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Abstract

:

In the background of constructing a wold-class Guangdong-Hong Kong-Macao Great Bay Area (GBA), the growing demand for industrial, transportation and energy development in the Pearl River Delta (PRD) will put considerable pressure on improvement of regional air quality. It is important to choose a scientific development path to achieve both economic goal and air quality improvement target. This study uses scenario analysis method to construct three “industry-transport-energy” development scenarios within the region while the improvement level of air quality is simulated and analyzed. The results show that: (1) Considering the mutual constraints and influence relations between industry, transportation and energy in scenario analysis, the “industry-transport-energy” development scenario can be established to meets the same economic goal but has different development paths. (2) Along the historical track and established policy path, concentration of fine particulate matter (PM2.5) in the PRD can be reduced to 16.2 µg/m3 by 2035 as regional gross domestic product (GDP) reaching about 23.5 trillion. (3) Under the same economic goals, raising the proportion of emerging industries, freight by rail, public transport travel and non-fossil power to 95%, 10%, 73%, and 46% respectively leads to 29.6~49.2% reductions in the emissions of sulphur dioxide (SO2), nitrous oxides (NOx), primary PM2.5 and volatile organic compounds (VOCs) compared with those in 2017 that the regional PM2.5 concentration will further drop to 14.1 µg/m3. The results show that, under the constraints of economic development objectives, deepening structural adjustment can improve air quality, which gives advice for the PRD to choose its development path. Furthermore, this study can provide reference for the PRD to promote the transformation of industrial, transportation and energy development modes and structural adjustment under the dual objective of promoting the world-class bay area economic level and high-quality air level.
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1. Introduction


Different economies worldwide use resources and fossil fuels to achieve industrialization and urbanization when developing their economies, which increases air pollution in the environment especially in rapid developing regions [1,2,3]. However, there is more than one simple linear relationship between economy and air quality. As early as in the 1990s, some American researchers had put forward the hypothesis that there was an inverted “U”-shaped relationship between economy and air quality. It supposed the air quality would deteriorate rapidly when the economy develops rapidly, while the air quality would gradually improve when the economic development becomes stable and the society begins to pay attention to environmental protection [4,5]. Various countries are adopting effective strategies for better air quality and growing economy [6].



Located in the core area of Guangdong province, the PRD region is one of the most developed regions in China and has accounted for 80% of the province’s total economy for over 10 years [7]. From 1978 to 2018, the total GDP of Guangdong has grown 483 times, and Guangdong has gathered 8% of the total population and created nearly 11% of the total GDP the national territory since the reform and opening-up [8]. In the process of taking the lead in the rapid economic development, the PRD region suffers from the air pollution problem earlier. The concentration of pollutants such as SO2, nitrogen dioxide (NO2) and inhalable particulate matter (PM10) remained high, and the concentration of PM2.5 was worsened during 2000 to 2005 [9,10]. However, the PRD achieves both rapid economic development and effective air pollution control in recent years [11]. From 2010 to 2021, the GDP of PRD has grown about 2.5 times and SO2, NO2 and PM10 concentration have decreasing by 70%, 56% and 37%. After reaching PM2.5 concentration World Health Organization (WHO) phase II target (25 μg/m3) in 2020, the air quality of the PRD is better than that of the Beijing–Tianjin–Hebei and Yangtze River Delta regions in China, but still far from the level of advanced bay areas such as the two major bay areas in the United States and the Tokyo Bay Area in Japan [12]. In February 2019, the outline of the development plan of GBA was released, requiring a developing goal of the GBA into a high-quality life circle suitable for living, working and traveling [13]. Thus, the economic and social activities of the PRD need to maintain stable development, while the air quality needs to continue to improve at a low concentration level.



