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Abstract

:

It is still necessary to regularly investigate the breakdown of socio-economic elements as a starting point for analyzing the effects of diverse human production activities on PM2.5 intensity from industrial and regional viewpoints. In this paper, the emission factor model was adopted to measure PM2.5 emissions in the Beijing–Tianjin–Hebei (BTH) region at the regional and industrial levels. The logarithmic mean Divisia index (LMDI) decomposition model was employed to analyze the factors affecting PM2.5 emissions related to energy consumption in the BTH region at the regional and sectoral levels. Building on this foundation, a system dynamics (SD) model was established to make a prediction regarding PM2.5 pollution in the BTH region in 2025. This study found that secondary industry was a major source of PM2.5 emissions in the BTH region. Coal remained the main form of energy consumption in the BTH region. Secondly, the effect size of the factors affecting PM2.5 intensity ranked in the order of energy intensity, energy structure, and industrial structure. Thirdly, in 2025, PM2.5 emissions in the BTH region will decline appreciably, but there is still a certain gap in terms of meeting the targets of “the 14th Five-Year Plan” between the three provinces and cities. These results indicate that the BTH region should achieve the effective management of PM2.5 pollution at the source through the following initiatives: it is necessary to carry out the continuous adjustment of energy structures to gradually increase the proportion of clean energy; we must steadily promote the decline in energy intensity reduction, and gradually strengthen scientific and technological innovation; and we must continue to promote the optimization of the industrial structure and increase the proportion of tertiary industry every year.
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1. Introduction


The environment has been seriously damaged by rapid economic and industrial development. Atmospheric pollution, specifically PM2.5 pollution, has become a critical environmental issue affecting the green and sustainable development of human society [1]. The fraction of exceedance days in which PM2.5 is the principal pollutant is still high, despite China having met the nine ecology- and environment-related binding targets of “the 13th Five-Year Plan” in 2020. PM2.5 had the highest number of exceedance days compared to other pollutants, accounting for 6.8 percent of the total number of days. At the same time, PM2.5 as the primary pollutant accounted for 51 percent of the exceedance days of all pollutants and 77.7 percent of the exceedance days for all pollutants above the severe level. PM2.5 pollution is more harmful than the other five pollutants, which are PM10, O3, NO2, SO2, and CO [2]. The fine granular matter known as PM2.5 has an aeronautical corresponding diameter of less than 2.5 μm. In terms of initial forms, PM2.5 consists of water-soluble inorganic ions, organic carbon (OC), elemental carbon (EC), and heavy metals [2]. These precursors can cause serious harm to human health and may lead to respiratory diseases, cardiovascular and cerebrovascular diseases, immune diseases, tumors, and other illnesses [3]. The World Health Organization (WHO) has stated that human death risks increase by 15% when mean yearly PM2.5 concentrations exceed 35 μg/m3 as opposed to 10 μg/m3 [4]. As a result, the management of PM2.5 pollution has emerged as a key concern in China’s effort to construct an ecological civilization. The significance of the avoidance and integrated management of source pollution is emphasized in “the 14th Five-Year Plan”. Therefore, determining the levels of PM2.5 emissions related to energy consumption, pinpointing the key variables that influence PM2.5 emissions, and effectively controlling PM2.5 pollution have become significant research topics in China.



Source resolution [5,6,7,8], meteorological factors [9,10,11,12,13], and socio-economic factors [14,15,16,17,18] have been the key areas of attention in recent research on the factors that influence PM2.5 emissions. From the standpoint of source apportionment, some papers have used positive definite matrix factorization (PMF) and chemical mass balance modeling (CMB) to study the origin of PM2.5 emissions [19], concluding that coal combustion sources and motor vehicle sources are important factors affecting PM2.5 emissions. Due to regional transmission, the implications regarding PM2.5 sources vary between regions [20,21]. Various meteorological factors, including precipitation, air pressure, temperature, wind speed, and relative humidity, also influence PM2.5 levels, inducing strong regional heterogeneity and seasonal characteristics [22,23]. Socio-economic factors, like population size, economic development, energy consumption, and industrial construction, also contribute to PM2.5 emissions. Studies have indicated that the primary socio-economic determinants determining PM2.5 emissions include population density, economic structure, industrial structure, and energy structure [24,25].



