

  aerospace-08-00397




aerospace-08-00397







Aerospace 2021, 8(12), 397; doi:10.3390/aerospace8120397




Article



A System Dynamics Prediction Model of Airport Environmental Carrying Capacity: Airport Development Mode Planning and Case Study



Qiuping Peng, Lili Wan[image: Orcid], Tianci Zhang, Zhan Wang *[image: Orcid] and Yong Tian[image: Orcid]





College of Civil Aviation, Nanjing University of Aeronautics and Astronautics, Nanjing 211100, China









*



Correspondence: wangzhan@nuaa.edu.cn







Academic Editor: Michael Schultz



Received: 1 November 2021 / Accepted: 9 December 2021 / Published: 14 December 2021



Abstract

:

Airport environmental carrying capacity (AECC) provides the fundamental conditions for airport development and operation activities. The prediction of AECC is a necessary condition for planning an appropriate development mode for the airport. This paper studies the dynamic prediction method of the AECC to explore the development characteristics of AECC in different airports. Based on the driving force-pressure-state-response (DPSR) framework, the method selects 17 main variables from economic, social, environmental and operational dimensions, and then combines the drawing of causal loop diagrams and the establishment of system flow diagrams to construct the system dynamics (SD) model of AECC. The predicted values of AECC are obtained through SD model simulation and accelerated genetic algorithm projection pursuit (AGA-PP) model calculation. Considering sustainable development needs, different scenarios are set to analyze the appropriate development mode of the airport. The case study of the Pearl River Delta airports resulted in two main conclusions. First, in the same economic zone, different airports with similar aircraft movements have similar development characteristics of AECC. Second, the appropriate development modes for different airports are different, and the appropriate development modes for the airport in different periods are also different. The case study also proves that the AECC prediction based on SD model and AGA-PP model can realize short-term policy formulation and long-term planning for the airport development mode, and provide decision-making support for relevant departments of airport.
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1. Introduction


In recent years, the air transportation industry has continued to develop due to its convenient accessibility. However, the rapid development of the air transportation industry has also caused a negative impact on the local society, economy and environment [1]. The increased operating volume of the airport has caused a series of problems such as air pollution, noise impact, carbon emissions, and flight delays [2]. These negative impacts will change the airport’s ability to service aircraft and vehicle operations and hinder the sustainable development of the airport [3]. In order to promote the sustainable development of the airport, scholars have considered the impact of sustainable development elements such as society, economy and environment on the airport [4], carried out research on the evaluation of the airport’s sustainable development and achieved some research results [5,6], but rarely to comprehensively study the development characteristics of the airport from the relationship between operation and economic and social and environmental factors. With the rise of the concept of environmental carrying capacity (ECC), many research fields have expanded the connotation of ECC [7]. Taking the assessment and prediction of ECC as a measure of sustainable development in the field [8]. ECC can comprehensively consider the interaction mechanism between the internal factors and external factors of the environment, and can be used as an effective indicator to measure the level of sustainable development of a region [9]. In order to explore the development characteristics of airport from the relationship between internal and external factors, Airport environmental carrying capacity (AECC) has gradually attracted attention [10].



AECC is an important part of airport sustainable development research, and the changes of AECC have impacts on airport development. The development of the airport is affected by multiple factors, such as economy, society, and environment [11]. AECC has many influencing factors and the relationship between the factors is complicated. Changes in the environment around the airport, as well as changes in the level of urban economic and social development, will all lead to changes in AECC. In order to measure the level of sustainable development of the airport, we explored the key factors that affect the development of the airport. Lili Wan studied the connotation of AECC and the AECC evaluation process based on the accelerated genetic algorithm projection pursuit (AGA-PP) model [12], and the results prove the feasibility of the evaluation process. The AGA-PP model is good at analyzing data characteristics [13] determining the importance of each influencing factor of AECC. In addition, it can calculate multiple factors into a comprehensive index. The comprehensive index represents AECC. The larger the comprehensive index, the greater the airport’s carrying capacity for aircraft operations [14]. Accurate assessment of AECC is the basis for airport stakeholders to plan the scale and mode of airport development.



In order to further study the development trend and characteristics of AECC, and to reasonably plan the development mode appropriate for the airport, this paper mainly studies the prediction method of AECC. In the research related to ECC, domestic and foreign scholars mostly use mature prediction models to study ECC, such as the use of grey models to predict the impact factors of traffic environmental carrying capacity (TECC) [15], and the use of time series models to predict traffic carrying capacity (TCC) [16], using BP neural network models to predict the geological environment carrying capacity (GECC) [17]; however, these models cannot systematically and comprehensively consider the impact of different factors on the ECC and ignore the causal relationship between the influencing factors. System dynamics (SD) theory can analyze and study the system feedback process properly by comprehensively considering the causal relationship between subsystems and different variables, and is suitable for studying the behavior of complex systems over time [18]. The SD model has been successfully applied to the prediction of atmospheric environmental carrying capacity [19] and the evaluation of tourism carrying capacity [20]. In the AECC prediction study, Peng used the logistic regression model to simply predict the AECC, and gave recommendations for the sustainable development of the airport [21]; however, the previous research was in the static prediction of the AECC. The predicted values of the indicators are independent of each other and the study lacked dynamic analysis of the correlation between evaluation indicators. In fact, the development process of the airport is dynamic. AECC will continue to change with changes in the society, economy, environment and operating conditions. Therefore, the dynamic prediction of AECC can better realize the continuous planning and management of the airport development mode.



