that this factor was emitted from natural sources.



The sources of VOCs in the ambient air of Jinan according to the PMF analysis are shown in Table 3. In the summer, VOCs in Jinan mainly originated from vehicle exhaust, the volatilization of oil and gas, industrial emissions, and solvent use. Urban vehicle exhaust and industrial emissions accounted for more than 20% of the VOCs, and solvent use accounted for ~10%. The proportion of emissions from motor vehicles, the volatilization of oil and gas, and solvents used in the industrial park was higher than that in the urban area, where the volatilization of oil and gas accounted for 23.7% of all VOCs. This is because there were oil refineries near the monitoring site in the industrial park. The proportion of natural sources, regional background, and second-generation formation of VOCs in the suburbs of Jinan city was significantly higher than that in the urban areas and industrial parks, and there was a certain amount of combustion source emissions (33.3%).



Comparing the source analysis results of Jinan with other cities in China are shown in Table 4. It was found that the emission sources of Jinan are similar to those of Wuhan. Mobile sources and industrial sources were the main sources of VOCs. Combustion sources contributed to the source of VOCs to a certain extent. Compared with other cities, the contribution of natural sources in Jinan was relatively small.





4. Conclusions


(1) The generation of O3 in the ambient air of Jinan city is in the VOC control area. Reducing NOx alone in the short term will aggravate the deterioration of ozone pollution, and a strategy for a VOCs and NOx-coordinated emissions reduction should be implemented. O3 generation in industrial parks and suburbs is in the coordinated control area of NOx and VOCs. Reducing VOCs and NOx can effectively reduce O3 concentration, and reducing VOCs had a more obvious effect on improving O3 pollution. It is worth noting that the industrial park was in an obvious VOCs-sensitive area at night and the morning and a VOCs-NOx transition area in the afternoon. The coordinated reduction of NOx emissions in the afternoon will be more beneficial to reduce O3 pollution.



(2) The main components of VOCs in the summer in Jinan city are alkanes, oxygenates, halogenated hydrocarbons, and olefins, accounting for 52%, 17%, 14%, and 8% of TVOCs’ mass concentration, respectively. The main active AVOC species in each region are olefins, followed by aromatic hydrocarbons and alkanes. The reduction of such pollutants should be strengthened.



(3) The main sources of VOCs in Jinan are motor vehicle exhaust, volatile oil and gas, industrial emissions, and solvent use, accounting for 23%, 11%, 21%, and 10%, respectively.
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Figure 1. A map of Jinan showing the location of the air quality monitoring stations. 
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Figure 2. Hourly sequence diagram of meteorological parameters and the pollutant volume fraction at each station over the observation period. 
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Figure 3. Average diurnal variation in the pollutant volume fractions at each site during the observation period. 
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Figure 4. Volume fraction of volatile organic compounds at each site during the observations. 
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Figure 5. Ozone formation potential (OFP) values at each point during the observation. 
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Figure 6. Top 10 volatile organic compounds by volume fraction at each site. 
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Figure 7. Top 10 volatile organic carbon by ozone formation potential rankings at each site. 
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Figure 8. Empirical kinetics modeling approach curves for each site during the observation period. (The black dots represent the location of the daily average volume fraction of the VOCs and NOx during the observation period). 
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Figure 9. Empirical kinetics modeling approach curves for each site during the observation period. (The black dots represent the location of the daily hourly average volume fraction of VOCs and NOx over the observation period). 
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Figure 10. Relative incremental reactivity value (RIR) of the ozone precursors at each site. 
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Figure 11. Relative incremental reactivity value (RIR) of ozone precursors at different times at each site. 






Figure 11. Relative incremental reactivity value (RIR) of ozone precursors at different times at each site.



[image: Atmosphere 13 02024 g011]







[image: Atmosphere 13 02024 g012 550] 





Figure 12. The analysis spectrum of the positive matrix factorization source analysis at the monitoring center site in June. 
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Table 1. Mean values of meteorological parameters and pollutant volume fractions at each site in June 2021.
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	Parameter
	MS
	QCS
	OR
	PML
	Average





	Temperature/°C
	28.5
	28.9
	28.7
	22.4
	27.1



	RH/%
	46.5
	55.0
	55.1
	66.9
	55.9



	Pressure/hPa
	995.0
	999.2
	996.4
	910.8
	975.4



	O3/ppbv
	114.8
	114.7
	118.1
	92.3
	110.0



	NO2/ppbv
	10.8
	14.0
	11.6
	3.7
	10.0



	NO/ppbv
	3.2
	3.1
	2.4
	0.98
	2.4



	NOx/ppbv
	14.0
	17.1
	13.9
	4.6
	12.4



	CO/ppmv
	0.84
	0.82
	1.3
	0.88
	1.0



	Isoprene/ppbv
	0.25
	0.08
	0.33
	0.13
	0.21



	AVOCs/ppbv
	28.3
	29.7
	56.9
	10.9
	31.2
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Table 2. Comparison of the VOC components in Jinan and other cities.
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	City
	TVOCs (ppbv)
	Alkane (%)
	Halogenated Hydrocarbons (%)
	OVOCs (%)
	Arene (%)
	Olefins (%)





	Jinan (2021)
	31.4
	52
	14
	17
	-
	8



	Yantai [36]
	27.7
	35.4
	15.5
	33.1
	6.7
	8.2



	Shaoxing [37]
	77.4
	31.4
	22.2
	19
	20.5
	6.9



	Taizhou [38]
	26.1
	34.9
	13.3
	24.2
	9.53
	11.3



	Zhengzhou [39]
	40.5
	24.7
	18.7
	34.1
	10.7
	10.2



	Chengdu [40]
	31.9
	37.4
	14.6
	14.4
	16.3
	17.4
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Table 3. Results of the volatile organic carbon source analysis by positive matrix factorization.
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	Monitoring Site
	Vehicular Exhaust
	LPG
	Industrial Process
	Solvent Usage
	Biogenic
	Background and Secondary Formation
	Fuel Usage





	MR
	21.7%
	19.1%
	26.0%
	12.9%
	6.9%
	13.4%
	/



	QCS
	24.5%
	/
	27.3%
	13.0%
	2.5%
	20.2%
	12.5%



	OR
	29.7%
	23.7%
	16.9%
	14.0%
	2.9%
	12.7%
	/



	PML
	16.5%
	/
	12.6%
	/
	8.4%
	29.1%
	33.3%
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Table 4. PMF source analysis results of other cities in China.
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	City
	Vehicular Exhaust
	Industrial Process
	LPG
	Biogenic
	Solvent Usage
	Fuel Usage





	This study (2021)
	23%
	21%
	11%
	5%
	10%
	11%



	Chengdu [49]
	34%
	17%
	14%
	13%
	11%
	/



	Wuhan [50]
	30%
	22%
	14%
	11%
	12%
	12%



	Nanchang [51]
	18%
	17%
	21%
	22%
	19%
	23%
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