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Low-carbon economy is the inevitable path for the development of Beijing-Tianjin-Hebei. The SD model of High-quality development in the Beijing-Tianjin-Hebei region was constructed based on the “dual carbon” goal, including capital input and environmental pollution index as influencing factors. Through simulation and prediction, the following results are obtained: (1) Through the production function of Cobb Douglas, Beijing-Tianjin-Hebei region is still in the stage of highly concentrated capital to promote economic development. (2) It is proved that under the baseline scenario, the overall carbon neutrality and carbon peaking targets of Beijing-Tianjin-Hebei are difficult to achieve. However, in the context of high-quality development, the Beijing-Tianjin-Hebei region can successfully achieve the target of carbon peak by 2035. (3) Under the high-quality development scenario, the carbon emissions will decrease after the carbon peak, and the growth of economic aggregate and the development of total carbon emissions will be decoupled. Through the carbon emission simulation of the Beijing-Tianjin-Hebei region, it can be found that high-quality development is the only way for the future coordinated development of the Beijing-Tianjin-Hebei region, which can provide certain enlightenment for the development direction of the Beijing-Tianjin-Hebei region.
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1 INTRODUCTION
At the 75th session of the United Nations General Assembly, China proposed that it will strive to achieve carbon peak by 2030 and strive to achieve carbon neutrality by 2060. The Beijing-Tianjin-Hebei region is the core region of China’s urban agglomerations, and promoting high-quality development of the Beijing-Tianjin-Hebei region not only conforms to the policy orientation of the regional coordinated development strategy proposed in the “Big 20” report, but also the inherent requirement of realizing the “double carbon” goal. At present, how to promote the Beijing-Tianjin-Hebei to achieve carbon peak and carbon neutrality before the time limit in promoting economic growth and green and low-carbon development has become an important task for the high-quality coordinated development of Beijing, Tianjin and Hebei.
Lin Boqiang believes that carbon neutrality can be simply understood as the adjustment of energy structure (Lin, 2022). According to the current energy structure and consumption upgrading in China (Wu et al., 2022), at the present stage, China’s “dual carbon” goal faces the challenges of carbon emission reduction pressure, tight time and high cost (Liu et al., 2021; Liu et al., 2022; Zheng, 2023). It is precisely because of these problems that Yang Lisha et al. discussed the driving factors of carbon dioxide change and proved the key role of technological progress (Yang et al., 2019). Secondly, in terms of policy and governance, some scholars believe that the goal of “dual carbon” does not lie in the reduction of carbon emissions in the short term, but in the transformation of the development scale of various cities (Yuan et al., 2022). LinB et al. also believe that in the short term, the effect of government policies on energy conservation and emission reduction is not significant, so the long-term effect of policies deserves more attention (Lin and Zhu, 2019). In terms of policies, carbon tax is considered to have significant effects and low cost (Baranzini et al., 2000), and differentiated carbon tax can promote carbon emission reduction (Weng et al., 2021). While reducing carbon emission intensity, carbon trading policy can also achieve coordinated emission reduction of other pollutants (Zhang et al., 2022). Ren Yayun et al. also believe that carbon trading policy can promote the overall green development of pilot areas (Ren and Fu, 2019; Guo et al., 2021). Green finance can significantly promote carbon emission reduction, and industrial structure and green innovation are the core transmission mechanisms (Ran and Zhang, 2023). In addition to carbon finance, research has shown that stock markets can also accelerate emissions reductions in carbon-intensive industries (De Haas and Popov, 2023). Finally, social participation is being widely promoted. From the perspective of environmental regulation, Huang Qinghuang and et al. confirmed that environmental regulation with public participation and market incentives is the key factor for improving energy conservation and emission reduction efficiency (Huang and Gao, 2016). Wu Jiannan and et al. also pointed out that the role of public participation in the process of environmental governance is gradually becoming more and more important over time (Wu et al., 2016), and it is crucial to jointly establish a green and low-carbon development environment with the public, which is crucial for the realization of the “two-carbon” goal.