This paper studies the dynamic prediction method of the AECC and its impacts on airport development by constructing an SD model of the AECC and combining it with the AGA-PP model. The content is arranged as follows: Section 2 describes the case study and constructs the SD model of AECC; Section 3 predicts AECC under the current development of the airport; Section 4 predicts the AECC under different scenarios and uses the Pearl River Delta airports as examples to plan the appropriate development mode for Guangzhou Baiyun International Airport (CAN), Shenzhen Baoan International Airport (SZX), and Hong Kong International Airport (HKG), as well as provide a decision-making basis for relevant departments of airport development; Section 5 provides some concluding remarks.




2. Materials and Methods


2.1. Study Area and Data Sources


The Pearl River Delta is located in the south-central part of Guangdong Province, China, with a total area of 55,368 square kilometers. It has obvious geographical advantages and is an important economic center in China. Driven by the development of the regional economy, the civil aviation industry in the Pearl River Delta has developed rapidly, and the number of flights at the airport ranks among the top in China. The development of the regional economy has also benefited from the radiation drive of the development of airports. At present, the economic growth rate of the Pearl River Delta region has slowed down, and the limitations of development have gradually emerged. At the same time. The increasing air traffic flow has caused problems, such as shortage of airspace resources, flight delays, and environmental pollution at large airports in the region, hindering the sustainability of airport development, and affecting regional economic development. Therefore, the coordinated development of regional economy and airport is imperative. It is urgent to study the development characteristics of the AECC and to plan the appropriate development mode of the airport, so as to promote the sustainable development of the airport and the coordinated development between the airport and the region.



The original data are mainly obtained from statistics, such as the Guangzhou statistical yearbook, the Shenzhen statistical yearbook, the Hong Kong statistical yearbook, the Annual Airport Production Bulletin, and the Annual Civil Aviation Development Report from 2008 to 2018. NOx, CO, HC, PM and carbon dioxide pollutant emissions are calculated using the formula in AEDT [22], and the noise level refers to ICAO’s Doc9911 [23].




2.2. Methodology


The AECC prediction method and its impacts on airport development mode planning are based on the system dynamics (SD) model and the accelerated genetic algorithm projection pursuit (AGA-PP) model. The flow chart of methodology is shown in Figure 1.



Step 1: Establish SD model of AECC. Combining sustainable development elements [2], the SD model is divided into social, economic, environmental and operational subsystems, according to the principle of causality of the driving force-pressure-state-response (DPSR) framework, screen the main variables of the subsystem and analyze the feedback relationship between the variables. Then, use the Vensim PLE platform to draw the causal loop diagram, and use the regression analysis method to establish the system flow diagram of the SD model. Finally, the validity and sensitivity of the SD model are tested.



Step 2: Simulation of SD model. Predict the main variables of the SD model under the current development of the airport (baseline), use the projection pursuit model to solve the best projection vector (αj) of the main variables, and determine the key variables based on the ranking of αj and multi-dimensional screening criteria, Combining economic, social, environmental and operational development needs to set up different scenarios. Simulate the SD models in different scenarios to obtain the predicted values of the main variables.



Step 3: Prediction of AECC. According to the predicted values of the main variables of the SD model, the AGA-PP model is used to predict the AECC under baseline and different scenarios. Among them, the calculation steps of the AGA-PP model [12] are: (1) construct the projection characteristic function; (2) construct the projection objective function; (3) combine the accelerated genetic algorithm to solve the optimal projection vector (αj); (4) Calculate the projection characteristic value (AECC) according to the normalized value of the main variable and the αj.




2.3. Establish SD Model of AECC


2.3.1. System Analysis of AECC


The system dynamics (SD) method was created by MIT professor J.W. Forrester. The method is based on feedback control theory and computer simulation technology to carry out related research on complex social, economic, and ecological system issues. The system dynamics method divides the research object into subsystems, and can analyze the feedback interaction process of the subsystems well. Thus, it is suitable for studying the behavior of complex systems over time.



The SD model can analyze the evolution of AECC and predict the main variables in the model. AECC is affected by factors such as economy, society, environment, and operation [12]. According to the integrality and hierarchical characteristics in SD theory, this paper divides AECC into four subsystems: society, economy, environment, and operation. Explore the causal relationship between the operation and the society, economy and environment. According to the system boundary division principle of the SD model, the city where the airport is located is taken as the system boundary of the SD model.




2.3.2. Variable Selection and Causal Loop Diagram Drawing


The SD model contains four subsystems: society, economy, environment, and operation. The subsystems are composed of a first-order feedback loop. The feedback loop is composed of different types of variables. The main variables of the subsystem are screened according to the driving force-pressure-state-response (DPSR) framework [24]. The causal loop diagram reflects the feedback relationship between subsystem variables, and reveals the evolution mechanism of AECC. This paper draws causal loop diagrams based on the Vensim PLE platform. “+” indicates a positive relationship, that is, an increase in one variable will lead to an increase in another variable; “−” is the opposite. The main variable screening and causal loop diagrams analysis are as follows:




	
Social subsystem



The social subsystem is dominated by humans, and environmental pollution caused by population movement and population activities within the airport area affects the AECC. The causal circuit diagram of this subsystem is shown in Figure 2a. The total population of the city and the urbanization rate are important factors that affect the demand for passenger air transportation [25]. The total urban population is calculated from births and deaths. The auxiliary variables are birth rate and death rate [26]. When the urban population and urbanization rate increase, the more frequent the population movement, the more frequent flights will increase. Air pollutants produced by flights will put pressure on the environment, and, at the same time, the rate of change of air pollutants will have an impact on the rate of population mortality [27]. Therefore, the total urban population (y1) and urbanization rate (y2) are taken as the main variables of the social subsystem. The variables of the social subsystem are shown in Table 1. Variables connect the subsystems, aircraft movements connect the social subsystem with the operational subsystem, and the rate of change of atmospheric pollutants connects the social subsystem with the environmental subsystem.