National experts have studied and explored the factors affecting PM2.5 emissions from different perspectives and on varied levels. However, there have been limited exploration activities on the intensity of PM2.5, particularly regarding the socio-economic factors that contribute directly to its generation. Furthermore, the research level has been mostly focused on countries and cities, without paying attention to the level of industrial segmentation. Based on this, the paper focuses on the BTH region, which has the largest economy in northern China and plays a decisive role in green and high-quality development. The object of study is the PM2.5 emissions brought about by the use of fossil fuels. By creating emission factor models, the PM2.5 emissions associated with energy consumption are quantified. The PM2.5 intensity is then divided into the co-driving impacts of energy structure, energy intensity, and industrial structure by using the LMDI factor decomposition model. The trend of PM2.5 emissions in the BTH region and its influencing factors are investigated from an industrial perspective. Based on this, a system dynamics framework is developed to simulate and predict PM2.5 emissions in the BTH region in 2025. The aim is to provide rational recommendations for reducing PM2.5 emissions and improving efficiency in the BTH region.



This study makes the following primary contributions: (1) The primary cause of PM2.5 emissions is the use of fossil fuels. To circumvent the shortcomings of using conventional imagery from satellites and field surveillance data, which are unable to differentiate between regions and industries, an emission factor model was established to measure PM2.5 emissions. (2) We developed a comprehensive LMDI-SD decomposition analysis model to examine and investigate the mechanisms and underlying causes of PM2.5 emissions related to energy consumption in the BTH region. This model will allow researchers to comprehensively elucidate the root reasons behind the variations in PM2.5 emissions. (3) To broaden the scope of the research, the effects of each driver are considered at the industrial level, thus providing research support for the improvement of PM2.5 pollution management strategies in the BTH region.




2. Research Methodology and Data


2.1. Research Methodology


2.1.1. Emission Factor Modeling


The emission factor model is constructed by utilizing PM2.5 energy consumption emission coefficients. This model overcomes the limitations of using conventional spacecraft observation and surface surveillance information, which cannot differentiate between industries and areas. PM2.5 emission situation is measured to explore the emission trend. The resulting emission factor models are listed below:


  P M =   ∑  i , j     E  i , j     × E  F  i , j   ×  X i  × ( 1 −  η i  )  



(1)




where PM denotes the PM2.5 emissions; i denotes primary, secondary, and tertiary industries, respectively; j denotes energy type; E denotes energy consumption; EF denotes the PM2.5 emission coefficients of each energy variety in each industry; Xi denotes the velocity of dispersion for pollution control technologies in industry sector i; and ηi denotes the effectiveness of disinfection for industrial pollution treatment technologies. By further integrating the PM2.5 emission coefficients of each energy variety, as well as the distribution rate and decontamination efficiency of pollution control technologies, the above equation can be simplified as:


  P M =   ∑  i , j     E  i , j     × E  F j   



(2)




where EFj represents the computed energy emission parameter for PM2.5. The value of EFj is shown in Table 1 [26].




2.1.2. Emission Factor Modeling


Decomposing PM2.5 emissions is made easier with the LMDI decomposition model. The mission intensity of PM2.5 can be measured through the calculation of PM2.5 per unit of GDP in a given country, sector, or industry during a certain period. The expression for this is as follows:


  P M I = P M / G D P  



(3)




where PMI denotes PM2.5 intensity, PM denotes PM2.5 emissions, and GDP denotes gross domestic product [26].



The PM2.5 intensity is broken down as follows:


    P M  I n  = P  M n  / G D  P n  = ( P  M n  /  E n  ) × (  E n  / G D  P n  ) = ( P  M n  /  E n  ) × (   ∑ i    E i n    /   ∑ i    Y i n    )     = ( P  M n  /  E n  ) ×   ∑ i     (  E i n  /  Y i n  ) × (  Y i n  /   ∑ i    Y i n    )     = P M  C n  ×   ∑ i     E  I i n  × S  Y i n         



(4)




where n denotes regions; i denotes primary, secondary, and tertiary industries, respectively;    E i n    and    Y i n    denote the energy consumption and economic output generated by industry i in region n, respectively; and PMCn denotes the integrated energy emission coefficient of region n. Since the PM2.5 energy emission coefficients of each fossil energy source selected in this study are fixed constants (as shown in Table 1), the change in the value of PMCn can reflect the change in the energy structure of region n.    EI i n    and    SY i n    represent the energy intensity and industrial structure of industry i in region n, respectively. Based on the above decomposition, it can be learned that the magnitude of PM2.5 intensity depends on the three driving factors of energy structure, industrial structure, and energy intensity [26].