At present, the high-quality development of Beijing-Tianjin-Hebei is generally divided into two research directions. One is to study the mutual influence of specific fields on the high-quality development of Beijing-Tianjin-Hebei under the constraint of the high-quality development of Beijing-Tianjin-Hebei; the other is to construct the high-quality development indicator system of Beijing-Tianjin-Hebei to explore the degree, problems (Wen and Zhiting, 2023) and future development path of Beijing-Tianjin-Hebei (Liu et al., 2023). Among the scholars who carried out research with the high-quality development of Beijing-Tianjin-Hebei as the constraint, were Wen and Yang (2022) and Sun et al. (2020). By constructing an index system to analyze the degree and problems of high-quality development in Beijing-Tianjin-Hebei, Chen et al. (2022), Tian et al. (2022), Dong (2022), Guo et al. (2022), Li et al. (2022) sought the path of high-quality development in the future. It can be seen that after the concept of high-quality development was put forward, the importance of building a new development pattern has become prominent. Scholars have studied a lot from the aspects of connotation, influencing factors, mechanism, development path and model of high-quality development in Beijing-Tianjin-Hebei. In high-quality development, it is crucial to identify the factors that affect economic development. At present, most of the factors affecting the high-quality development of Beijing-Tianjin-Hebei are in the evaluation stage of index construction, and the long-term systematic simulation and prediction of dynamic development are still relatively lacking. Many scholars have analyzed the reasons affecting the economic development of Beijing-Tianjin-Hebei region from the aspects of technological innovation (Deng et al., 2023), capital input (Fang, 2018) and labor input (Yufeng, 2022), but the three factors are rarely used in the analysis of the Beijing-Tianjin-Hebei region. Beijing-tianjin-hebei, as a region of coordinated economic development, belongs to a complex system. The study of complex system optimization is mainly carried out by system dynamics, network analysis, multi-objective optimization, game theory and other methods. For example, Ji Luo et al. studied the prediction and optimization of carbon emissions in the region with the background of big data (Luo et al., 2024), and Li G et al. predicted the carbon emissions of Tianjin City with the system dynamics method (Li et al., 2023), and Liu L Y et al. analyzed the impact of carbon emission through system dynamics during the planning of new city (Liu et al., 2018). But there are still few studies on the collaborative development of Beijing-Tianjin-Hebei as the analysis subject of simulation prediction.
Based on the above problems, this paper makes a targeted analysis of the main factors affecting the development of Beijing-Tianjin-Hebei based on the Cobb Douglas production function. Then draws on Zeng Peng’s SD model of high-quality development of urban agglomerates in China (Zeng et al., 2022), adding environmental pollution index, fixed investment and other influencing factors to build the SD model of high-quality development of Beijing-Tianjin-Hebei. The constructed model, combined with historical trend analysis and future scenario simulation, is used to predict the carbon emissions of the Beijing-Tianjin-Hebei region in a variety of scenarios. And systematically study how to achieve the “dual carbon” goal through high-quality development, which has certain practical and theoretical value for providing decision-making basis for the “dual carbon” goal of the Beijing-Tianjin-Hebei region.
2 MATERIALS AND METHODS
2.1 SD model association thinking
The high-quality coordinated development of the Beijing-Tianjin-Hebei region cannot be achieved without the support of a low-carbon development environment with emission reduction as the core. Carbon emission and carbon absorption should be the main factors in the process of high-quality development. Zeng Peng mainly analyzed industrial carbon emissions, construction carbon emissions, residential carbon emissions, and transportation carbon emissions as the focus of carbon emissions, and simulated carbon emissions and carbon absorption driven by production, living and ecological environment (Zeng et al., 2022). This paper deconstructs the “dual-carbon” target subsystem based on carbon emission, carbon absorption and low-carbon development environment, considers the impact of environmental pollution and the whole society’s fixed investment on the high-quality development of Beijing-Tianjin-Hebei, and builds an SD model of Beijing-Tianjin-Hebei coordinated development with carbon emission and carbon absorption as the main factors. The relationship diagram of the specific SD model is shown in Figure 1 below.
[image: Figure 1]FIGURE 1 | Logic diagram of high-quality coordinated development of Beijing-Tianjin-Hebei under the “dual-carbon” system.
2.2 Research hypothesis and measurement model construction
Cobb Douglas production function is the basis of modern economic growth analysis. It is widely used in the quantitative analysis of the contribution rate of each production factor. In order to quantitatively measure the current contribution of major factors to the Beijing-Tianjin-Hebei economy, this paper uses the improved Cobb Douglas production function model to analyze the impact of material capital, labor force and technological progress on the coordinated development of Beijing-Tianjin-Hebei, and analyzes the source and resistance of the coordinated development of Beijing-Tianjin-Hebei. The common expression formula of this model is as follows:
[image: image]
Among them, [image: image] and T respectively represent the total output, capital input, labor and scientific and technological progress of the input, [image: image] represents the coefficient of technological progress, [image: image]、 [image: image]、 [image: image] respectively represent the output elasticity coefficient of material capital, labor and scientific and technological progress, when the value of [image: image] is greater than 1, less than 1 and equal to 1, In the case of increasing, decreasing and constant returns to scale, μ is a random disturbance term. Taking the logarithm of both sides of Equation 1, we get Equation 2 as follows: 
[image: image]
Among them, the data set spans the period from 2010 to 2021, and the total output Y is reflected by the gross domestic product (GDP) of the Beijing-Tianjin-Hebei region (RMB 100 million). Capital factor supply K is reflected by the total investment in fixed assets of the whole society (100 million yuan); Labor factor supply L number of employees in Beijing, Tianjin and Hebei at the end of the year (10,000); Technological progress T is reflected in the total amount of technology contract investment (100 million yuan).
