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Abstract

:

Anhui is one of the highest provincial emitters of air pollutants in China due to its large coal consumption in coal-fired plants. In this study, the total emissions of nitrogen oxides (NOx), sulfur dioxide (SO2) and particulate matter (PM) from coal-fired power plants in Anhui were investigated to assess the impact of control measures on the atmospheric emissions based upon continuous emission monitoring systems (CEMS). The total NOx, SO2 and PM emissions significantly decreased from 2013 to 2017 and they were estimated at 24.5 kt, 14.8 kt and 3.0 kt in 2017, respectively. The emission reductions of approximately 79.0%, 70.1% and 81.2% were achieved in 2017 compared with a 2013 baseline, respectively, due to the application of high-efficiency emission control measures, including the desulfurization, denitration and dust-removing devices and selective catalytic reduction (SCR). The NOx, SO2 and PM emission intensities were 0.125 g kWh−1, 0.076 g kWh−1 and 0.015 g kWh−1 in 2017, respectively, which were lower than the average of national coal-fired units. The coal-fired units with ≥600 MW generated 80.6% of the total electricity amount while they were estimated to account for 70.5% of total NOx, 70.1% of total SO2 and 71.9% of total PM. Their seasonal emissions showed a significant correlation to the power generation with the maximum correlation found in summer (July and August) and winter (January and December). The major regional contributors are the cities along the Huai River Basin and Yangtze River Basin, such as Huainan, Huaibei, Tongling, Maanshan and Wuhu, and the highest emission occurred in Huainan, accounting for approximately 26–40% of total emission from all the power plants. Our results indicated that the application of desulfurization, denitration and dust-removing devices has played an important role in controlling air pollutant emissions from coal-fired power plants.
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1. Introduction


The coal-fired power plants are an important industrial source for atmospheric pollutants, including nitrogen oxides (NOx), sulfur dioxide (SO2) and particulate matter (PM) [1,2,3,4,5]. It was estimated that the total amount of NOx, SO2 and PM emissions from China’s power plants was about 8.34 Tg, 7.8 Tg and 1.42 Tg, respectively, in 2014 [6]. To control the emissions of gaseous pollutants from coal-fired power plants, multiple policies on energy conservation and emission abatement have been implemented, including the evolution of policy instrument choice [7,8], the closure of small and inefficient boilers, the improvement in techniques [9,10,11,12] and the effectiveness of national air pollution control policies [4,13]. Understanding the current status of air pollutant emissions from coal-fired power plants is vital for decision makers to assess the effectiveness of control measures and establish future regional policy [14,15].



At present, satellite observation and unit-based inventory have been widely used to estimate NOx, SO2 and PM emissions from coal-fired power plants in China, which have indicated a recent reduction in NOx or SO2 at a national level or for a few specific cities, such as Beijing and Shanghai [2,16,17,18]. The Ozone Monitoring Instrument was applied to observe the reduction in SO2 emissions from Chinese power plants from 2005 to 2007 [19]. An updated emission inventory of coal-fired power plants was developed to explore the atmospheric emissions of coal-fired power plants in Shandong in 2012 [15]. In addition, a continuous emission monitoring system (CEMS) with high resolution and accuracy has been used to study the temporal and spatial variations of NOx, SO2 and PM emissions from coal-fired power [20,21]. The inclusion of the CEMS data into air quality models has led to a more accurate representation of photochemical ozone formation and annual trends while they were also used for developing a CO2 emission inventory with a high spatial and time resolution [22,23]. Previous studies have mainly concentrated on the temporal and spatial characteristics of individual pollutants based upon the detailed information of coal-fired units [24,25,26]. The literature seems to lack a systematic understanding of the overall emission status of major air pollutants within the power sector. Furthermore, the base year of the emissions for the coal-fired plants has primarily been 2012, 2010, 2005 or earlier [15,27,28], which does not capture the influence of the latest emission control measures. During China’s 12th Five Year Plan (2011–2015), the PM-removing, desulphurization and denitration devices were extensively applied in the coal-fired power plants to reduce the SO2, NOx and PM emissions [8,29,30]. The SO2, NOx and PM emission factors might change due to the application of these control technologies. However, the effectiveness of these control technologies in decreasing the emissions of gaseous pollutants from the coal-fired plants has not been assessed in detail.