Using the additive concept of the LMDI factor decomposition model, three drivers and their contribution ratios are used to calculate the change in PM2.5 intensity from cycle t to the main cycle. The formula is as follows:


     Δ P M  I  n , i     = Δ P M  I  n , i   p m c   + Δ P M  I  n , i   e i   + Δ P M  I  n , i   s y        =   ∑ i   L (  W  n , i  τ    ,  W  n , i  t  ) l n ( P M  C  n , i  τ  / P M  C  n , i  t  ) +   ∑ i   L (  W  n , i  τ    ,  W  n , i  t  ) l n ( E  I  n , i  τ  / E  I  n , i  t  )      +   ∑ i   L (  W  n , i  τ    ,  W  n , i  t  ) l n ( S  Y  n , i  τ  / S  Y  n , i  t  )     



(5)




where    W  n , i  t  = P M  C  n , i  t  × E  I  n . i  t  × S  Y  n , i  t   , and   L ( ⋅ , ⋅ )   is a weighting function, which is expressed in the following Equation (6) as:


  L ( x , y ) =     ( x − y ) / ( l n x − l n y ) , x ≠ y     x , x = y      



(6)




where    Δ P M I   n , i   pmc   ,    Δ P M I   n , i   e i   , and    Δ P M I   n ,   s y   , respectively, denote the changes in PM2.5 intensity resulting from variations in energy structure, energy intensity, and industrial structure [27]. The change in PM2.5 intensity indicates the difference in PM2.5 intensity in year i compared to the base year. Positive changes imply an increase in PM2.5 intensity, whereas negative changes suggest a decrease in comparison to the base year. Similarly, when a motorist’s change value is smaller than zero, it means that the driver in question is aiding in the reduction in PM2.5 intensity. On the other hand, it can also have a negative effect. A decrease in the intensity of PM2.5 compared to the base year is indicated by a negative change, while a positive change implies an increase.




2.1.3. The LMDI-SD Model


The LMDI-SD model is created by applying the system dynamics modeling technique to the key variables that are strongly linked with each influential component based on the incremental disintegration results obtained from the LMDI factor decomposition model. The modeling concept is shown in Figure 1.



The influential factor system of energy-consumption-related PM2.5 emissions is very complicated. Depending on the LMDI decomposition, the system boundaries are established within four areas: energy structure, energy intensity, industrial structure, and PM2.5 emissions related to energy consumption intensity. Therefore, the model should consist of three subsystems. The first subsystem is factors that influence the energy structure, which reflects the rational allocation of the energy consumption structure. The second subsystem is factors influencing energy intensity, which highlights the impact of technological progress on environmental quality improvement. The third subsystem is factors influencing industrial structure, which indicates the consequences of shifting the focus of industrial development towards the construction of an ecological environment in the context of steady economic development.





2.2. Data Sources


This study focuses on the BTH region. The primary, secondary, and tertiary industries involved are, respectively, “agriculture, forestry, animal husbandry, and fishery”, “industry” and “construction”, as well as “transportation, storage, and postal services”, “wholesale, retail trade, hotels and restaurants” and “others” [27,28,29,30]. The data related to the energy consumption and economic development of each industrial subsector are taken from the China Energy Statistical Yearbook and Statistical Yearbook of Municipalities and Provinces. The time frame for this study is from 2005 to 2020. GDP figures from these years are transformed, using 2005 prices as a constant. The fossil energy category includes coal, petroleum, and natural gas, with coal covering raw coal, washed coal, coal products, coke, coke oven gas, blast furnace gas, and other gases, and petroleum covering crude oil, gasoline, kerosene, diesel fuel, fuel oil, and liquefied petroleum gas, and so on. The discounted standard coal coefficients of various energy sources are determined based on the China Energy Statistics Yearbook 2021 and China GB/T 2589-2008 General Rules for Comprehensive Energy Consumption Calculation.





3. Results and Analysis of PM2.5 Emission Measurement and Decomposition of Influential Factors


3.1. Calculation Results and Analysis of PM2.5 Emission


The PM2.5 emissions related to energy consumption in the BTH region are measured according to the emission factor modeling Equation (2), which is derived on the basis of the elements outlined below:



From the perspective of total emissions, between 2005 and 2013, the overall PM2.5 emissions in the BTH region increased from 879.9 million tons to 1347.4 million tons. Emissions rose annually, with an increase of 53.13%. Since then, except for the plunge in total emissions in 2017, there has been a developmental trend of decreasing yearly. The total level of emissions in 2020 decreased by 11.89% compared with that in 2013. On the contrary, this was an overall increase of 34.93% compared with that in 2005. This shows a developmental trend of increasing emissions in general (Figure 2a,c). This indicates that effective control of PM2.5 pollution was initially achieved against the policy backdrop of the National Action Plan for the Prevention and Control of Air Pollution in 2013–2017 and the Blue-Sky Action Plan in 2018–2020. This reduction was also based on the rapid economic swift economic growth in the BTH region and its significantly higher urbanization pace. However, there is still a gap between current development and the goal of building a modern socialist society with green and high-quality development.