2.3 Main methods and data sources of “dual carbon” target system construction
In this paper, Vensim platform is used to build a high-quality SD model of Beijing-Tianjin-Hebei collaborative development constrained by “dual carbon” goals, which is mainly divided into carbon emission module, carbon absorption module, environmental pollution module and low-carbon development environment module. The carbon emission module mainly simulates the total carbon emissions of Beijing-Tianjin-Hebei, assuming that its carbon emissions mainly come from residential carbon emissions, construction carbon emissions, industrial carbon emissions, transportation carbon emissions and so on. For the carbon absorption module, the absorption capacity is mainly reflected in the carbon absorption capacity of green space, forest land, cultivated land and water area. The environmental pollution module mainly considers industrial solid waste, wastewater and exhaust gases.
The basic data involved in this study are divided into four aspects: population, economy, carbon emission, energy consumption and supply. The specific data indicators are from Beijing Statistical Yearbook, Hebei Statistical Yearbook, Tianjin Statistical Yearbook, National Economic and Social Development Statistical Bulletin of Beijing-Tianjin-Hebei Region, and carbon emission data are from CEADs database.
3 RESULTS
3.1 Operational mechanism for high-quality development of the Beijing-Tianjin-Hebei region
Using the data mentioned above, OLS estimation using Stata software can obtain the regression results in Table 1. Among them, the model determination coefficient R2 of Equation 3 is 0.997, and the goodness of fit is high. It can be considered that the GDP of the Beijing-Tianjin-Hebei region can be explained by capital input, labor input and scientific and technological progress input in the multiple linear regression equation. At the same time, the P-value of capital input, labor input and scientific and technological progress input is 0.00, indicating that these three variables have significant impacts on economic growth. Specifically, α = 0.42, β = −5.90, θ = 0.41, lnA = 55.01, that is, the output elasticity of capital, labor, and scientific and technological progress is 0.42, −5.90, 0.41 respectively, indicating that when the capital stock and scientific and technological progress increase by 1 percentage point, it can boost the GDP of the Beijing-Tianjin-Hebei region by 0.42 and 0.41 percentage points respectively. When the labor input increases by 1 percentage point, the GDP of the Beijing-Tianjin-Hebei region will decrease by 5.90 percentage points. According to the size of the three parameters, the contribution rate of capital and technology input to the GDP of the Beijing-Tianjin-Hebei region is similar, but labor input has a negative contribution to the GDP of the Beijing-Tianjin-Hebei region. At the same time, because [image: image] + [image: image] + [image: image] = -5.07 < 1, there is a phenomenon of decreasing returns to scale.
TABLE 1 | Regression results of Beijing-Tianjin-Hebei Cobb Douglas production function.
[image: Table 1]The diminishing returns to scale in this region from 2010 to 2021 are mainly caused by the problem of labor input. When the increase of labor input leads to the decrease of regional GDP, there may be a problem of labor surplus. The concentration of population in the Beijing-Tianjin-Hebei region has led to excessive labor input and reduced the productivity of each unit of labor. Therefore, in the current high-quality collaborative development of Beijing, Tianjin and Hebei, technology investment and capital investment are the main factors to promote the economic development of Beijing, Tianjin and Hebei, and the promotion effect of labor input has not reached the expected effect. The future development of the Beijing-Tianjin-Hebei region must improve the output efficiency of capital and technology to the regional GDP, while changing the structure of labor input.
3.2 Scenario simulation and result analysis
3.2.1 Correlation thinking and causality diagram of SD model
The coordinated development of the Beijing-Tianjin-Hebei region is a feedback system involving the interaction of economic, social and ecological factors, in which various factors influence each other to determine the operation of the system. SD model is suitable for modeling complex systems and supporting decision making. By constructing SD model, the interaction between economic, ecological and social factors can be simulated. Decision makers can adjust the accuracy of the system by comparing the simulated data with the real data. After ensuring the system error rate, decision makers simulate the long-term dynamics of the system through different planning measures to assess the impact of different policies and strategies and make more informed decisions. Therefore, this paper carries out the following analysis by constructing the SD model of Beijing-Tianjin-Hebei collaborative development. The research time series is from 2010 to 2060, the historical year data is from 2010 to 2019, and the simulation prediction year is from 2020 to 2060. The simulation step length is 1 year.