By setting different development types, scenario analysis can make qualitative or quantitative prediction of future air quality within a region, which has been widely used in the study of air quality improvement. The area scope of the studies covers global [14,15,16], regional [17,18,19], national [20,21,22,23,24], provincial [25,26,27,28], and city scales [29,30,31,32,33]. Some of these studies set scenarios by setting different emission reduction rates, regardless of the specifics of the details of the emissions structure [34,35]. For example, Xue et al. simulated PM2.5 and ozone under nine emission reduction scenarios, and the anthropogenic emissions of each air pollutant were reduced by the same percentage, ranging from 10% to 90% for each scenario [25]. Some studies focus on research from a sectoral perspective (such as mobile source and power industry) or a certain air pollution control policy in scenario analysis [32,35,36,37,38,39,40]. For example, Guo et al. and Zhang et al. use scenario analysis to predict the change of conventional pollutant concentration in the Beijing–Tianjin–Hebei region under different target years of vehicle emission control strategies [35,36]. Hu et al. consider five scenarios of China’s power development in 2030 and predicts spatial distribution of conventional pollutant concentration under different scenarios through model simulation on national scale [37]. Li et al. evaluated the air quality improvement potential and far-reaching influence of scattered coal consumption reduction in rural areas. Some studies mainly adopted the data provided by international widely-used scenario models due to their complete long-term scenario database with insufficient localized data [14,15,16,17]. For example, Reis et al. project the future concentrations of major the air pollutants for five socioeconomic pathways, using a fast transport chemistry emulator and the emission database produced for the sixth assessment report of the Intergovernmental Panel on Climate Change. Shim et al. investigated changes in PM2.5 concentration and air-quality index in Asia using climate model from historical and future scenarios under shared socioeconomic pathways. Other researchers consider development scenarios in various fields with a more specific description of the current situation and the development of the region and predict the improvement of air quality in the future [20,24,26,31,40,41]. For example, Tong et al. measured the potential of emission reduction of major pollutants in the Beijing–Tianjin–Hebei region in 2030 under different energy scenarios and end control scenarios, and further evaluated the air quality improvement under different scenarios through air quality models, pointing out the importance of energy structure adjustment to air quality standard [40]. To study the impact of air pollution control strategies on future air quality, similar to the research ideas of Tong et al., Mo et al. and Ling et al. we set up future scenarios which include energy structure scenarios and end-of-pipe scenarios [26,31]. To explore the potential for further improvement of air quality in the PRD, Hong Kong and Macao after the “13th five year plan”, Zhang et al. set up three sets of local emission control scenarios and one set of inter-regional collaborative control scenarios covering short-term established control measures and some enhanced control measures concentrating on transportation and power to simulate PM2.5 concentration improvement under different scenarios [24].



Most of the studies focus on the adjustment of energy structure, and the future development of industry and transportation were separated and used as the input factors for building energy scenarios, without considering the interdependence and mutual constraint relationship between industrial structure, transportation structure and energy structure in the process of adjustment. The coupling relationship within the three fields is important, as the change of industrial structure will lead to the demand for transportation and further leads to the change of energy demand [42,43,44,45], which will affect the emission of air pollutants. In addition, the main focus of the existing studies are changes in air quality under different policies, with inadequate attention to the impact of economic development. However, currently, stability is the primary goal of China’s economic development. It is particularly important to pay attention to the impact on economic development when developing air quality improvement strategies.



In this paper, scenario analysis is used to study the improvement strategy of air quality in the PRD under certain economic development goals, and the coupling relationship within “industry-transportation-energy” is mainly considered in the scenario analysis. Based on the analysis of factor decomposition of economic target and driving force of air pollutant emission, this case study screens the key parameters to be considered in scenario analysis and the mathematical correlation of their linkage effects. Then, we make an overall forecast of the future industrial development, transportation and energy consumption needs of the PRD and build up three types of “industry–transportation–energy” development scenarios. In each scenario, the PRD can achieve its future economic development goals. The air quality improvements under different scenarios are simulated. Through comparing the results with fixed development mode, we provide development plans for achieving high-speed economic objectives while obtaining better air quality.




2. Materials and Methods


2.1. Scenario Analysis Method


2.1.1. Screening of Scenario Parameters


This study focuses on both the accessibility of economic development goals and changes in air quality under different scenarios. We use the factor decomposition method to decompose the driving force of air pollutant emission changes. Variables with strong correlation with air pollutant emission in industry, transportation and energy activities are selected as the parameters in the construction of the scenario. The linkages among the three fields are also being analyzed.



According to the definition, GDP is the sum of added value of various industries in the national economy covering industry, transportation, energy and other fields. Based on Yu and Liu, Lu et al. and Hou et al. [46,47,48].