Anhui Province, which is located in East China, is one of the fastest developing provinces. The coal consumption of the power sector in Anhui was 5.0–6.0 Mt in 2014, accounting for more than 50% of total provincial coal consumption. The coal-fired power plants have caused complex and severe atmospheric pollution problems due to large consumption of coal and the concentrated distribution of coal-fired plants around the cities. The control measures for air pollutant emissions have been extensively applied in Anhui coal-fired power plants but their impact on the current emission status have not been assessed. In this paper, we choose the coal-fired power plants in Anhui Province as the study area (Figure 1) and use CEMS to continuously monitor the emissions of NOx, SO2 and PM from 2013 to 2017. The objectives of this study are (1) to characterize total provincial emissions of SO2, NOx and PM from coal-fired power plants in Anhui; (2) to investigate the temporal and spatial variability in provincial SO2, NOx and PM emissions; and (3) to evaluate the influence of current control measures on SO2, NOx and PM emissions.




2. Data and Methods


2.1. Study Area


Anhui Province is located at approximately 114°54′–119°37′ E and 29°41′–34°36′ N, covering a total area of 140,100 km2. Furthermore, it covers an area that is450 km long from the east to the west and about 570 km long from the north to the south. The province can be roughly divided into five natural areas: the Huaibei Plain, the Jianghuai Hills, the Dabie Mountains in the west, the plains along the Yangtze River and the mountains in the south. The annual mean temperature is 14–17 °C and the mean precipitation is 773–1670 mm. It was estimated that the population of Anhui Province was 62.548 million in 2017. Coal and power are the main industries in Anhui Province and 16 cities of all 17 cities contain power plants. Most coal-fired power plants are located in Huainan City and Huaibei City while in other cities, one or two power plants are generally distributed in each city. In this study, 35 coal-fired power plants were investigated, which were mainly distributed along the Huai River and Yangtze River, as shown in Figure 1. The coal-fired power plants in Huainan City accounted for 31.3% of the total provincial installed capacity. All the power plants increased unit capacity in 2013 and 2015 with the growth rates of 19.8% and 21.3%, respectively. More than 50 ultra-supercritical units of ≥600 MW have been established in Anhui since 2017, accounting for 71.8% of the total installed capacity, and the power generation has increased to 195.02 GWh, as shown in Supplementary Materials Table S1. The corresponding control technologies, including flue gas desulfurization (FGD), denitration, selective catalytic reduction (SCR) systems and PM removal devices, have also been used in almost all the power plants.




2.2. Measurements of NOx, SO2 and PM Concentrations


The continuous emissions monitoring system (CEMS) was designed to provide direct, real-time, continuous measurements of NOx, SO2 and PM concentrations by analyzing representative samples of the flue gas. This system has been installed in most of coal-fired power plants in Anhui Province. The CEMS system consists of the master stations in the provincial dispatch center and the sub-stations in power plants. Monthly data can be downloaded at the boiler/stack unit level rather than for each monitoring location. Power plants with separate units, which can use different fuels, and have different types of pollution control technology, are included as separate entries in the database. The data are transmitted from the sub-station to the master station in the provincial dispatch center. The Ministry of Environment Protection (MEP) has issued several CEMS-related technical guidelines and management rules over the past decade to ensure the data quality [11]. These technical specifications and orders shown in Supplementary Materials Table S2 were developed to guide and standardize CEMS installation, certification, operation and maintenance. The Environmental Protection bureaus (EPBs) used the normal procedures to conduct the tests for the CEMS. Therefore, CEMS can provide accurate and consistent data for assessing compliance with emission control requirements [31,32].