From the perspective of industry types, both the emissions and contribution assessments associated with the primary industry in this area reached a peak in 2012 and then began to decline year by year. Emissions decreased from 22.09 million tons in 2012 to 5.66 million tons in 2020, showing a significant drop of 74.38%. However, the contribution rate only decreased by 1.45 percentage points. The primary industry generates very limited PM2.5 emissions as compared with both secondary and tertiary industries. Therefore, it is not the main factor influencing the shift in PM2.5 emissions within the BTH region. Emissions from the secondary industry rose annually from 2005 to 2013 and from 2017 to 2020, but decreased year by year from 2013 to 2017. The overall developmental trend shows growth, decline, and then growth again. In 2020, there was an increase of 335.9339 million tons compared to 2005, which was a whopping 49.40%. Even though the secondary industry’s share of the rate varied between 2005 and 2017 and increased annually following 2017, it always exceeded 75%. When compared to 2005, the secondary sector’s involvement rate increased by 8.29%, reaching its peak in 2020. Emissions from the tertiary industry roughly showed a developmental trend of growth and then decline. They rose to the highest value in 2016, with an increase of 91.8764 million tons compared to 2005, a total increase of 48.20%. Afterward, emissions from the tertiary industry declined year by year, and in 2020, they fell to the lowest level seen in fifteen years, with a decrease of 25.0879 million tons compared with 2005, marking a total decrease of 13.16%. The tertiary sector’s earnings rate has been varying continuously, although it peaked in 2017 and has since been declining year after year. The contribution of the tertiary sector in 2020 was 9.42% lower than in 2017, while it was 7.72% lower than that seen in 2005 (Figure 2a,b). This suggests that the BTH region, as the largest regional economy in northern China, has mainly seen steady and quick expansion within the local economy due to the development of the industrial sector there, which has resulted in significant increases in PM2.5 emissions during the process. Therefore, the secondary industry is not only an important starting point in terms of promoting economic growth and regional development in the BTH region, but also a major source of pollution that should be focused on in the management of PM2.5 pollution.



From the perspective of energy type, from 2005 to 2020, the BTH region showed an energy usage pattern dominated by coal consumption. Additionally, the lowest percentage of coal-driven PM2.5 emissions related to energy consumption in the BTH region was as high as 89.14%. In 2020, the amount of PM2.5 emissions brought on by the usage of coal increased by 253.8927 million tons compared with that seen in 2005, with a growth rate of 30.81%. However, the contribution rate of PM2.5 emissions caused by coal consumption decreased from 93.64% to 90.7% compared with that of 2005, with a total reduction of 2.86%. The PM2.5 emissions caused by oil consumption increased annually from 2005 to 2012; they then decreased until 2016 before increasing again. In 2020, PM2.5 emissions caused by oil consumption increased by 16.9734 million tons compared with the level of 2005, representing an increase of 35.24%. Its contribution rate fluctuates continuously, and it reached its peak in 2017 with an increase of 2.27% from 2005. PM2.5 emissions caused by natural gas consumption have shown a trend of steady growth over the years, quadrupling to 36.4633 million tons in 2020 compared to 2005. The contribution rate of PM2.5 emissions caused by natural gas consumption has also been showing a rough trend of increasing year-by-year, with an increase of 2.84% in 2020 compared to 2005 (Figure 2c,d). This shows that, although the BTH region is strictly implementing and deeply practicing the five new development concepts, vigorously developing a green economy, accelerating the construction of a green environment that is ecologically pleasant to live in, continuously optimizing and adjusting its energy structure, and accelerating the transition from industrialized to modernized development, coal consumption is still the most important form of energy consumption in this BTH region and occupies a dominant position.




3.2. PM2.5 Intensity Decomposition Results and Analysis


The decomposition of PM2.5 intensity related to energy consumption in the BTH region is based on the LMDI factor decomposition model Equations (4) and (5).