	
Economic subsystem



Economic development is required for the stable development of the society, environment and airport operation subsystems; however, excessive economic growth will lead to resource consumption, environmental pollution, and affect the coordinated development of various subsystems. The causal circuit diagram of the economic subsystem is shown in Figure 2b. The higher the economic level of a city, the larger the per capita GDP, and the passenger throughput will increase [25]. At the same time, the growth of the urban economy will drive the investment in the air transportation industry and the increase in industrial output value, thereby increasing the cargo and mail throughput. The higher the investment in the air transportation industry, the more conducive to the construction and development of the airport [26]. Therefore, urban GDP per capita (y3) and urban air transport industry investment (y4) are taken as the main variables of the economic subsystem. The variables of the economic subsystem are shown in Table 2.



The GDP impact index is the comprehensive value of pollutant emissions, carbon dioxide emissions, and noise levels after logarithmic processing. This index mainly affects GDP growth [28]. The connection between subsystems mainly depends on the connection between variables.



	
Environmental subsystem



The causal circuit diagram of the environmental subsystem is shown in Figure 2c. Aviation emissions and noise are the key influencing factors of environmental pollution around the airport [29]. ICAO’s Doc 9889 stipulates that pollutant emissions around airports mainly consider the LTO cycle, proposes that the main pollutant gases are NOx, HC and CO, and the wear of tires, brakes and asphalt, and fine particulate matter (PM) produced by aircraft movement are also one of the main pollutants [30]. At the same time, the carbon dioxide emitted by aircraft will exacerbate the greenhouse effect [31]. GB 9660-88 stipulates that the environmental standards for aircraft noise around the airport, indicating that the noise level is also the main factor affecting the airport environment. The “China Civil Aviation Fourth Airport Construction Action Plan” requires the greening of the airport and energy-saving measures as important measures to improve the environment [32]. The variables of the environmental subsystem are shown in Table 3.



	
Operating subsystem



The causal circuit diagram of the operation subsystem is shown in Figure 2d. The operation data is the most intuitive feedback of the airport’s production and operation status. The annual airport production bulletin of the General Administration of Civil Aviation of China is usually based on passenger throughput, cargo and mail throughput, and aircraft movements reflects the level of airport production and operation [33]. At the same time, the On-time flight clearance rate is used in the civil aviation industry development bulletin to reflect the operating level of the airport and to measure the operating efficiency of the airport [34]. Therefore, annual passenger throughput (y13), annual cargo and mail throughput (y14), annual aircraft movements (y15), on-time flight clearance rate (y16) and growth rate of on-time flight clearance rate (y17) are selected as the main variables of the airport operation subsystem. The variables of the operating subsystem are shown in Table 4.









2.3.3. System Flow Diagram Establishment of SD Model


The system flow diagram of the SD model can further describe the structure of the AECC system and the nature of the variables in the system, clarify the feedback and control process of the system, and predict the main variables of the SD model. According to the causality diagram and the main variables of the SD model, use the regression analysis method, grey model, and system dynamics function to establish mathematical equations between variables. The system flow diagram of the SD model is established based on the Vensim PLE. As shown in Figure 3, the system flow diagram of the SD model includes 8 state variables, 9 rate variables, 45 auxiliary variables and 17 constant variables.



The SD model (Figure 3) established in this paper is applicable to all airports. The system flow diagrams of different airports are the same, and the method of establishing mathematical equations between variables is also similar. According to the sample data obtained by statistics and calculations, the historical time period of the SD model is set to 2008–2018, and the simulation time period is set to 2019–2028. Take CAN as an example, the data of the main variables of CAN from 2008 to 2018 are shown in the Table 5.



In order to study the development characteristic of AECC at different airports, this paper uses CAN, SZX, HKG as examples to establish SD models for each airport. Since the flow diagrams of each airport are the same, and the mathematical equation establishment methods among the variables are similar, CAN is chosen as the representative to illustrate as follows.




	
State variables



State variables are accumulations that change over time. There are eight state variables in the SD model, which are urban GDP, urban total population, urbanization rate, NOx, HC, CO and PM emissions, and airport green area.



The equation of the state variable is generally defined as INTEG (inflow rate-outflow rate, initial value), INTEG (X) represents the integral function. For examples: (1) urban GDP = INTEG (urban GDP growth, initial value of urban GDP); (2) urban total population = INTEG (birth population-death population, initial value of urban total population); (3) NOx emissions = INTEG (NOx emissions growth, initial value of NOx emissions); (4) urbanization rate = INTEG (Growth rate of urbanization rate, initial value of urbanization rate) etc.



	
Rate variable



The rate variable is a variable that directly changes the value of the accumulation variable, reflecting the input or output speed of the accumulation variable. There are nine rate variables in the SD model, including birth population, death population, GDP growth, urbanization rate growth, NOx emission growth, CO emission growth, HC emission growth, PM emission growth, and airport green area growth.



For example: (1) urban GDP growth = −805,276 × urban GDP affected index + 0.011 × urban GDP + 3.56279 × 107; (2) NOx emission growth = ground support equipment NOx emission index × aircraft ground support equipment emissions growth + motor vehicle NOx emission index × motor vehicle emissions growth + aircraft pollutant emission growth × aircraft NOx emission index.



	
Auxiliary variable



The value of the auxiliary variable at the current time and the value at the historical time are independent of each other. The SD model includes: the output value and proportion of primary and secondary industries, urban per capita GDP, disposable income of urban residents, passenger throughput, aircraft movements, cargo and mail throughput, energy consumption per passenger, and index of on-time flight clearance, etc.