2.3. CEMS Validation Using MRU NOVA2000 Flue Gas Analyzer


The reference tests were conducted at least once every six months in most of coal-fired power plants to ensure data quality. MRU NOVA2000 flue gas analyzer was used to measure the concentrations of NOx, SO2 and PM in the inlet and outlet of FGD and SCR systems. According to the grid method [33], the testing sites for the SO2 and PM concentrations were located at the inlet and outlet of the flue gas desulfurization tower, respectively. The testing sites for NOx concentrations were at the inlet and outlet of each SCR reactor for the denitration systems. The NOx and SO2 concentrations were measured from 20 and 21 plants in 2013 and 2014, respectively, and PM emissions were measured from 25 plants in 2014. All testing instruments were subjected to metrological certification and calibration. The molar ratios of SO2 to NOx, i.e., SO2/NOx obtained using CEMS and MRU NOVA2000 flue gas analyzer, were compared to validate the validity of the data from the coal-fired power plants.




2.4. Statistical Analyses


Statistical analyses were conducted using OriginPro 2018, SPSS 20.0 and Microsoft Excel for Windows 2016. For each emission of NOx, SO2 and PM, the standard error (SE) was used to estimate the uncertainty. The differences between NOx, SO2 and PM concentrations from CEMS and MRU NOVA2000 were tested using the paired-sample t-test. Correlations between NOx, SO2 and PM concentrations were determined using Pearson correlation analysis. We used the concentrations of NOx, SO2 and PM measured by CEMS to estimate the emissions of three air pollutants from coal-fired power plants. First, annual average concentrations of NOx, SO2 and PM were calculated based on the CEMS data. According to the low calorific value data of each coal-fired power plants, the theoretical dry flue gas volume was calculated in each coal-fired unit. After this, the emission factors were obtained in each CEMS unit, which were combined with the theoretical dry flue gas volume and emission concentrations. Finally, based on the emission factor method, the emissions of air pollutants from each CEMS power plants were calculated from the bottom to up. The types of fuel used in power plants in Anhui were mainly bituminous coal and anthracite. The specific formulas are as follows:


Em=∑nACn×EFn



(1)






CAVG,n=∑j∑hCj,h/∑jOphj



(2)






EFn=CAVG,n×Vn



(3)






V=1.04×QL/4186.8+0.77+1.0161×(α−1)×V0



(4)






V0=0.251×QL/1000+0.278 (Bituminous)



(5)






V0=QL/4140+0.606 (Anthracite)



(6)




where h, j, and n stand for the operating hour, exhaust vent number, different power plants, respectively; Em is the pollutant emissions from power plants, t yr−1; EF is the emission factor, g kg−1; AC is coal consumption, t yr−1; CAVG is the statistical mean gas concentration, mg m−3; Cj is hourly mean gas concentration of exhaust vent from CEMS; Oph is number of monitoring hours; V is the theoretical amount of exhaust, m3 kg−1; QL is the low calorific value of coal burning, kJ kg−1; α is the excess air coefficient with the ratio 1.4 in this study; and V0 is the theoretical air volume [3,34]. The QL value for different types of coals were obtained from statistics [35].



We estimated the contribution (i.e., the percentage of the total emissions) of the desulphurization and denitration devices to the decrease in the NOx, SO2 and PM emissions from coal-fired power plants. The decrease in NOx, SO2 and PM emissions during the period from 2014 to 2017 was calculated relative to the baseline emissions for 2013 using the following formulas:


Δemission,t=EGt×(EI2013−EIt)



(7)






%Δt=Δemission,t∕(EGt×EI2013)



(8)




where EG stands for total electricity generation, kwh yr−1; EI for emission intensity (the emission amount per kW h), g kWh−1, t for the year; and %Δ for the percentage of the emission reduction.