From the perspective of overall decomposition, the three main driving factors, energy structure, industrial structure, and energy intensity, combined to cause PM2.5 intensity in the BTH region to decrease year over year, with a cumulative decrease of 2.5901 in 2020 compared to 2005. The decline in PM2.5 intensity could be attributed to the energy structure effect, energy intensity effect, and industrial structure effect. The energy structure effect constantly fluctuated in all of these, with a cumulative decrease of 0.5299 in 2020 compared with 2005. The energy intensity effect decreased year by year after 2007, with a significant cumulative decrease of 1.7642 in 2020 compared with 2005. On the other hand, the industrial structure effect showed a developmental trend of growth followed by a decline and a slight increase in 2020, with a cumulative decrease of 0.296 in 2020 compared to 2005. In terms of the contribution rate, optimizing and adjusting the energy structure was the main factor promoting the reduction in PM2.5 pollution in 2006. However, after 2007, the energy intensity effect replaced the energy structure effect to become the primary influential factor in PM2.5 emissions. Except for 2008, the contribution rate of the energy intensity effect exceeded 50% in each year, with a maximum rate of 84.70% (Figure 3). This showed that one key strategy in terms of supporting the efficient realization of PM2.5 pollution control in this region is to consistently encourage the improvement reduction in energy intensity in the BTH region.



From the perspective of industry-type decomposition, primary industry’s impact on the energy structure throughout the BTH region keeps fluctuating constantly and has decreased slightly year by year since 2018. Compared to 2005, there was a cumulative decrease of 0.0113 in 2020. This contributed to facilitating a decrease in PM2.5 intensity, except from 2006 to 2007 and 2013. The energy intensity effect fluctuated from 2006 through 2011 and decreased year by year from 2012 onwards, with a cumulative decrease of 0.011 in 2020 compared with the level of 2005. In addition, except for inhibiting the decline in PM2.5 intensity between 2010 and 2017, all this evidence indicates a facilitating effect. The impact of industrial structure generally showed a declining and then growing developmental tendency, and it consistently contributed to the fall in PM2.5 intensity. The industrial structure effect cumulatively decreased by 0.0162 in 2020 compared with that seen in 2005. The contribution rates of the three major driving factors of primary industry were all relatively small, and the degree of influence on the intensity of PM2.5 was relatively weak. As the pillar industry behind the expansion of economic development in the BTH region, the energy structure effect, energy intensity effect, and industrial structure effect of the secondary industry played very prominent roles in contributing to the decline in PM2.5 intensity in this region. As a result, the three primary forces driving the secondary industry had significant impacts on PM2.5 emissions in this area. Among them, the energy structure effect showed the developmental trend of rising and then falling and rising again, with a cumulative decrease of 0.1821 in 2020 compared to 2005. The energy intensity effect decreased year by year, with a cumulative decrease of 1.277 in 2020 compared with 2005. Typically, the industrial structure effect exhibited a rising, followed by a falling, development tendency, with a total drop of 0.3753 in 2020 compared to 2005. The impact of the secondary industry on industrial structure was the elementary, influential factor contributing to the decrease in PM2.5 intensity in the BTH region. Its contribution rate has been maintained at a high level since 2006, exceeding 120% every year. The tertiary industry’s energy structure effect, energy intensity effect, and industrial structure effect also have relatively large impacts on the intensity change in PM2.5. Among all of them, the energy structure effect fluctuated continuously between 2006 and 2013 then decreased yearly from 2014, with a cumulative decrease of 0.3365 in 2020 compared to 2005. This contributed to the decline in PM2.5 intensity. The energy intensity impact declined year by year, with a cumulative decrease of 0.4763 in 2020 compared to 2005. It consistently made a significant contribution to the decrease in PM2.5 intensity. The industrial structure effect showed the developmental trend of first rising, before falling and rising again, with a cumulative rise of 0.0956 in 2020 compared to 2005. However, it always inhibited the decline in PM2.5 intensity (Figure 4). This demonstrates how crucial it is to continually improve the industrial framework of the secondary sector in order to support the rapid economic growth of the BTH region and achieve the development objective of creating a green and ecological living environment. However, the tertiary industry’s industrial structure, which is the second most important factor determining the concentration of PM2.5 in this area, is not reasonably configured, but rather weakens the effectiveness of the implementation of policies on PM2.5 pollution control in this region. Therefore, additional policy optimization and adjustment will be applied to the industrial structure of the tertiary industry.





4. LMDI-SD Model Construction and Simulation Prediction Analysis


4.1. LMDI-SD Model Construction


The indicators that display high contribution rates in each influencing component are selected depending on the outcomes of the empirical research in the preceding section, and the links between the indicators are examined to create the causal loop diagram depicted in Figure 5.