The factor decomposition method is important in analyzing the driving force of air pollution emissions. Specifically, the exponential factor decomposition method represented by LDMI (logarithmic average Dirichlet index decomposition method) has been widely used in the study of the driving effect of air pollutant and carbon emissions [49,50]. Air pollutant emissions in the fields of industry, transportation and energy can be decomposed into the following factors:


   C  i n s   = ∑    C  i j      E  i j     ×    E  i j      E i    ×    E i    G D  P i    ×   G D  P i    G D P   ×   G D P  P  × P = E  C i  × I C × I I × I S × Y P × P  



(1)




where    C  i n s     is air pollutants emission from industry,   E  C i    (  or     C  i j   /  E  i j    ) is emission factor of industry i using energy source j, IC (   E  i j   /  E i   ) represents energy consumption structure of industry i, II (   E i  / G D  P i   ) represents energy consumption intensity of industry i, IS (  G D  P i  / G D P  ) represents inner structure of industry, YP (GDP/P) is GDP per capita, P is population.


    C  t r a   = ∑    C  p j      E  p j     ×    E  p j      E p    ×    E p     Q  p i     ×    Q  p i      Q i    ×    Q i    G D  P i    ×   G D  P i    G D P   ×   G D P  P  × P    = E  C p  × T C × T I × T S × Q × I S × Y P × P   



(2)




where    C  t r a     is pollutant emission from transportation,   E  C p    (or    C  p j   /  E  p j    ) is emission factor of transportation mode in p ways using j kinds of energy sources, TC (or    E  p j   /  E p   ) stands for energy consumption structure of transportation mode in p ways, TI (or    E p  /  Q  p i    ) represents energy consumption intensity of transportation mode in p ways in industry i, TS (or    Q  p i   /  Q i   ) stands for transportation structure in industry i, Q (or    Q i  / G D  P i   ) stands for transportation demand per unit GDP of industry i.



Emission of air pollutants in the energy field mainly comes from power production. Based on Hou et al. [48], the emission of pollutants from power production can be divided into:


   C  p o w   = ∑    C j     F j    ×    F j   G  × G = E  C j  × F G × G  



(3)




where    C  p o w     is pollutant emission from power production,   E  C j    (or    C j  /  F j   ) is emission factor of power production from j kinds of energy, FS (or    F j  / G  ) stands for proportion of fossil fuel power generation, G is power generation.



According to Equations (1)–(3), we found that emissions of air pollutants are not only related to their own level of activities but also related to two other fields (Figure 1). For example, in Equation (2), pollutant emissions from transportation sector are related to traffic volume (Q), energy consumption structure (TC), energy consumption intensity (TI) and industry structure (IS). In other words, the optimization of industrial structure will lead to changes in emissions in the transportation sector, which is consistent with the results of some previous studies [42,43,44,45]. In Equation (3), we can see that power production needs to meet terminal power consumption demand while terminal power consumption is affected by the power consumption intensity, industrial structure, per capita GDP, population and etc. in industry and transportation sectors [51,52,53]. Variables in Equations (1)–(3) are parameters to be considered in scenario analysis.




2.1.2. Prediction Method of Scenario Parameters


Parameters prediction includes elastic coefficient method, multiple linear regression method, logistic model and the combination. By analyzing the development and change law of economic activities and its relationship with demand parameters, we can accurately understand its law of change [42]. Here, it can be used to predict demand parameters such as industrial output, production, motor vehicle ownership, passenger and freight volume, etc. Multiple linear regression analysis can be used in the prediction of passenger and freight volume in transportation demand. Energy consumption in the energy field is predicted based on activity level and unit energy consumption in the industry and transportation fields. In order to limit the increasing demand in various fields, we have restricted the values of the relevant parameters (industry development growth rate, upper limit of transport mode carrying capacity, upper limit of energy supply capacity, upper limit of energy consumption level, etc.) in the prediction function based on existing policies [54,55,56,57,58,59].





2.2. Scenario Setting and Simulation Method


2.2.1. Definition of ‘Industrial-Transportation-Energy’ Linkage Development Scenarios in PRD


Refer to the development objectives of cities within the PRD [54] and research results of Guangdong Academy of Social Sciences [55] that by the end of 2035, PRD’s GDP will reach about CNY 23.5 trillion, GDP per capita will reach CNY 280,000 while the population will increase to 77–80 million, and the urbanization rate will reach above 90%. Government can choose different pathways in industries, transportation and energy sectors to achieve the above development goals. For example, to keep certain economic growth, it can continue to develop its traditional advantageous industries, such as automobile, electrical machinery and building materials manufacturing, or on the other hand, promote green transformation and upgrade traditional industries while developing strategic industries such as semiconductors and integrated circuits, high-end equipment manufacturing, and cutting-edge new materials [56].