3. Results and Discussion


3.1. CEMS Validation


The molar ratios of SO2 to NOx (SO2/NOx) obtained through CEMS and MRU NOVA2000 are illustrated in Figure 2. The NOx and SO2 concentrations from CEMS had a total 2σ uncertainty (±21%). The uncertainty for the slope of SO2 versus NOx linear correlation was estimated to be ±28% (2σ) from the MRU NOVA2000. The molar ratios of SO2 to NOx from the MRU NOVA2000 and CEMS were consistent and they were within the combined uncertainty of ±41%. The PM concentrations from CEMS and MRU NOVA2000 were also compared. Although the PM concentrations from CEMS showed a larger fluctuation than those from the MRU NOVA2000, they were within the error range, as shown in Figure 2c. No significant differences were found between the ratios of SO2 to NOx for 2013 (t = 0.319, p = 0.754) and 2014 (t = 0.043, p = 0.966) and between PM concentrations (t = 0.689, p = 0.498). Furthermore, significant correlations were obtained between the molar ratios of SO2 to NOx (r = 0.96, p < 0.01) and between PM concentrations (r = 0.80, p < 0.01), which is shown in Table 1. Therefore, the CEMS data were found to accurately reflect SO2, NOx and PM concentrations from the coal-fired power plants.




3.2. NOx, SO2 and PM Emissions from Coal-Fired Power Plants under Control Measures


The NOx, SO2 and PM emission intensity and annual total emissions significantly decreased from 2013 to 2017 due to the large-scale application of denitration technologies, desulfurization measures and PM-removing devices. Figure 3a shows that the NOx, SO2 and PM emissions in 2017 decreased by about 79.0%, 70.1% and 81.2% relative to the baseline emissions in 2013. The emission intensity decreased from 0.69 g kWh−1 to 0.13 g kWh−1; from 0.29 g kWh−1 to 0.08 g kWh−1; and from 0.098 g kWh−1 to 0.015 g kWh−1, respectively. The NOx, SO2 and PM emission intensities were 0.36 g kWh−1, 0.39 g kWh−1 and 0.08 g kWh−1, respectively, at the national level in 2016. These are higher than those from the coal-fired power units in Anhui Province [6].



The SO2, NOx and PM emissions in 2016 were estimated according to the unit capacity for coal-fired power plants, which is shown in Figure 3b. Overall, the coal-fired units with ≥600 MW generated 80.6% of total electricity amount and they emitted 23.9 kt NOx, 18.0 kt SO2 and 5.2 kt PM, accounting for 70.5% of total NOx, 70.1% of total SO2 and 71.9% of total PM. Their emission intensities and consumed coal per kWh all decreased with the unit capacity shown in Table 2, which was in accordance with previous studies [6,30]. The NOx and SO2 emission intensities from the units (≥600 MW) were 0.18 and 0.13 g kWh−1, respectively, accounting for about 60% from the units (<300 MW), whereas the PM emission intensity from the units (≥600 MW) was only 0.04 g kWh−1, accounting for about 70% from the units (<300 MW). Our results indicated that the introduction of large and highly efficient units as well as the large-scale application of denitration technologies, desulfurization measures and PM-removing device have greatly decreased the consumed coal per kWh and NOx, SO2 and PM emissions from coal-fired power plants in Anhui Province.




3.3. Temporal Variations of NOx, SO2 and PM Emissions from Coal-Fired Power Plants


The annual or monthly amount of generated electricity increased from 2013 to 2017, but the annual or monthly NOx, SO2, PM emissions decreased with all the seasonal emission peaks in the summer months of July and August and in the winter months of January and December, as shown in Figure 4. During the period from October in 2013 to May in 2014, the total NOx emissions showed a sharp decline following the completion of the denitration transformation in most of the coal-fired plant units. Significantly higher SO2 and PM emissions occurred in July and August of 2013 due to the enhanced power generation. The coal-fired power plants in Anhui had completed the installation of PM removing and desulphurization devices during the 11th FYP and the SO2 and PM emissions decreased gradually with the improvement in the desulphurization and PM removal efficiency in most power plants during the 12th FYP [36]. Similarly, the SO2 and PM emissions also reached their peak in summer and winter following the power generation. Overall, the NOx, SO2 and PM emissions and power generation showed significant positive correlation (P < 0.05) after the application of control measures, indicating that their seasonal emissions were significantly affected by power generation from 2013 to 2017 (Table 3).