Based on the SD model built by Zeng et al. (2022), this paper divides the model into four systems: social subsystem, economic subsystem, energy subsystem and environmental subsystem. In the social subsystem, it is mainly divided into three parts: high-quality population development, spatial urbanization development and social urbanization development, urban population and rural population impact; The economic subsystem is mainly affected by the development of primary, secondary and tertiary industries and environmental pollution. The energy subsystem mainly controls the energy gap by controlling energy supply and energy consumption, which consists of energy consumption from the primary, secondary and tertiary industries, domestic energy consumption and motor vehicle energy consumption. The total energy supply mainly includes crude oil supply, raw coal supply, natural gas supply and non-fossil energy supply. In terms of low-carbon development, according to the “Opinions on the complete, accurate and Comprehensive Implementation of the new development Concept to do a good job of carbon peak carbon neutrality”, energy, transportation and construction industry as the key development industries to join them. Carbon emissions are considered from the aspects of residential carbon emissions, transportation carbon emissions, industrial carbon emissions and construction carbon emissions. Carbon absorption is considered from four aspects: arable land absorption, water area absorption, green land absorption and forest land absorption. GDP is composed of primary, secondary and tertiary industries and environmental pollution index. The specific SD model construction is shown in Figure 2.
[image: Figure 2]FIGURE 2 | SD model construction.
3.2.2 Model checking
3.2.2.1 Structural test
Structural testing is one of the methods to ensure the mathematical and logical correctness of the simulation model, which improves the explainability and usability of the model by detecting the structure and rationality of the actual system, and ensures the reliable simulation results. In this paper, the structure tree, reason tree and Check Model functions of Vensim software were used to conduct structural tests on the constructed model to verify the rationality of system causality and variable selection. Secondly, the rationality of variable value and the correctness of mathematical formula writing are checked by the function of formula detection. Through the detection of these two aspects, the model is constantly corrected until the model no longer appears errors in the software operation.
3.2.2.2 Historical test
The historical test verifies the accuracy and feasibility of the model by comparing the simulated data with the real data, identifies the deviations and errors of the model, and provides feedback to guide the improvement of the model, so as to ensure that the model can accurately simulate past events and provide credibility for future decisions under different strategies. The historical test is calculated as follows:
[image: image]
In this paper, the total number of people, GDP and total carbon emissions are selected as key variables as validation data. The simulation data, real data and error rate from 2010 to 2019 are all shown in Table 2 below.
TABLE 2 | Simulated values and error rates of key variables from 2010 to 2019.
[image: Table 2]Table 2 shows that the system model has passed the historical test. By comparing the difference between simulated values of total population, GDP and total carbon emission of key variables in the system and the real data. It is determined that the simulated data of the Beijing-Tianjin-Hebei high-quality collaborative development model is in good agreement with the real data, and its error rate is controlled within 10%, so it is considered that the error rate is within the acceptable range.
3.2.2.3 Robustness test
In this paper, the stability of the model is tested by changing the time step to check whether the variables in the model will change greatly. By changing the step size setting, this paper selects three key variables, total population, GDP and total carbon emission data, as examples to verify whether the results of model operation under different time steps have huge changes. As shown in Figures 3–5, when the time step of the model changes, the simulation results of the variables do not have a huge abnormal change, indicating that the model of high-quality collaborative development in the Beijing-Tianjin-Hebei region is relatively stable.
[image: Figure 3]FIGURE 3 | Population simulation values of asynchronously long populations.
[image: Figure 4]FIGURE 4 | GDP simulations of asynchronously long periods.
[image: Figure 5]FIGURE 5 | Carbon emissions of different simulation years.
3.2.3 Sensitivity test
In order to reduce the uncertainty of the model, sensitivity analysis in the simulation model is a common method to evaluate the sensitivity of the model output to the input parameters. In this paper, 2019 is selected as the test year, GDP, urban per capita disposable income and total domestic energy consumption are selected as examples, and the change interval of these three key variables is measured by the change of fixed assets between −3% and 3%. As shown in Figure 6 below, the change rates of these three key variables all vary between −1% and 1%, and the change interval belongs to the reasonable change interval. Therefore, it indicates that small changes in model parameters will not have a great impact on model behavior and results, indicating that the model is less sensitive and can be used for simulation.
[image: Figure 6]FIGURE 6 | Sensitivity test.
3.2.4 Scenario scheme parameter setting
China is committed to achieving the carbon peak target by 2030, which means that China’s carbon emissions will no longer grow after 2030. At the same time, China will make full use of various carbon absorption methods to achieve carbon neutrality in 2060, so this paper will focus on the analysis of carbon emissions and carbon absorption in the design scenario simulation. Taking 2019 as the base year, this paper simulated and predicted the baseline scenario and high-quality development scenario of carbon emission and carbon absorption in the Beijing-Tianjin-Hebei region from 2025 to 2060, seeking the optimal policy measures for the high-quality development of the Beijing-Tianjin-Hebei region.