In this paper, we set 2017 as base year and 2035 as target year, taking current policies as a guideline. Through selecting different scenario control parameters, we set up one baseline and two control scenarios to represent different development pathways of achieving such development objectives.



The baseline scenario is the Business-as-usual (BAU). The other two scenarios are moderate adjustment scenario (MAS) and enhanced adjustment scenario (EAS). The following is the detailed illustration of the defined scenarios in this paper.



	(1)

	
Business-as-usual Scenario (BAU)







The BAU scenario is the base case in which the growth was assumed to follow the existing projection. The scenario is based on plannings and documents such as “Comprehensive Development Planning of Guangdong Coastal Economic Belt (2017–2030)”, “Opinions on Cultivating and Developing Strategic Pillar Industrial Clusters and Strategic Emerging Industrial Clusters”, “Implementation Plan for Promoting Adjustment of Transportation Structure in Guangdong Province”, “Implementation Plan for Energy Structure Adjustment of Guangdong Province during the ‘13th five year plan’”, etc. [56,57,58,59]. Under this scenario, the structural transformation of various fields in the PRD has been gradually promoted.



	(2)

	
Moderate Adjustment Scenario (MAS)







Moderate adjustment scenario indicates certain changes of economic development mode that structural transformation in various fields has certain promotion, the pace of adjustment has moderately accelerated. More specifically, industries such as cement, flat glass, ceramics and other building materials industries, petrochemical, paper making, textile and clothing, steel and other low-end industries are restricted in most cities [56]. At the same time, production capacity has significantly eliminated more than 50% by the end of 2035. The average annual growth rate of added value of emerging industries such as pharmaceutical manufacturing, general equipment manufacturing, special equipment manufacturing, automobile manufacturing, electrical machinery and equipment manufacturing, railway, shipping, aerospace and other transportation equipment manufacturing, computer, communication and other electronic equipment manufacturing has increased by 1.5% compared with BAU scenario. Transportation structure continues to shift to a low energy consumption and low emission transportation mode. The average annual growth rate of railway passenger and freight traffic is 0.8–1.2% higher than that of BAU scenario. The proportion of public transport in the city continues to increase. Through energy conservation and consumption reduction as well as promotion and application of clean energy, consumption of non-fossil fuels has continuously controlled in the energy sector. Energy consumption efficiency of paper-making, cement ceramics, flat glass and other industries has increased by about 4–11% compared with BAU scenario. The proportion of electric vehicles such as light trucks, intercity buses and private cars has increased by 10% compared with the baseline scenario. Some of the coal-fired power units located in urban areas will be decommissioned in advance.



	(3)

	
Enhanced Adjustment Scenario (EAS)







Enhanced adjustment scenario represents the improvement of international competitiveness and enhancement of social sustainable development intention of the GBA. PRD changes the mode of economic development, production and consumption actively, while the structure of different sectors is significantly optimized. Specifically, under this scenario, a modern industrial structure with advanced manufacturing as main body will be built. Steel, paper, cement, flat glass, ceramics and other low-end industrial products are gradually saturated in domestic demand, and basically withdraw from the region (except for some enterprises with advanced technology and high level of energy conservation and environmental protection high-quality building materials). The average annual growth rate of added value of emerging industries continues to increase by 0.8%. For transportation structure, with acceleration of high-speed railway construction and change of residents’ travel habits, the average annual growth rate of railway passenger and freight traffic continues to increase by 0.7–1.4% compared with the moderate scenario. Furthermore, the proportion of taking public transportation has increased and reached an international advanced level. In the energy sector, advanced energy technology has been widely used. Energy consumption efficiency has further increased by 6–16% compared with the moderate scenario. Non-electric industry has basically realized “coal free”. The electrification level of transportation vehicles has further increased by 10–20%. Except for the ultra-supercritical units built after 2010, other coal-fired power units will be decommissioned.