The assumptions that must be met by the developed system dynamics model are given according to the diagram of causality shown in the preceding picture. To be more precise, they are as follows:



(1) According to division outcomes from LMDI, the energy structure impact factor, energy intensity impact factor, and industry structure impact factor are all connected with the corresponding measurement indicators, which are selected in the process of determining the system’s boundaries;



(2) The model takes 2005 as the base year, and variables like the rate of growth in GDP, total GDP, and output value of each industry are all accounted for using the constant price of 2005 as the base. To study the developmental trend of PM2.5 emissions connected to energy consumption in the BTH region, the model runs from 2006 to 2020 with a one-year step duration;



(3) The increase in energy efficiency is the only effect of technological research and development that benefits the model. In other words, it is expected that the region’s degree of commercial growth will be unaffected by investments made in technology-related research and development.



Based on the above assumptions, combined with the constructed causal feedback structure of the BTH region, the nature of each variable within the system is further clarified (as shown in the following Table 2, Table 3 and Table 4).



The LMDI-SD model of the BTH region, which is centered on the three driving factors of energy structure, energy intensity, and industrial structure, is formed to establish a flow diagram, which is shown in Figure 6. This represents the logical relationship between the elements within the system of factors influencing PM2.5 emissions in relation to energy consumption in the BTH region.



The correlations between the variables are further determined. On this basis, the model equations are established using Vensim PLE 32 software. The specific expression is as follows:



(1) GDP growth rate = WITH LOOKUP (Time,([(0,−0.1 − (4000,10)],(2006,0.11424),)(2007,0.120268),(2008,0.080385),(2009,0.091513),(2010,0.099861),(2011,0.089603),(2012,0.080766),(2013,0.7979),(2014,0.069573),(2015,0.066015),(2016,0.066376),(2017,0.064043),(2018,0.063056),(2019,0.061256),(2020,0.024529)))



(2) GDP growth = GDP growth rate × total GDP



(3) total GDP = INTEG (GDP growth, 19,081.7)



(4) variation in PM2.5 intensity = industry structure impact factor + energy intensity impact factor + energy structure impact factor



(5) PM2.5 intensity base period value = 4.61123



(6) PM2.5 intensity present value = variation in PM2.5 intensity + PM2.5 intensity base period value



(7) total PM2.5 emissions = total GDP × PM2.5 intensity present value



(8) industrial structure impact factor = 0.019416 + 0.806576 × amount of change in the industrial structure of the secondary industry



(9) investment in technology research and development = WITH LOOKUP (Time,([(2006,0)(6.1152e + 007,6e + 006)],)(2006,605),(2007,733),(2008,899),(2009,982),(2010,1207),(2011,1436),(2012,1670),(2013,1896),(2014,2048),(2015,2246),(2016,2405),(2017,2490),(2018,2863),(2019,3263),(2020,3446)))



(10) change in investment in technology research and development = −511.69 + 1.00012 × investment in technology research and development



(11) integrated energy emission factors for the tertiary sector = WITH LOOKUP (Time,([(0,0)(4000,10)],)(2006,4.463),(2007,4.155),(2008,4.357),(2009,4.264),(2010,4.195),(2011,4.006),(2012,3.858),(2013,4.264),(2014,4.128),(2015,3.934),(2016,3.796),(2017,3.459),(2020,2.664)(2016,3.796),(2017,3.472),(2018,3.459),(2019,2.955),(2020,2.664)))



(12) amount of change in the integrated energy emission factor for the tertiary sector = −4.82374 + 0.999981 × integrated energy emission factor for the tertiary sector



(13) amount of change in the energy structure of the tertiary sector = −0.026761 + 0.149423 × amount of change in the integrated energy emission factor for the tertiary sector



(14) amount of change in the industrial structure of the secondary industry = −2.57884 + 6.36548 × share of the secondary sector



(15) output value of secondary industry = 2034.23 + 0.318942 × total GDP



(16) share of the secondary sector = output value of secondary industry/total GDP



(17) integrated energy emission factor for the secondary sector = WITH LOO-KUP(Time,([(0,0)(4000,10)],(2006,5.226),(2007,5.446),(2008,5.268),(2009,5.24),(2010,5.124),(2011,4.958),(2012,5.005),(2013,5.481),(2014,5.492),(2015,5.474),(2016,5.279),(2017,4.944),(2018,5.012),(2019,5.037),(2020,5.148)))



(18) amount of change in the integrated energy emission factor for the secondary sector = −5.53306 + 1.00032 × integrated energy emission factor for the secondary sector



(19) amount of change in the energy intensity of the secondary industry = 1.58169 − 0.000252 × change in investment in technology research and development



(20) amount of change in the energy structure of the secondary sector = −0.009522 + 0.509058 × amount of change in the integrated energy emission factor for the secondary sector



(21) integrated energy emission factor = −0.208256 + 0.770631 × integrated energy emission factor for the tertiary sector + 0.270206 × integrated energy emission factor for the secondary sector