In the establishment of system mathematical equations, table functions need to be used to express the non-linear relationship of some variables over time. When using table functions, it is necessary to combine predictive models to determine the values of variables in the simulation time period. Because the AECC system has dynamic changes in randomness, and the variable data is incomplete or uncertain. According to the greyness of the AECC system, this section uses the grey GM (1,1) model to predict the data of the variables. Use data statistical analysis methods to judge the linear relationship between variables, and use regression analysis methods to establish mathematical equations between variables. For examples: (1) disposable income of urban residents = urban per capita GDP × 0.234 − 537.882; (2) passenger throughput = 1.732 × urban total population + income conversion index × disposable income of urban residents −3.03154 × 106; (3) aircraft movements = 0.013 × cargo and mail throughput + 0.005 × passenger throughput +117,843. The statistical measures are shown in Table 6, Table 7, Table 8, Table 9, Table 10 and Table 11.



	
Constant value



The constant value does not change with time, and the pollutant gas emission index of each emission source in the SD model are constant values. According to the calculation results of various pollutants, the emission index of the four pollutant gases for each emission source can be calculated. The results are shown in Table 12.









2.3.4. Validity and Sensitivity Test of SD Model


SD model testing includes model structure testing and model behavior testing. Structural testing means that the model structure is the same as the real system, and behavior testing means that the model output data is similar to the real data. Structural testing is performed in order to ensure that the model can simulate the causal relationship of the real system. The analysis of the causal relationship between SD model variables is supported by reference documents, which proves that the model has passed the structural evaluation. Behavior testing is to check the correctness of the mathematical equations between the variables in the model to verify whether the error value between the simulated data and the real data output by the model is within an acceptable range, including validity testing and sensitivity testing.



This paper establishes the SD models of CAN, SZX and HKG respectively, and verifies the validity of the models. The validity of the model can be proven when the relative error between the real data and the simulated data of the variable is between [−8%, 8%] [20]. Take CAN as an example: the relative error between the real value (Table 5) and the simulated value of the 17 main variables from 2008 to 2018 is shown in Table 13. The relative error is about [−8%, 8%], which proves the validity of the model. At the same time, the change trend of each variable can be observed when the simulation is running, which meets the sensitivity requirements.






3. Results


The current development of the airport as the baseline for simulation, use the prediction results of variables and combine with the AGA-PP model to predict AECC in the baseline, calculate the AECC in historical years and analyze the leading factors of AECC improvement. From the perspective of short-term planning, provide suggestions for improving the AECC of airports.



Taking CAN, SZX, and HKG as examples to verify, the calculation steps of AECC are as follows: firstly, normalize the original data of the 17 main variables of the SD model from 2008 to 2018; secondly, the αj of the main variables obtained by the AGA-PP model; finally, the AECC of three airports from 2008 to 2018 is calculated based on the normalized value of the main variables and αj, and the results are shown in Table 14. The background color in the Table 14 represents the increase in AECC value compared to the previous year.



From the results in Table 3, it can be seen that the AECC values of three airports were similar in 2008, indicating that the early AECC of three airports were at a similar level. The AECC of the three airports showed a fluctuating and declining trend from 2008 to 2018, indicating that, although the air traffic volume has increased year by year, the AECC has been declining. In the long run, the AECC will limit the sustainable development of the airport. In contrast, AECC of SZX has a small floating range, AECC of HKG has a large fluctuation, mainly due to the impact of economic and operational dimension variable data fluctuations from 2008 to 2018.



According to data collection and processing (the Shenzhen Airport Statistical Yearbook of 2020 has not been published), we have calculated that the AECC of CAN in 2020 is 1.78, and the AECC of HKG in 2020 is 2.75. This is the main reason for the significant increase in the AECC under the influence of the COVID-19 pandemic. It is the substantial reduction in pollutant emissions and the increase in the normal release rate that have had a significant impact on the AECC, and the per capita GDP has not been significantly affected by the COVID-19 pandemic. Therefore, during the COVID-19 pandemic, although the airport’s flight traffic volume had dropped significantly, from the perspective of sustainable development, the airport’s service efficiency for aircraft activities in 2020 has increased.



Run the SD model to get the predicted value of the main variables from 2019 to 2028, combined with the calculation steps to predict the AECC of the three airports from 2019 to 2028 is shown in Figure 4.



It can be seen from Figure 4 that the AECC of three airports in the baseline from 2019 to 2028 has shown a continuous downward trend. The continuous decline of AECC will become a bottleneck restricting the sustainable development of the airport.



In order to provide the improvement measures of the AECC of each airport from the perspective of short-term planning, the perspective of short-term planning includes analyzing the current development status of the airport, mining the influencing factors of AECC, and proposing measures to improve AECC.



For CAN, compared with 2009, the AECC in 2010 has increased. The main reason is that the reduction rate of energy consumption per passenger in 2010 reached the highest value in historical years, accounting for 46.1% of the AECC value added. The main reason for the increase of AECC in 2013 and 2016 was also the increase in the reduction rate of energy consumption per passenger. The improvement of AECC in 2011 is mainly due to the decrease of noise level and the increase of the on-time flight clearance rate. Therefore, in the short term, CAN should focus on the decrease in energy consumption per passenger, the increase in noise level and the on-time flight clearance rate. Measures to reduce energy consumption per passenger and noise level reduction are: adopt continuous descent operations (CDO), continuous climb operations (CCO), GBAS precision approach landing, etc.



For SZX, the main reason for the increase of AECC in 2010 was the increase in the on-time flight clearance rate, accounting for 60.8% of the AECC value added. The reason for the increase of AECC in 2013 was that the urban air transportation industry investment increased by 88.4% compared to 2012, which played a leading role in the improvement of AECC. Therefore, increasing the on-time flight clearance rate and urban air transport industry investment in the short term will effectively improve the AECC of SZX.