It was noted that the highest NOx, SO2 and PM emissions from coal-fired power plants occurred in winter, which might lead to serious air pollution during the wintertime. In recent years, heavy haze events have taken place in some cities of North China due to the excessive emission of air pollutants [37]. NOx, SO2 and PM emissions from coal-fired power plants might be an important contributor to the production of heavy haze [38,39]. The corresponding policies along with the control measures should be carried out to further decrease these air pollutant emissions from coal-fired power plants in winter.




3.4. Spatial Variations of NOx, SO2 and PM Emissions from Coal-Fired Power Plants


The NOx, SO2 and PM emissions have been assigned to the corresponding grid cells based on the longitudes and latitudes according to the CEMS data from 2013 to 2017 at the unit levels shown in Figure 5. The three air pollutant emissions from almost all the coal-fired power plant units in Anhui decreased from 2013 to 2017 with the largest decrease in NOx emission. In 2013, there were 16 and 20 units that emitted over 3 kt of NOx and 1 kt of SO2 each while the total NOx and SO2 emissions were 87.8 kt and 44.3 kt. In contrast, the number of units that emitted over 3 kt of NOx and 1 kt of SO2 was 0 and 2, respectively, in 2017. The emissions from the units that emitted more than 0.1 kt PM accounted for 99.8% of the total emissions in 2013 and 51.0% in 2017.



The Huai River Basin and Yangtze River Basin was found to have the highest emission density for NOx, SO2 and PM from coal-fired units. The two northern cities of Huainan and Huaibei stood out as the largest three coal-fired emission sources, which is most likely attributed to the abundant water resource and large consumption of coal as a power source [40]. The highest emissions occurred in Huainan that covers only 4% of the provincial area as it accounted for 26–40% of the total emissions. The three southern cities of Tongling, Maanshan and Wuhu also had high emissions, which might be due to their rapidly developing economies and increasing power demands. Serious air pollution still occurred in the cities of Huainan, Huaibei and Maanshan, Wuhu and Tongling from 2013 to 2017, although the total air pollutant emissions from coal-fired power plants decreased due to the control measures [41]. Therefore, the spatial distribution of emissions has illuminated the need for more attention and more stringent regional policy in the Huai River Basin and Yangtze River Basin of Anhui in order to further control the pollutant emissions from coal-fired power plants.




3.5. Contribution of the Control Measures to the Reduction in NOx, SO2 and PM Emissions


Figure 6 shows the contribution of the stringent control measures to the reduction (%Δt) in NOx, SO2 and PM emissions from coal-fired power plants from 2014 to 2017. Only a 48.3% NOx emission reduction, a 20.2% SO2 emission reduction and a 26.6% PM emission reduction were achieved in 2014 (compared with a 2013 baseline). However, the %Δt in NOx, SO2 and PM emissions significantly increased from 2015 and their emissions experienced a reduction of up to 81.9% for NOx and 74.2% for SO2 and 83.9% for PM in 2017. Overall, the NOx emissions in Anhui had greater mitigation potential than SO2 emissions due to the extensive application and improved efficiency of SCR, which were similar to the NOx emissions in Shandong [15].



Numerous scholars have estimated the atmospheric pollutant emissions from coal-fired power plants in other provinces, such as Shandong Province [15,24,42,43]. However, there is still a lack of an emission inventory of the coal-fired power plants in Anhui Province. In addition, previous studies focused on the pollutant emissions from power plants before 2013 and only contained projections for the future emissions [25,44]. During the 11th FYP period (2006–2010), the Chinese government had introduced a series of air pollutant emission standards for coal-fired power plants and the installation of PM-removing and desulphurization devices was completed in each power plant [29,30]. During the 12th FYP (2011–2015), the stringent regional policy and the nationwide controls on NOx emissions were implemented along with the SO2 and PM emissions due to the application of ESP (electrostatic precipitator), FGD (flue gas desulfurization), LNBs technology (low-NOX burner) and SCR (selective catalytic reduction) [8]. Their emissions decreased from 116.9 kt, 49.4 kt and 16.0 kt in 2013 to 24.5 kt NOx, 14.8 kt SO2 and 3.0 kt PM in 2017. Compared with the previous literature scenario analysis for future emissions, the air pollutant emissions from coal-fired power plants greatly decreased due to the high-efficiency control technology scenario [2,17]. Therefore, an updated emission inventory of the coal-fired power plants is essential because coal-fired emissions have changed significantly in Anhui during the latest decade. Our results indicated that coal-fired emissions could be controlled with the application of desulfurization, denitration and dust-removing devices.