Compared with other measurement methods, system dynamics pays more attention to the structure of the system and the construction of causality. The logic and integrity of the structure affect the future development trend of the system. There can be a certain tolerance for data errors in the future development trend, so in the operation of the system, the error can be controlled within a relatively reasonable range through the debugging of the system, and then the next step of simulation. The parameter setting used in this paper mainly includes initial value of variable, table function and constant. The method of parameter setting is mainly in the following two aspects:
The first aspect is to obtain the original data from the collection of historical data. It is obtained from the reports of Beijing Statistical Yearbook, Tianjin Statistical Yearbook, Hebei Statistical Yearbook, Beijing Statistical Bulletin of National Economic and Social Development, Tianjin Statistical Bulletin of National Economic and Social Development, Hebei Statistical Bulletin of National Economic and Social Development and the National Bureau of Statistics of relevant years. In this paper, linear interpolation method is used to complete the missing data of some years.
In the second aspect, statistical software is used for analysis. The table functions in the model are set up using Stata’s quadratic exponential smoothing method to make predictions for 2020 to 2060 using historical data for known years 2010–2019.
The equations used in system dynamics generally fall into three categories: the accumulation variable equation, the rate equation, and the auxiliary equation. The equation of accumulated variables is mainly used to describe the accumulated variables in the system, that is, the amount that can be accumulated in the system, as shown in Equation 4. Differential equations are usually expressed in terms of time and are used to describe the rate of change of an accumulated variable, as shown in Equation 5. Accumulation equations are used for many variables in the system, such as inventory, capital, population, etc. The rate equation is an equation composed of state variables in a unit time interval. In this paper, 1 year is used as the unit time interval except for the experimental part. Auxiliary equations are used to represent constraints, external inputs, control variables, etc. in the system, as shown in Equation 6. The expressions of the above three equations are:
Equation of accumulated variables:
[image: image]
Where, [image: image] represents the cumulative variable value at time [image: image], [image: image] represents the rate of change of the cumulative variable, and [image: image] represents the initial value of the variable value at time [image: image].
Rate equation:
[image: image]
Where, [image: image] represents the rate of change of the variable at time [image: image], [image: image] represents the auxiliary variable at time [image: image], [image: image] represents the exogenous variable at time t, and const represents the constant.
Auxiliary equation:
[image: image]
Where, [image: image] represents the auxiliary variable other than the auxiliary variable to be sought.
3.2.4.1 Benchmark scenario scheme parameter setting
From the perspective of total population change, the average natural population growth rate of the Beijing-Tianjin-Hebei region during the 12th Five-Year Plan period was 4.16%, and the average natural population growth rate of the Beijing-Tianjin-Hebei region during the 13th Five-Year Plan period was 3.17%. The natural growth rate of the national population in the “Twelfth Five-Year Plan” period is 6.5%, and the natural growth rate in the “thirteenth Five-Year Plan” period is 6%, which decreases to 0.5% every 5 years. The change rate of the population in the Beijing-Tianjin-Hebei region is too large during the “Twelfth Five-Year Plan” and “Thirteenth Five-Year Plan” period. The base scenario population change rate in this paper is set according to the national population fluctuation, which decreases by 0.5% every 5 years.
From the perspective of total population change, the average natural population growth rate of the Beijing-Tianjin-Hebei region during the 12th Five-Year Plan period was 4.16%, and the average natural population growth rate of the Beijing-Tianjin-Hebei region during the 13th Five-Year Plan period was 3.17%. During the 13th Five-Year Plan period, the population decreased by about 1% every 5 years compared with the 12th Five-Year Plan period, so it is assumed that the population growth rate will decrease by 1% every 5 years until the growth rate drops to 0%.
In terms of economic growth, the GDP growth rate of Beijing-Tianjin-Hebei during the 12th Five-Year Plan period was 9.7%, and the GDP growth rate of Beijing-Tianjin-Hebei during the 13th Five-Year Plan period was 6.8%. Due to the different GDP planning targets in the 14th Five-Year Plan for National Economic and Social Development and the Outline of Long-term Goals for 2035 issued by Beijing, Tianjin and Hebei, and the excessive and unstable changes in the Beijing-Tianjin-Hebei region during the two 5-year periods, this paper basically sets the GDP change rate of the whole country. The national GDP growth rate during the “12th Five-Year Plan” period was 7%, and the national GDP growth rate during the “13th Five-Year Plan” period was 6.5%, so the GDP growth rate was set to decrease by 0.5% every 5 years under the baseline situation.
From the perspective of industrial structure, according to the data of the three traditional industries in Beijing-Tianjin-Hebei from 2010 to 2019, the total output value of the tertiary industry in Beijing, Tianjin and Hebei has accounted for more than 50%, but for Hebei, the proportion of the tertiary industry is similar to the proportion of the secondary industry. Therefore, the setting of the benchmark scenario is still carried out according to the current development mode. This paper forecasts the growth rate of each industry by using the smoothing index method.
From the perspective of energy structure, the supply of raw coal in Beijing-Tianjin-Hebei Province accounts for the largest proportion, and the value is still set according to this energy development mode in the benchmark scenario. This paper uses the smoothing index method in Eviews software to predict the value of relevant years according to the historical development trend.