(22) energy intensity impact factor = −3.25933 + 2.02065 × amount of change in the energy intensity of the secondary industry



(23) total energy consumption = total PM2.5 emissions/energy intensity impact factor



(24) energy structure impact factor = 0.004757 + 1.01932 × amount of change in the energy structure of the secondary sector + 1.0374 × amount of change in the energy structure of the tertiary sector




4.2. Data Simulation and Test of the LMDI-SD Model


In order to obtain the predicted amounts for the key variables, the LMDI-SD model is run first. To ascertain whether the model is approximate and reliable, and to study the degree of influence of factors contributing to PM2.5 emissions in relation to energy consumption in the BTH region, the analog and actual quantities of the main variables of each subsystem are compared and analyzed. The formula for calculating the error is error = (simulated value − actual value)/actual value × 100%. Table 5 presents the computation outcomes. It is found that, from 2018 through 2020, the errors of the key indicators within the system, which build for the influential factors of PM2.5 emissions related to energy consumption in the BTH region, are all lower than 15 percent, and the fitting effects are all more in line with the requirements. This indicates that the LMDI-SD model for the BTH region established in this study can reflect the real situation of PM2.5 emissions related to energy consumption in the region, which is consistent with the facts. The model developed in this work can be applied for use in future analysis and prediction.




4.3. Prediction Results and Analysis of the LMDI-SD Model


To model scenarios for the development of the BTH region, this study combines the economic targets outlined in “the 14th Five-Year Plan” of each province and city, along with the energy structure trends seen from 2005 to 2020. The exogenous variables involved in the model mainly include the GDP growth rate, level of investment in technology and R&D, comprehensive energy emission coefficients of the secondary industry, and comprehensive energy emission coefficients of the tertiary industry. Among them, the GDP growth rate is based on the economic targets of the “14th Five-Year Plan” formulated by Beijing Municipality, Tianjin Municipality, and Hebei Province (the average annual growth rate is 5%, 6% and 6%, respectively). After comprehensive calculation, the average yearly expansion of GDP in the BTH region is determined to be 5.61 percent. In accordance with “the 14th Five-Year Plan”, the investment in technology research and development is determined by calculating the proportion of technology R&D investment in GDP for the three provinces and municipalities from 2021 to 2025. The upward trend of the energy structure in this region from 2005 to 2020 is the foundation for the integrated energy emission factor of the secondary and tertiary industries. On this basis, the partial least-squares method is applied to perform the regression analysis. At the same time, the goodness of fit and relative percentage deviation (RPD) of the calculated regression equations are examined. In this instance, the equations fit better when the R2 amount is closer to 1. On the other hand, when 1.4 ≤ RPD ≤ 2, the equation has an average predictive ability, and when RPD ≥ 2, it has an excellent predictive ability. After the test, the regression equations established in this study all display a good degree of fit and predictive ability (the results are shown in Table 6), enabling them to used for the prediction of development change data in the BTH region from 2021 to 2025.



To sum up, the predicted values of the four exogenous variables for the period 2021–2025 are shown in Table 7.



The LMDI-SD model for the BTH region is run to predict the PM2.5 emissions in 2025, and the results are shown in Table 8. The data indicate the following:



The influential factors of energy intensity in the BTH region are expected to decrease year by year between 2021 and 2025. These factors will decrease from −1.7642 in 2020 to −2.7232 in 2025, which is a highly significant decrease of 54.36%. Additionally, the amount of change in the secondary industry’s energy intensity will decrease each year. It will rapidly decrease from 0.9701 in 2020 to 0.2653 in 2025, which is a very significant decrease of 72.65%. To encourage the decrease in PM2.5 intensity, it will be crucial to consider both the energy intensity impact factor and the amount of change in the energy intensity of the secondary industry. This suggests that the BTH region can simultaneously achieve the pollution management goal of a significant decrease in the energy intensity of the secondary industry under the premise of realizing the economic goals set out in “the 14th Five-Year Plan”. Therefore, the effective management and control of energy intensity in the region will be promoted to realize the efficient treatment of PM2.5 pollution.