2.2.2. Air Quality Simulation Model Settings


In this research, we use Community Multi-scale Air Quality model (CMAQ version 5.0.2) to simulate air quality levels under different scenarios. The simulation grid used triple embedding. Grid resolution from outside to inside is 27 km × 27 km, 9 km × 9 km and 3 km × 3 km. The innermost region includes the whole Guangdong Province and some neighboring cities and sea areas. CB-05 is used as the model gas phase chemical mechanism, while AERO6 is used as the aerosol chemistry [60]. The meteorological driving data used in the air quality model is simulated by the Weather Research Forecasting model (WRF version 3.9.0.1) [61]. The micro-physical protocol of WRF model uses the Morrison-2 moment [62]. The boundary layer scheme uses ACM2 [63]. Near ground scheme uses Pleim-Xiu [64]. The input data of the meteorological model WRF is 6-h global meteorological reanalysis data combining assimilation of sounding and ground station observation data in the corresponding period. In the three-layer nested CMAQ model, the outer and middle layers adopt the combined emission inventories, a resolution of 0.25° × 0.25° Chinese mainland anthropogenic emission inventory MEICv1.3 (multi-resolution emission inventory) [65] and a resolution of 0.1° × 0.1° global anthropogenic emission inventory [66]. The inner layer uses the 3 km × 3 km Guangdong Province anthropogenic emission inventory of the research group.



The emission inventory scenario data products of Dynamic Projection model for Emissions in China version 2.0 (DPECv2.0) [67] is collected for future emission estimation of area outside PRD in the simulation domain. Combined with the background of China’s carbon neutrality goal, the “Ambitious-pollution-Neutral-goals” scenario in DPEC data in 2035 is selected as the peripheral emission reduction scenario in the PRD region. The resolution of the gridding emission inventory is 0.25° × 0.25°.






3. Results and Discussion


3.1. Demand Forecast of “Industry-Transportation-Energy” Development of PRD


3.1.1. Demand of Industry Development


Under different scenarios, the changes of industrial added value of major emerging industries and production of major medium and low-end products in the PRD are shown in Figure 2. BAU shows that by 2035, the output of medium and low-end products such as cement, ceramics and flat glass will be the same as that of 2017. As elimination of excess steel production capacity continuous to promote [68], steel production has decreased significantly. The added value of emerging industries will increase to CNY 4500 billion, three times compared to 2017. Under MAS and EAS, as traditional industries have eliminated, to maintain the industrial development goal, the added value of emerging industries needs to further increase to about 5600 billion yuan and CNY 6600 billion. The proportion in industry will increase by 20–40% compared to 2017 and reach 81% and 97%, respectively.




3.1.2. Demand of Transportation Development


Use the method in Section 2.1.2 to forecast demand of transportation under industrial development scenario described above. For freight demand, under BAU, it will be 96.8% higher than 2017, reaching about 5.49 billion tons while under MAS and EAS, with the decreasing demand of cement, steel and other bulk goods, it will drop to 5.44 billion tons and 5.32 billion tons, respectively. Demand of intercity passenger transport is about 2.29 billion under BAU, about 1.2 times higher than 2017. As tertiary industry continuous to develop, demand of intercity passenger transport increased slightly to 2.31 billion person times and 2.33 billion person times under MAS and EAS. Residents’ motorized travel demand will reach to 110 million people times by 2035, remaining the same under three scenarios. Freight demand is mainly met by railway, highway, waterway, aviation and pipeline routes. Demand of intercity passenger transport is mainly met by railway, highway, waterway and aviation. Motorized travel modes of urban residents mainly include bus, taxi, rail transit, private car and motorcycle.



Demand of transportation and travel modes under three scenarios is shown in Figure 3. The demand of road, railway and waterway transportation reveals huge difference in each scenario of freight demand. Under MAS and EAS, as regional multi-modal transport system becomes well-established, rapid railway network and the greater bay area international shipping center are gradually formed, demand of road freight has gradually shifted to the demand of railway and waterway freight. Demand of road freight has reduced to 3.02 billion tons and 2.75 billion tons, respectively, decreased by 6.2% and 14.6% compared with BAU. Railway passenger demand has increased by 28.9% and 77.8% compared with BAU. As a large difference between highway and railway of transportation, with the acceleration of high-speed railway construction, demand for long-distance road passenger transportation has been replaced by railway. Under MAS, road passenger transportation has decreased by 5.8% compared with BAU. At the same time, railway freight demand has increased by 13%. Under EAS, demand of railway passenger transportation continues to increase by 12.5%, reaching 1.17 billion passengers, becoming the main mode of transportation. In different scenarios, the difference in motorized travel demand of urban residents is mainly reflected in public transport travel. As public transportation becomes well-established, travel demand of public transport will increase from 66 million people times under BAU to 72.6 million person times and 80.3 million people times under MAS and EAS.