3.2.4.2 High-quality scenario scheme parameter setting
.3.2.4.2.1 Investment growth path
The investment growth path sets the future economic development goals with reference to the 14th Five-Year Plan for National Economic and Social Development and the Outline of 2035 Long-term Goals published by Beijing, Tianjin and Hebei Province, and the government work reports of Beijing, Tianjin and Hebei from 2021 to 2023. In order to actively expand effective investment and give play to the key role of investment in economic development, specific values are set according to the 6.5% annual growth rate of fixed asset investment proposed by Hebei Province. The details are shown in Table 3 below.
TABLE 3 | Investment growth path parameter Settings.
[image: Table 3].3.2.4.2.2 Industrial optimization path
In order to promote the coordinated and healthy development of the Beijing-Tianjin-Hebei economy and coordinate the problems of industrial fault and industrial chain connection between different regions, it is necessary to carry out industrial optimization and transformation. At the same time, industrial transformation and optimization also have a significant impact on carbon emissions, and reducing the proportion of carbon-intensive industries can help reduce the overall carbon emission level. At the same time, industrial optimization to promote the construction of an environmentally friendly supply chain and a circular economy can reduce resource waste and reduce carbon emissions related to resource collection, production and waste gas. For the current Beijing-Tianjin-Hebei region, the proportion of the industrial structure of the three places is very different, Hebei’s tertiary industry is still below 50%, while Beijing’s tertiary industry has accounted for more than 80%. Therefore, in the industrial optimization path, the fixed growth rate of the tertiary industry is set at 5%, and the number of employees in the tertiary industry is set at 5%. The details are shown in Table 4 below.
TABLE 4 | Parameter setting of industrial optimization path.
[image: Table 4].3.2.4.2.3 Environmental regulation path
Environmental regulation is a system that guides and regulates human activities through laws, policies and standards to ensure that they are acceptable to the environment. In order to solve the externalities caused by environmental pollution and achieve the purpose of protecting the ecological environment, the main target is enterprises or organizations. In this paper, the emission reduction target of the government is used as an indicator to measure environmental regulation. According to the Comprehensive Work Plan for Energy Conservation and Emission Reduction of the 14th Five-Year Plan, “By 2025, Total chemical oxygen demand, ammonia nitrogen, nitrogen oxides and volatile organic compounds emissions will be reduced by 8%, 8%, 10% and more than 10% respectively from 2020.” Therefore, industrial waste gas emissions, industrial solid waste emissions, and industrial wastewater emissions are set to decrease by 2% annually. The details are shown in Table 5 below.
TABLE 5 | Environmental regulation path parameter Settings.
[image: Table 5].3.2.4.2.4 Population control path
According to the National Population Development Plan (2016–2030) and the three-child policy issued by the government, China’s population will peak in 2030, which is expected to reach 1.45 billion people. From 2010 to 2021, the ratio of the total population of the central Beijing-Tianjin-Hebei region to the total population of the country is about 7.8%, so the total population of the Beijing-Tianjin-Hebei region is expected to be about 113 million in 2030, and the population change will increase year by year during the forecast period. According to the total population of the Beijing-Tianjin-Hebei region in the baseline scenario, which has exceeded the expected value, the total population will be controlled in high-quality development and the population growth scenario will be set. The details are shown in Table 6 below.
TABLE 6 | Population control path parameter Settings.
[image: Table 6].3.2.4.2.5 Complex development path
The Beijing-Tianjin-Hebei collaborative development model is a simulation system formed by the interaction of various factors, and a single policy development path will have certain limitations, restricting the optimization of the overall effect. Therefore, in the real development, all kinds of policies should be coordinated and coordinated, and the composite development path can take into account the comprehensive interests of economic, social and environmental development, and realize the simulation of dynamic systems. All parameters in the above high-quality development were analyzed in a composite way to analyze the changing trend of the high-quality coordinated development of Beijing, Tianjin and Hebei.
3.2.5 Analysis of system simulation results
3.2.5.1 Analysis of baseline scenario simulation results
In the baseline scenario, in the simulation system from 2020 to 2060, the population of Beijing-Tianjin-Hebei reaches its peak around 2030, and the population of Beijing-Tianjin-Hebei begins to decline from 2030 to 2060. At the same time, in the forecast year, the economic aggregate of Beijing, Tianjin and Hebei will continue to grow. According to Table 7, in the base scenario, carbon emissions in the Beijing-Tianjin-Hebei region will continue to grow from 2025 to 2060, reaching 1,183.31 million tons in 2030 and 191,507 million tons in 2060. In the baseline scenario, the energy consumption increases gradually. As the energy consumption increases without improving the energy consumption structure at the same time, the carbon emissions continue to increase, and the carbon absorption gap gradually increases because the effect of carbon absorption is not obvious.