For HKG, the increase of AECC in 2009 and 2011 was due to the increase in the on-time flight clearance rate. The on-time flight clearance rate in 2009 increased by 10.6% compared to 2008, and the on-time flight clearance rate in 2011 increased by 4.2% compared to 2010. Therefore, in the short term, HKG should mainly take measures to increase the on-time flight clearance rate to improve AECC and promote the sustainable development of the airport.




4. Discussion


4.1. Different Scenarios Settings


AECC is the foundation for the airport to maintain normal operation activities, different airport development modes will affect the changing trend of AECC. When AECC exceeds its load level, it will restrict the sustainable development of the airport. This section sets up different scenarios and simulate SD models to discuss scenarios that can improve AECC.



The main variables of the SD model have different effects on the AECC. This paper uses the AGA-PP model to solve the αj of the main variables. αj is the best projection reflecting the characteristics of variable data structure, and can indicate the degree of influence of the main variable on AECC. The calculation results are shown in Figure 5.



It can be seen from Figure 5 that the distributions of the main variable values of CAN, SZX and HKG are roughly similar. In this paper, the αj(average) of the main variables of three airports is used to screen the key variables of AECC.



By comparing the αj(average) of the main variables, comprehensively considering the impact of economic, social, environmental and operational dimensions on AECC, screen variables that have a significant impact on AECC and cover multiple dimensions, including carbon dioxide emissions (y10), NOx emissions (y5), PM emissions (y8), HC emissions (y7), CO emissions (y6), urban total population (y1), noise level (y9), reduction rate of energy consumption per passenger (y12), urban air transport industry investment (y4), and on-time flight clearance rate (y16).



Among these variables, the calculation methods for the three pollutant gases of NOx, CO, and HC are the same, and the change trend of the variables is also similar. Among the three, NOx emissions have the greatest impact on AECC, so NOx emissions variable is selected as the representative of pollutants.



The key variables are: urban total population (y1), urban air transport industry investment (y4), NOx emissions (y5), PM emissions (y8), noise level (y9), carbon dioxide emissions (y10), reduction rate of energy consumption per passenger (y12), and on-time flight clearance rate (y16). This paper refers to commonly used scenario setting methods [35] and adjusts the key variables of each subsystem according to the development needs of the economy, society, environment and operation. The parameter settings are shown in Table 15.




4.2. Analysis of Influencing Indicators


Simulate the SD model in different scenarios, predict the main variable of the SD model, and explore the characteristics of the simulation results. Compare the change trends of the key variables (y1, y4, y5, y8, y9, y10, y12, y16) of each airport under the baseline and different scenarios, as shown in Figure 6.



Analyzing the simulation results of the CAN in Figure 6a, it can be seen that the urban total population is the least under the social development mode. The air transportation industry investment is the most under the coordinated development mode. The NOx emissions, PM emissions, carbon dioxide emissions and noise levels are the least under the environmental protection mode. The reduction rate of energy consumption per passenger is the highest in the social development mode. The on-time flight clearance rate is the highest in the coordinated development mode. For CAN, most of the key variables achieve the optimal simulation results under the scenario of adjusting this variable, and a few key variables achieve the optimal results in the coordinated development mode or the social development mode.



From the simulation results of SZX in Figure 6b, it can be seen that the urban total population of the city is lowest number under the social development mode. The air transportation industry investment under the economic development mode is optimal. The NOx emissions, PM emissions, carbon dioxide emissions and noise levels are the least under the coordinated development mode. The reduction rate of energy consumption per passenger is the optimal in the environmental protection mode, and the on-time flight clearance rate is the highest in the airport operation mode. For SZX, most of the key variables achieve the optimal simulation results under the scenario of adjusting this variable, and a few key variables achieve the optimal results in the coordinated development mode.



From the simulation results of the HKG in Figure 6c, the urban total population is the least under the coordinated development mode. The air transportation industry has the largest amount of investment under the economic development mode. In the early stage, NOx emissions and PM emissions are the lowest under the environmental protection mode, and the lowest under the social development mode in the later stage. The noise level is the lowest under the environmental protection mode, and the carbon dioxide emissions are the lowest under the coordinated development mode. The simulation results of the reduction rate of energy consumption per passenger maintained the optimal results for three consecutive years in the environmental protection mode, and then reached the optimal results in the social development mode. The on-time flight clearance rate is the highest in the airport operation mode. For HKG, most of the key variables of the SD model achieve the optimal simulation results under the scenario of adjusting the variables, and a few of key variables achieve the optimal results in the coordinated development mode or the social development mode.



In summary, the optimal simulation results of the key variables of the three SD models are similar. Among them, the optimal simulation results of the key variables of CAN and HKG are the same, and both reach the optimal under the mode of adjusting the variable, the coordinated development mode or the social development mode. By comparing the characteristics of the original data of the three airports and the commonalities of urban development, it is concluded that the aircraft movements of CAN and HKG are similar, indicating that, in the same economic zone, different airports with similar aircraft movements have similar development characteristics of AECC.




4.3. Prediction of AECC in Different Scenarios


In order to make long-term planning for the development mode of each airport that can improve AECC, predict the AECC of each airport under the baseline and different scenarios. According to the calculation steps of AECC, the forecast data of the 17 main variables of the SD model from 2019 to 2028 are normalized and the αj is solved. Using the normalized value and the αj to predict the AECC of the three airports, the change trend of the AECC of each airport is shown in Figure 7.



It can be seen from Figure 7a that AECC of CAN will show a decreasing trend under the normal development mode, while the predicted value of AECC under the environmental protection mode and coordinated development mode will show an upward trend, and after 2024, the AECC under the environmental protection mode will surpass the coordinated development mode, indicating that in the long run, CAN is suitable for the coordinated development mode before 2024, After 2024, the environmental protection mode should be adopted to upgrade AECC to promote the sustainable development of the airport.