4. Conclusions


In this study, we developed an emission inventory based on CEMS data from the coal-fired power sector in Anhui Province during the period from 2013 to 2017. The NOx, SO2 and PM emissions from coal-fired power plants had decreased from 116.9 kt, 49.4 kt and 16.0 kt in 2013 to 24.5 kt, 14.8 kt and 3.0 kt, respectively, in 2017. The emission reductions of approximately 79.0%, 70.1% and 81.2% were achieved in 2017 compared with a 2013 baseline, respectively, due to the application of high-efficiency emission control measures, including the desulfurization, denitration and dust-removing devices and selective catalytic reduction (SCR). The coal-fired units (≥600 MW) generated 80.6% of the power but emitted 70.5% of the NOx, 70.1% of the SO2 and 71.9% of the PM due to the lower coal consumption, higher desulfurization, denitration and dust-removing efficiency compared to low units. The peaks for seasonal NOx, SO2 and PM emissions were concentrated in summer and winter and their emissions were positively correlated with the power generation. Northeastern coal-rich cities, such as Huainan and Huaibei, and southeastern cities, such as Tongling, Wuhu and Maanshan, are the major emission contributors in Anhui. Huainan had highest emission with about 26%~40% of total emission. The NOx and SO2 emissions decreased by 68% and 41%, respectively, from 2013 to 2015. Compared with other Chinese provinces, the emission showed a larger reduction in Anhui due to the higher proportion (71.2%) of the installed units of ≥600 MW. Our results indicated that the control measures, including the desulfurization, denitration and dust-removing devices and selective catalytic reduction (SCR), greatly decreased NOx, SO2 and PM emissions.
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Figure 1. Study area and location of major coal-fired power plants in Anhui Province. The power plants around Huainan City are separately shown on the left of the map due to the dense distribution of coal-fired plants. The maps were drawn using ArcMap 10.2. 
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Figure 2. CEMS validation using reference test. (a,b) comparisons of SO2/NOx mole ratios obtained using MRU NOVA2000 (black squares) and CEMS (grey dots) in 2013 and 2014. Bars on CEMS data are ±30% (2σ) combined uncertainties. Bars on MRU NOVA2000 measurements are the ±28% (2σ) combined uncertainties. (c) comparisons of PM concentration measured by MRU NOVA2000 (black squares) and CEMS (grey dots) in 2014. Data are arranged in the order of decreasing MRU NOVA2000 PM emission. The dotted line represents the allowable range of error, which is the value measured by MRU NOVA2000 plus or minus 15 mg m−3. 
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Figure 3. NOx, SO2 and PM emissions from coal-fired power plants in Anhui Province. (a) Annual emissions of NOx, SO2 and PM and their emission intensities (EI) from coal-fired power plants between 2013 and 2017; (b) Emission inventory of different unit groups in Anhui in 2016. 
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Figure 4. Monthly variations of power generation and NOx, SO2 and PM emissions from coal-fired power plants in Anhui Province between 2013 and 2017. 
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Figure 5. Spatial distribution of (a) NOx, (b) SO2 and (c) PM emissions from coal-fired power plants in Anhui Province from 2013 to 2017. 
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Figure 6. The contribution of the control measures to the reduction in NOx, SO2 and PM emissions from 2014 to 2017 in Anhui relative to the baseline emissions for 2013. 
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Table 1. The paired t-test and correlation coefficients between SO2/NOx and PM concentrations obtained through CEMS and MRU NOVA2000.
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