TABLE 7 | Baseline scenario simulation results of Beijing-Tianjin-Hebei “Dual Carbon” target Unit: 10,000 tons.
[image: Table 7]3.2.5.2 Analysis of high quality development scenario simulation results
.3.2.5.2.1 Investment growth path
The investment growth path regulates the relevant parameters according to the requirements of fixed assets in the 14th Five-Year Plan for Beijing, Tianjin and Hebei. The simulation results show that the GDP is expected to reach 19,606.8 billion yuan in 2030 and 332 + 07 million yuan in 2060. In 2025, the average annual GDP growth rate will be 10.31%, which will be able to achieve the target of 6% annual regional GDP growth during the 14th Five-Year Plan period set by the three regions of Beijing, Tianjin and Hebei. It is expected that by 2030, the environmental pollution index will increase by 6.48%, which is the largest increase in the pollution index among the five paths. The total carbon emission will increase to 1,070, 370, 000 tons in 2030, and then show a continuous rise. It can be seen that although the investment growth path has improved the economic development speed of Beijing-Tianjin-Hebei, it still causes the rapid growth of total carbon emission and environmental deterioration.
.3.2.5.2.2 Industrial optimization path
According to the simulation results, when the fixed asset investment and the number of employees in the tertiary industry are increased, the GDP growth rate is higher than the benchmark scenario, reaching 196,407 billion yuan in 2030, ranking the second in GDP growth rate. After industrial optimization and adjustment, the total carbon emission and environmental pollution index are both in the third place. It can be seen that the industrial optimization path for Beijing-Tianjin-Hebei can strongly help the total economic development of Beijing-Tianjin-Hebei, and also alleviate the total carbon emission and environmental pollution problems.
.3.2.5.2.3 Environmental regulation path
Referring to the “14th Five-Year Plan” emission reduction plan, it can be seen that the degree of environmental pollution has been alleviated under this path, and it is expected that by 2030, it will decrease by 9.54% compared with 2020. It can be seen that the implementation of environmental regulation means to control pollutants and restore the ecological environment has a certain degree of effect. At the same time, the decline in the degree of environmental pollution also makes the GDP growth rate higher than the benchmark development path, but the overall effect is still lower than the other four paths, possibly because the current environmental restrictions on economic development in the Beijing-Tianjin-Hebei region are still acceptable.
.3.2.5.2.4 Population control path
In view of the fact that the current population growth rate and total amount of the Beijing-Tianjin-Hebei region have exceeded the plan of the 14th Five-Year Plan period. It is found that the corresponding population control plan has a positive effect on the regional GDP after the slow increase of the population of the Beijing-Tianjin-Hebei region, which reflects the importance of population reduction for the current development of the Beijing-Tianjin-Hebei region. At the same time, when the population growth rate is lower than the baseline scenario, the total carbon emissions of the Beijing-Tianjin-Hebei region decline significantly, showing a peak in 2040 and continuing to decline.
.3.2.5.2.5 Complex development path
Under the premise of comprehensively considering the overall interests of economy, society, resources and environment, the compound development path creates a comprehensive development path by coordinating four paths: investment growth, environmental regulation, industrial adjustment and population control. According to the simulation results, under the compound path, both the GDP development speed and the final present value are maximum. The effect degree of each path is as follows: compound development path > investment growth path > industrial adjustment path > environmental regulation path > population control path > benchmark scenario. For the total carbon emissions, the composite path shown in Table 8 below can achieve the carbon peak in 2035, and the carbon dioxide emissions show a gradual decline trend after 2035. The other five paths cannot achieve the carbon peak, but they are different in the total carbon dioxide emissions. In terms of total carbon emissions, investment growth path > baseline scenario path > Industrial adjustment path > Environmental regulation path > population control path.
TABLE 8 | Total simulated carbon emissions of each path (Unit: 10,000 tons).
[image: Table 8]As can be seen from Figure 7, from the simulation values of GDP and total CO2 emission, the total GDP continues to grow in the composite path, while the relative total carbon emission rises first and then declines. The economic aggregate and the total carbon emission show asynchronous changes, and the growth of the economic aggregate and the total carbon emission are decoupled.
[image: Figure 7]FIGURE 7 | Simulation values of GDP and carbon emissions under the composite path.
4 DISCUSSION AND CONCLUSION
4.1 Discussion
According to Cobb-Douglas production function regression, the contribution of total social investment to the economy of the Beijing-Tianjin-Hebei region is the largest, which indicates that total social investment plays a crucial role in the economic development of the Beijing-Tianjin-Hebei region at the present stage. This could mean that investment is one of the main drivers of economic growth and development in the region. Previous scholars paid more attention to the development of technological investment in the Beijing-Tianjin-Hebei region, while the current total social investment is also crucial to the development of the Beijing-Tianjin-Hebei region. Therefore, the government and enterprises may need to further strengthen the guidance and management of investment to ensure that investment can maximize the stable growth and sustainable development of the economy. At the same time, the report also proposed to improve the function of the capital market, increase the proportion of direct financing, and regulate and guide the healthy development of capital in accordance with the law. Local governments should increase investment in infrastructure construction, especially in the fields of environment and energy, so as to enhance the overall competitiveness and development potential of the Beijing-Tianjin-Hebei region. At the same time, private capital is encouraged to participate in investment, and tax incentives and loan support are adopted to guide them toward high-tech, green environmental protection, modern services and other fields.