In Figure 7b, AECC of SZX shows a downward trend under the normal development mode, while its AECC has been improved under the economic development, environmental protection, airport operation, and coordinated development mode. In contrast, the AECC under the coordinated development mode will be the largest before 2023, SZX should adopt a coordinated development mode. After 2023, the airport operation mode will become the most suitable mode for the long-term development of SZX.



In Figure 7c, AECC of HKG shows a continuous downward trend under the normal development mode, but shows an upward trend under the social development, environmental protection and airport operation modes. Therefore, the long-term plan of the HKG development mode is as follows: the environmental protection mode should be adopted before 2024, and the airport operation mode will be adopted from 2024 to 2027. As the coordinated development mode has the fastest growth rate, the coordinated development mode will improve AECC of HKG after 2027.



To sum up, the development modes for different airports that can improve AECC are different, and the development modes for airports that can improve AECC in different periods are also different.




4.4. Political Suggestions


	
For CAN, in the short term, the main measures are to increase the reduction rate of energy consumption per passenger, noise level and on-time flight clearance rate to effectively improve AECC. In the long run, CAN is appropriate for a coordinated development mode before 2024, and adopt an environmental protection mode after 2024.



	
For SZX, in the short term, it is important to take measures to improve the on-time flight clearance rate and the air transport industry investment to effectively improve AECC. In the long run, SZX should comprehensively consider the coordinated development of economy, society, environment, and operation before 2023, and adopt a coordinated development mode; after 2023, SZX adopts airport operation mode, with the long-term goal of increasing the on-time flight clearance rate.



	
For HKG, the predicted value of AECC dropped the fastest among the three airports. In the short term, measures to improve the on-time flight clearance rate are mainly taken to improve AECC; in the long term, HKG will mainly adopt environmental protection mode before 2024, and will focus on airport operation mode from 2024 to 2027. After 2027, it will be appropriate for a coordinated development mode.








5. Conclusions


In order to plan the development mode of the airport that can improve AECC, and promote the sustainable development of the airport, this paper studied the dynamic prediction method of AECC and its impacts on airport development. Based on the calculation results of the AECC from 2008 to 2018 of the Pearl River Delta Regional Airports, this paper analyses the impact mechanism of AECC, and formulated measures to improve AECC in the short term. Based on the SD model simulation combined with the AGA-PP model to predict the AECC from 2019 to 2028, this paper analyzed the development characteristics of AECC and planned appropriate development modes for airports in the long term. The following conclusions can be drawn:




	
The AECC of CAN, SZX, and HKG showed a fluctuating and declining trend from 2008 to 2018, indicating that, although air traffic has increased year by year, AECC has been declining. Through the SD model simulation and combined with the AGA-PP model to predict the current development of AECC from 2019 to 2028, it will show a continuous downward trend.



	
By simulating the SD model in different scenarios and analyzing the simulation results of key variables, it is concluded that, in the same economic zone, different airports with similar aircraft movements will have similar development characteristics of AECC.



	
By predicting the AECC under different scenarios, it is concluded that the appropriate development modes for different airports are different, and the appropriate development modes for the airport in different periods are different.



	
The combination of the SD model and the AGA-PP model can realize AECC prediction and airport development mode planning. Details are as follows: CAN is appropriate for a coordinated development mode before 2024, and to adopt an environmental protection mode after 2024. SZX adopts a coordinated development mode before 2023, and is more appropriate for airport operation mode after 2023. HKG mainly adopts an environmental protection mode before 2024, and adopts an airport operation mode from 2024 to 2027. After 2027, it will be appropriate for a coordinated development mode.








The research conclusions of this paper can provide technical support and decision-making basis for relevant departments to plan appropriate development mode of different airports, so as to promote the sustainable development of the airport and the coordinated development between the airport and the region.
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Figure 1. The flow chart of methodology. 
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Figure 2. Causality diagram of the four subsystems. 






Figure 2. Causality diagram of the four subsystems.



[image: Aerospace 08 00397 g002]







[image: Aerospace 08 00397 g003 550] 





Figure 3. Airport environmental carrying capacity system flow diagram. 
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Figure 4. The development trend of AECC in three airports. 
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Figure 5. The αj of the main variables. 
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Figure 6. Simulation results of key variables in different scenarios. 
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Figure 7. Predicted values of AECC in different scenarios. 
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Table 1. The variables of the social subsystem.






Table 1. The variables of the social subsystem.











	
	State Variable
	Rate Variable
	Auxiliary Variable





	variables
	total urban population (y1), urbanization rate (y2)
	birth population, death population
	birth rate, death rate, urban population, Death rate in change.
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Table 2. The variables of the economic subsystem.
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	State Variable
	Rate Variable
	Auxiliary Variable





	variables
	urban GDP,
	urban GDP growth,
	urban GDP per capita (y3), urban air transport industry investment (y4), Disposable income of urban residents, The proportion of the primary industry, Proportion of the secondary industry, etc.
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Table 3. The variables of the environmental subsystem.
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	State Variable
	Rate Variable
	Auxiliary Variable
	Constant Variable





	variables
	NOx emissions(y5), CO emissions(y6), HC emissions(y7), PM emissions(y8), airport green area (y11)
	NOx emission growth, CO emission growth, PM emission growth, HC emission growth, etc.
	noise level (y9), carbon dioxide emissions (y10), reduction rate of energy consumption per passenger (y12), motor vehicle NOx emission index, aircraft NOx emission index, energy consumption per passenger, etc.
	carbon dioxide emission index
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Table 4. The variables of the operating subsystem.






Table 4. The variables of the operating subsystem.