3.1.3. Demand of Energy Development


Based on the method discussed above in Section 2.1.2 to predict energy consumption demand under different scenarios. Results show that under BAU, by 2035, the energy consumption of PRD is expected to reach 430 million tons of standard coal, increased by 83.9% over 2017. Electric power will become the main end-consumption energy species. That consumption will reach 250 million tons of standard coal. At the same time, coal consumption will be strictly limited under “carbon peeking” and “carbon neutralization”. Coal consumption of PRD will decrease by 16.1% compared with that in 2017. To fulfill electric consumption demand, installed power capacity of PRD will reach 103 million kWh, power supply structure will remain basically stable, coal-fired power units will be decommissioned on schedule while new power supply demand will be mainly replaced by gas and electricity. The proportion of coal-fired power installed capacity will decrease from 40.4% to 12.3%. The proportion of gas-fired power installed capacity will increase from 30.1% to 44.8%.



Under MAS and EAS, with the increase of energy consumption, demand of energy consumption is lower than that of BAU, especially coal consumption is decreasing up to 40.1% and 70% while demand of electric consumption declines to 230 million tons and 210 million tons of standard coal. In order to meet the demand of power consumption under MAS, the installed power capacity will reach 114 million kWh in 2035. The proportion of coal-fired power units will decline to 9.6% as early retirement of some coal-fired power units in urban areas, and power supply structure is further optimized. To fulfill the demand of electric consumption, installed power capacity will reach to 119 million kWh. For power supply structure, the proportion of coal-fired power remains at 7.5%. New power supply demand will be replaced by clean energy such as nuclear power, photovoltaic power and wind power. The installed capacity of nuclear energy will rise to 22 million kilowatts, accounting for 18.7%. Installed capacity of renewable power such as offshore wind power and photovoltaic power accounts for 27.4%. Figure 4 shows demand of energy development and electric supply of the base year and three different scenarios with different adjustment intensity.





3.2. Changes of Pollutant Emissions and Air Quality Levels under Different Scenarios


3.2.1. Pollutant Emission Forecast under Linkage Development Scenarios


In 2017, emissions of SO2, NOx, primary PM2.5 and VOCs in PRD are 258 thousand tons, 838 thousand tons, 188 thousand tons and 707 thousand tons, respectively [69]. Under BAU, as the promotion of the established structural adjustment and pollutant control policies, those pollutant emissions have decreased to 152 thousand tons, 511 thousand tons, 88 thousand tons and 382 thousand tons, respectively, decreasing up to 39~53% compared with 2017. Under MAS and EAS, development patterns of industry, transportation and energy are becoming greener, lower-carbon and higher-efficiency than pollutant emissions have further declined. Emissions of SO2, NOx, primary PM2.5 and VOCs emissions have decreased to 114 thousand tons, 436 thousand tons, 73 thousand tons and 325 thousand tons under MAS while 77 thousand tons, 310 thousand tons, 53 thousand tons and 269 thousand tons under EAS. Compared to BAU, pollutant emissions have declined by 14.8~25.4% and 29.6~49.2% under MAS and EAS. In this case, reduction of SO2 emission mainly comes from transformation of energy consumption and supply mode, reduction of NOx emission mainly comes from the transformation of transportation development pattern while transformation of industrial development mostly contributes to the emission reduction of PM2.5 and VOCs. Figure 5 and Figure 6 show emission and reduction benefits of four major pollutants under the three linkage development scenarios.




3.2.2. Simulation Analysis of Air Quality Level of the “Industry-Transportation-Energy” Developing Scenario of PRD


Simulation results of air quality level are shown in Figure 7. Under BAU, the annual concentration level of PM2.5 of cities in PRD will be 13.1 µg/m3~18.2 µg/m3 that concentration level of the region will decline to 16.2 µg/m3. Under MAS, as the acceleration of development pattern, regional concentration level of PM2.5 will decrease to 14.8 µg/m3, improved by 8.9% compared to BAU. Under EAS, with enhanced transformation of development pattern, concentration level will further decline to 14.1 µg/m3, improved by 12.9% compared to BAU. In this case, stronger structural adjustment and development pattern can bring more significant air quality improvement effects.