Faced with the challenge of limited area growth of carbon absorption mode, a series of measures should be taken to improve carbon absorption capacity. Firstly, through optimizing land use, rational planning and management of carbon absorption pathways of existing water areas, cultivated land, green space and forest land, the benefits of carbon absorption can be maximized. For example, measures such as improving soil quality and increasing vegetation coverage can improve the carbon absorption capacity of cultivated land. Second, we will promote ecological restoration, step up efforts to restore and protect natural ecosystems such as wetlands and forests, and improve their capacity to absorb carbon. In addition, it can promote scientific and technological innovation, develop new carbon absorption technologies and methods, and improve the efficiency and scale of carbon absorption.
The composite path in this paper achieves the phenomenon of decoupling economic growth from carbon emissions growth, which is a positive sign, but climate change remains a serious global challenge that requires continued strengthening of climate preparedness, attention to other environmental issues such as water pollution, soil degradation, biodiversity loss and integrated environmental protection measures. Achieve a virtuous cycle of economic development and ecological and environmental protection. Secondly, due to the lag effect of various policies in the process of formulation, there are certain differences between the early and late effects. Therefore, in the actual policy implementation, we should pay attention to both the superposition of policies and the joint effect between policies, build the Beijing-Tianjin-Hebei integrated coordinated development model as soon as possible, and break the administrative barriers to environmental governance.
Based on the above content, green technology innovation should be promoted in the future, and enterprises and research institutions should be encouraged to increase investment in research and development of clean energy and environmental protection technologies, so as to improve resource efficiency and reduce carbon emissions. At the same time, optimize the industrial structure, accelerate the elimination of high-pollution and high-energy consumption industries, develop low-carbon economy and circular economy, and cultivate green industries. In addition, we will strengthen policy coordination, establish and improve cross-departmental and cross-regional policy coordination mechanisms, ensure the effective integration of environmental protection policies and economic development policies, and promote the integrated and coordinated development of the Beijing-Tianjin-Hebei region. It is also important to raise public awareness of environmental protection through education and publicity to promote green consumption and sustainable lifestyles. The establishment of an ecological compensation mechanism will help promote reasonable compensation between ecological protection areas and development areas, so as to encourage all parties to actively participate in ecological and environmental protection. At the same time, we will strengthen environmental monitoring and assessment, establish a sound monitoring system, and regularly evaluate the implementation effects of various policies, so as to adjust and optimize measures in a timely manner and flexibly respond to emerging environmental challenges. Through these comprehensive measures, economic development and ecological protection can be deeply integrated in the future, laying a solid foundation for addressing climate change and environmental issues.
4.2 Conclusion
Based on the system dynamics model, this paper uses Vensim software to simulate the development trend of carbon emission and carbon absorption, and the simulation results are good. The model established in this paper is operable, and also proves the important role of high-quality development under the “dual carbon” goal. Through the simulation analysis of the carbon emission model, the following findings are obtained:
First of all, through Cobb-Douglas production function regression, we can see that the total driving force of Beijing-Tianjin-Hebei economic development is still reflected in capital input, indicating that Beijing-Tianjin-Hebei may still be in the stage of rapid industrial development. At present, the contribution of capital input to production is more prominent, and the economy is still in the process of rapid capital accumulation and technological transformation. In the future, the coordinated development of Beijing-Tianjin-Hebei may need to rely more on technological innovation, labor force upgrading and other factors to drive economic growth.
Secondly, the difference in the effect of carbon emission reduction in Beijing, Tianjin and Hebei under the baseline scenario and high-quality development scenario makes us refocus on the relationship between economic development and carbon emission reduction, and future research should start from the three directions of green development, regional coordinated development and high-quality development. Only by analyzing the relationship and mechanism between the three can the emission reduction be implemented effectively.
Third, in the high-quality development scenario, carbon emissions will decline after the carbon peak, and the growth of economic aggregate and the development of total carbon emissions will be decoupled. This indicates that the Beijing-Tianjin-Hebei region as a whole has entered the stage of sustainable development in the simulation period, and it is very important to share responsibilities among the three regions in the real situation. Future studies can start from the emission reduction undertaken by various regions in the Beijing-Tianjin-Hebei region under the decoupling of carbon emissions and economic growth, and optimize regional coordinated development policies.
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