	
	Auxiliary Variable
	Constant Variable





	variables
	Annual passenger throughput (y13), Annual cargo and mail throughput (y14), Annual aircraft movements (y15), On-time flight clearance rate (y16) and Growth rate of on-time flight clearance rate (y17).
	carbon dioxide emission index, etc.
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Table 5. The data of the main variables of CAN.






Table 5. The data of the main variables of CAN.














	Variables
	2008
	2009
	2010
	2011
	2012
	2013



	y1
	7.84 × 106
	7.88 × 106
	7.91 × 106
	7.96 × 106
	8.00 × 106
	8.05 × 106



	y2
	81.75
	82.48
	83.22
	84.55
	84.89
	85.83



	y3
	106,686
	120,251
	134,384
	148,967
	164,178
	178,936



	y4
	250,981
	473,590
	1.17 × 106
	2.02 × 106
	1.71 × 106
	2.31 × 106



	y5
	1.98 × 109
	2.13 × 109
	2.36 × 109
	2.64 × 109
	2.86 × 109
	3.09 × 109



	y6
	1.71 × 109
	1.85 × 109
	2.05 × 109
	2.27 × 109
	2.46 × 109
	2.65 × 109



	y7
	1.75 × 108
	1.89 × 108
	2.09 × 108
	2.30 × 108
	2.49 × 108
	2.67 × 108



	y8
	2.06 × 107
	2.22 × 107
	2.44 × 107
	2.65 × 107
	2.84 × 107
	3.04 × 107



	y9
	59.1
	58.8
	59.7
	58.6
	60.3
	59.2



	y10
	3.91 × 1011
	4.15 × 1011
	4.40 × 1011
	4.66 × 1011
	4.93 × 1011
	5.18 × 1011



	y11
	197,608
	211,638
	226,664
	250,918
	254,180
	264,347



	y12
	4.01
	3.86
	3.73
	3.61
	3.52
	3.43



	y13
	3.25 × 107
	3.59 × 107
	3.93 × 107
	4.30 × 107
	4.67 × 107
	5.04 × 107



	y14
	852,771
	937,836
	1.03 × 106
	1.13 × 106
	1.27 × 106
	1.29 × 106



	y15
	291,661
	309,419
	327,911
	347,624
	367,809
	386,400



	y16
	0.826
	0.819
	0.758
	0.772
	0.748
	0.739



	y17
	0.005
	−0.00847
	−0.07448
	0.01847
	−0.03109
	−0.01203



	Variables
	2014
	2015
	2016
	2017
	2018
	



	y1
	8.12 × 106
	8.19 × 106
	8.29 × 106
	8.37 × 106
	8.50 × 106
	



	y2
	86.08
	86.26
	86.34
	86.86
	86.95
	



	y3
	193,430
	207,571
	220,682
	234,048
	246,191
	



	y4
	1.73 × 106
	1.70 × 106
	2.01 × 106
	2.74 × 106
	2.51 × 106
	



	y5
	3.33 × 109
	3.56 × 109
	3.72 × 109
	3.73 × 109
	4.01 × 109
	



	y6
	2.85 × 109
	3.02 × 109
	3.12 × 109
	3.20 × 109
	3.45 × 109
	



	y7
	2.87 × 108
	3.03 × 108
	3.11 × 108
	3.21 × 108
	3.46 × 108
	



	y8
	3.23 × 107
	3.39 × 107
	3.44 × 107
	3.58 × 107
	3.84 × 107
	



	y9
	59.1
	60.7
	61
	61.3
	61.8
	



	y10
	5.44 × 1011
	5.69 × 1011
	5.93 × 1011
	6.17 × 1011
	6.40 × 1011
	



	y11
	273,863
	281,805
	292,232
	303,337
	317,594
	



	y12
	3.36
	3.31
	3.26
	3.22
	3.18
	



	y13
	5.39 × 107
	5.73 × 107
	6.06 × 107
	6.39 × 107
	6.70 × 107
	



	y14
	1.39 × 106
	1.50 × 106
	1.64 × 106
	1.72 × 106
	1.88 × 106
	



	y15
	405,391
	423,966
	442,033
	459,746
	477,039
	



	y16
	0.688
	0.688
	0.792
	0.789
	0.849
	



	y17
	−0.06874
	−0.00029
	0.151308
	−0.00278
	0.075453
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Table 6. Model summary of disposable income of urban residents.
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Model

	
R

	
R2

	
R2 after Adjustment

	
Standard Estimation Error






	
1

	
0.993 a

	
0.986

	
0.985

	
1402.58218




	
a. Predictive variables: (constant), urban per capita GDP
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Table 7. Equation parameters of disposable income of urban residents.
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Coefficient a




	
Model

	
Unstandardized Coefficient

	
Standardized Coefficient

	
t

	
Significance




	
B

	
Standard Error

	
Beta






	
1

	
(constant)

	
−537.882

	
1699.005

	

	
−0.317

	
0.759




	
urban per capita GDP

	
0.234

	
0.009

	
0.993

	
25.572

	
0.000




	
a. Dependent variable: Disposable income of urban residents
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Table 8. Model summary of passenger throughput.






Table 8. Model summary of passenger throughput.





	
Model

	
R

	
R2

	
R2 after Adjustment

	
Standard Estimation Error






	
1

	
0.991 a

	
0.982

	
0.997

	
1750,538.09




	
a. Predictive variables: (constant), Urban total population, Disposable income of urban residents
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Table 9. Equation parameters of passenger throughput.






Table 9. Equation parameters of passenger throughput.





	
Coefficient a




	
Model

	
Unstandardized Coefficient

	
Standardized Coefficient

	
t

	
Significance




	
B

	
Standard Error

	
Beta






	
1

	
(constant)

	
−3031,537.40

	
7494,510.38

	

	
−0.405

	
0.696




	
Disposable income of urban residents

	
1001.967

	
23.573

	
0.994

	
42.505

	
0.000




	
Urban total population

	
1.732

	
1.038

	
0.039

	
1.669

	
0.134




	
a. Dependent variable: Passenger throughput
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Table 10. Model summary of aircraft movements.