4. Conclusions


This study screens out the factors that can represent the linkage relationship in the developing process of industry, transportation and energy as the parameters to scenario analysis. Taking 2017 as base year and 2035 as target year, aiming toward the same economic target, we explore future development pathway of PRD by reasonably forecasting the demand of industry, transportation and energy consumption in different developing patterns, constructing three “industry-transport-energy” development scenarios and quantifying their effects on air quality. Below are the main conclusions and recommendations:




	(1)

	
Following historical track and established policy pathways before 2035, the industrial structure remains stable when GDP reaches about CNY 23.5 trillion. In the meantime, freight volume and energy consumption will increase steadily to 5.49 billion tons and 430 million tons of standard coal. Under BAU scenario, the PM2.5 concentration is expected to decline to 16.2 µg/m3.




	(2)

	
Taking consideration of relationship of mutual restraint and influence in the process of industrial, transportation and energy development, we find that freight volume will drop to 5.44 billion tons with the decreasing demand of cement, steel and other bulk goods under MAS and EAS scenario. Energy consumption has also decreased, especially coal consumption, which will decrease by 40~70% compared with BAU scenario. Reduced demand for transportation and energy due to changes in industrial structure will lead to decrease of air pollutant emissions, which is not considered in previous studies.




	(3)

	
Compared to BAU, the reduction of SO2 and NOx is mainly driven by energy and transportation sector respectively, while industry sector will contribute 47~52% and 81~89% to PM2.5 and VOCs reduction respectively under MAS and EAS scenario. Contribution of different sectors to air pollutant reduction projected in this research are relatively comparable with Shi et al. [41].




	(4)

	
The comparison of the BAU and other scenarios reveals that transformation of the economic development pattern is an important step toward better air quality. Under the Enhance Adjustment Scenario (EAS), industrial development mainly depends on strategic emerging industries such as new materials and high-end equipment manufacturing; proportion of freight by rail and public transport travel increase by five to seven percentage points, respectively; and proportion of coal power decrease by five percentage points compared with BAU scenario. Then, the average annual concentration level of PM2.5 can decline to 14.1 µg/m3 in 2035. The results are similar with the study of Chang et al. [69], but lower than the study of Ren et al. [70], in which the annual average PM2.5 concentration in Guangdong Province reduced to WHO level II with mainly considering pollution control strategy. The result in our study is also lower than Shi et al. [41], in which the annual average PM2.5 concentration in PRD decreased to 15 µg/m3 under Chinese Academy of Environmental Planning Carbon Pathway (CAEP-CP) scenario (mainly focuses on adjustment of energy structure). This might be due to the consideration the linkage of industrial, transportation and energy development in our study mentioned in point (2).




	(5)

	
It can be seen that further structural adjustment can continue to drive air quality improvement. However, affected by economic strength, national policies and other constraints, the strength of adjustment of a region is limited. Which scenario developed in this study is more suitable for the PRD depends on two factors: the determination of policymakers to promote air quality, and strength of regional cooperation in emission reduction which can reduce transformation pressures within the area [69].
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Figure 1. Schematic diagram of construction parameters and constraint relationship of “industry– transportation–energy” linkage development scenario. 
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Figure 2. Demand of industrial development of PRD under the base year and three scenarios in 2035. 
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Figure 3. Demand of transportation development of PRD under the base year and three scenarios in 2035: (a) freight transport, (b) passenger transport, (c) urban travel. 
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Figure 4. Demand of energy development and electric supply of base year and three scenarios in 2035 of PRD: (a) energy consumption structure, (b) power structure. 






Figure 4. Demand of energy development and electric supply of base year and three scenarios in 2035 of PRD: (a) energy consumption structure, (b) power structure.



[image: Atmosphere 14 00056 g004]







[image: Atmosphere 14 00056 g005 550] 





Figure 5. Contributions of different sector to pollutants’ emission reduction compared between BAU and MAS scenarios. 
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Figure 6. Contributions of different sector to pollutants’ emission reduction compared between BAU and EAS scenarios. 
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Figure 7. Air quality levels under three scenarios in 2035: (a) BAU, (b) MAS, (c) EAS. 
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