Table 10. Model summary of aircraft movements.





	
Model

	
R

	
R2

	
R2 after Adjustment

	
Standard Estimation Error






	
1

	
0.993 a

	
0.986

	
0.982

	
8417.13145




	
a. Predictive variables: (constant), cargo and mail throughput, passenger throughput
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Table 11. Equation parameters of aircraft movements.






Table 11. Equation parameters of aircraft movements.





	
Coefficient a




	
Model

	
Unstandardized Coefficient

	
Standardized Coefficient

	
t

	
Significance




	
B

	
Standard Error

	
Beta






	
1

	
(constant)

	
117,842.545

	
11,583.465

	

	
10.173

	
0.000




	
passenger throughput

	
0.005

	
0.001

	
0.928

	
6.837

	
0.000




	
cargo and mail throughput

	
0.013

	
0.027

	
0.068

	
0.501

	
0.630




	
a. Dependent variable: aircraft movements
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Table 12. Emission index of pollutant from different emission sources.
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	NOx
	CO
	HC
	PM





	aircraft
	0.615
	0.353
	0.03
	0.002



	aircraft ground support equipment
	0.379
	0.535
	0.067
	0.019



	motor vehicle
	0.067
	0.836
	0.093
	0.004
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Table 13. Relative error between the real value and the simulated value of 17 main variables (%).






Table 13. Relative error between the real value and the simulated value of 17 main variables (%).



















	
	2008
	2009
	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017
	2018





	y1
	0.00
	0.87
	1.88
	2.24
	2.65
	3.22
	3.57
	4.14
	4.82
	6.76
	5.62



	y2
	0.00
	0.01
	0.66
	0.51
	0.14
	0.65
	0.77
	0.85
	0.33
	0.84
	6.01



	y3
	0.00
	4.23
	1.70
	0.64
	2.14
	1.20
	0.82
	1.99
	3.21
	5.25
	6.52



	y4
	1.08
	1.35
	0.15
	1.17
	3.11
	6.34
	4.93
	6.77
	1.15
	0.87
	3.53



	y5
	0.02
	0.05
	0.40
	5.27
	7.14
	7.99
	9.79
	9.65
	9.95
	8.99
	2.06



	y6
	0.02
	0.11
	0.48
	3.71
	4.89
	5.46
	6.59
	7.85
	10.90
	7.29
	1.68



	y7
	0.00
	3.01
	3.06
	5.52
	6.32
	6.65
	7.43
	8.41
	10.98
	7.80
	2.19



	y8
	0.00
	0.41
	0.39
	1.01
	1.42
	1.55
	1.94
	2.50
	4.15
	3.39
	5.41



	y9
	0.98
	1.15
	1.22
	1.18
	1.14
	1.25
	1.83
	0.40
	0.45
	0.44
	6.35



	y10
	4.02
	0.16
	0.44
	0.53
	1.55
	2.12
	1.76
	3.37
	1.43
	1.33
	7.01



	y11
	0.00
	0.07
	3.40
	5.36
	2.87
	3.22
	3.84
	3.13
	3.07
	2.19
	5.79



	y12
	6.86
	3.46
	3.77
	4.23
	1.96
	2.07
	0.00
	0.32
	0.20
	1.79
	0.01



	y13
	2.73
	3.30
	4.22
	4.79
	3.57
	4.28
	1.78
	3.57
	1.21
	3.16
	4.45



	y14
	9.57
	1.97
	1.49
	4.70
	1.34
	1.83
	4.89
	3.02
	0.82
	3.69
	3.91



	y15
	3.86
	0.16
	0.44
	0.53
	1.58
	2.17
	1.79
	3.26
	1.41
	1.34
	2.39



	y16
	6.18
	6.93
	0.15
	2.87
	0.17
	0.87
	7.76
	8.06
	5.37
	4.45
	6.25



	y17
	7.12
	4.14
	0.54
	5.83
	1.69
	2.47
	3.73
	8.04
	4.55
	2.49
	3.17
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Table 14. AECC values of three airports from 2008 to 2018.
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	Year
	2008
	2009
	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017
	2018





	CAN
	2.58
	2.41
	2.48
	2.51
	1.99
	2.20
	1.76
	1.79
	1.97
	1.90
	1.74



	SZX
	2.64
	2.59
	2.62
	2.61
	2.37
	2.39
	2.14
	2.33
	2.20
	1.94
	2.07



	HKG
	2.62
	2.97
	2.27
	2.31
	2.29
	2.19
	1.97
	1.80
	1.63
	1.62
	1.60
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Table 15. Parameter settings of different scenarios.






Table 15. Parameter settings of different scenarios.





	
Scenarios

	
Parameter Settings






	
Scenario1

	
Economic development

	
Pay attention to economic development and increase urban air transportation industry investment ratio by 20% through experiments.




	
Scenario2

	
Social development

	
Aiming at population control, through experiments to reduce the birth rate of the urban total population by 20%.




	
Scenario3

	
Environmental protection

	
Focusing on environmental protection, referring to the overall goal of civil aviation’s 13th Five-Year Plan for energy conservation and emission reduction, the NOx, CO, HC, PM emissions, carbon dioxide emissions growth rate and noise level will be reduced by 10%, and reduced energy consumption per passenger by 20%.




	
Scenario4

	
Airport operating

	
Pay attention to the efficiency of airport operation, and increase the on-time clearance rate by 20% through the test.




	
Scenario5

	
Coordinated development

	
Pay attention to the coordinated development of economy, society, environment and airport operation, and adjust the above parameters.
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