The influential factor of energy structure in the BTH region will always show a trend of rising year by year from 2021 to 2025. In 2025, it will increase by 24.78% compared with 2020, which will be a significant increase. The amount of change in the energy structure of the secondary industry will also maintain the same developmental trend. In 2025, it will increase by 78.20% compared with the level in 2020. However, the amount of change in the energy structure of the tertiary industry will decrease each year from 2020 through 2025, with a cumulative decrease of 3.94% in 2025 compared with 2020, which will be a small decrease. This indicates that the energy structure of the secondary industry in the BTH region still has the problem of irrational allocation. As an important influential factor, it will contribute significantly to the overall factors influencing energy structure, which will lead to the continuous weakening of the overall energy structure influential factors in order to promote a decrease in PM2.5 intensity in this area. Therefore, optimizing and adjusting the energy structure of the secondary industry is crucial to reducing PM2.5 emissions there and achieving the fundamental development goals of the collaborative governance of the BTH region.



Between 2021 and 2025, the weight of the industrial structure in the BTH region will decrease annually. However, it will instead increase in 2025 compared to 2020, with a cumulative increase of 5.34%. The industrial weight of the secondary industry will also decrease yearly from 2021 to 2025. In 2025, the proportion will be 34.68 percent. This is a relatively smaller decrease than that seen in 2020, standing at 0.13%. This shows that the BTH region is gradually building a modern industrial construction layout of “three, two, one”. To effectively manage PM2.5 pollution during regional economic growth and construction, the industrial structure must be continuously upgraded and optimized.



The PM2.5 intensity in the BTH region is expected to show a downward trend year by year between 2020 and 2025. In 2025, it will be reduced to being 40.16 percentage points lower than that in 2020, which is a very significant decrease. However, prior analysis suggests that the region’s rapidly growing economy may be to blame for the area’s large decline in PM2.5 intensity. The total amount of PM2.5 emissions will also continue to decline from 2021 to 2025, with a 25.56 percent drop compared to 2020. The research presented here shows that the PM2.5 pollution situation in this region will be significantly improved by achieving the binding objectives of “the 14th Five-Year Plan” for economic development and technology R&D investment. At present, it is worth noting that there are no air quality standards for PM2.5 intensity and total PM2.5 emissions in China. To investigate the management of PM2.5 pollution control, this study quantifies the energy intensity of the BTH region by calculating the combined consumption of energy and gross GDP in relation to the region’s total PM2.5 emissions. The calculated energy intensity is expected to decrease annually from 2021 to 2025, with a decrease of 9.07% in 2025 compared to 2020. However, in 2020 there was still a certain gap between energy consumption per unit in terms of the regional GDP reduction rate and the development goals of 13.5 percent, 15 percent, and 17 percent, respectively, as proposed in the “Energy Development Plan for the 14th Five-Year Period of Beijing Municipality”, “the 14th Five-Year Plan for the National Economic and Social Development of Hebei Province and the Visionary Targets of 2035”, and the “Energy Development Plan for Tianjin Municipality”. This indicates that the PM2.5 pollution control policies in this area have not been able to fully and effectively fulfill their role in reducing emissions. Therefore, it is necessary to continue to optimize PM2.5 pollution control initiatives and increase efforts to control PM2.5 pollution.





5. Conclusions and Suggestions


5.1. Main Findings


By building an emission factor model, this study seeks to examine the PM2.5 emissions associated with energy consumption in the BTH region. After that, a LMDI factor decomposition model is built to look into how energy structure, energy intensity, and industrial structure all affect the extent to which PM2.5 emissions are present in the air. As a result, the evolution of PM2.5 emissions and the factors that influence it are examined. To investigate the PM2.5 pollution levels in the BTH region in 2025, the LMDI-SD model was developed. This study aimed to identify an effective management strategy to comprehensively improve the PM2.5 pollution levels in the region and promote emission reduction and efficiency increases. Our main conclusions are as follows:



(1) The PM2.5 emissions associated with energy consumption in the BTH region have generally risen. PM2.5 emissions produced by the secondary sector’s energy consumption are an important source of PM2.5 pollution in this region. In the BTH region, coal consumption continues to be the most significant kind of energy consumption from the standpoint of the type of energy use. This is compatible with China’s structure of energy consumption, which is dominated by coal. In the BTH region, there has been a tendency for rising and then falling oil consumption. Natural gas consumption has been growing steadily and rapidly.



This is consistent with China’s coal-dominated energy consumption structure. Oil consumption in the BTH region showed a trend of increasing and then decreasing. Natural gas consumption has been growing steadily and rapidly.



(2) From the overall point of view, the contribution rates of the three major drivers of PM2.5 intensity in relation to energy consumption in the BTH region are, in turn, energy intensity, energy structure, and industrial structure. Moreover, all three drivers contribute to the decrease in PM2.5 intensity. From the perspective of industry type, the primary variables that have an important influence on PM2.5 intensity are, in order, the secondary industry’s industrial structure effect, tertiary industry’s industrial structure effect, secondary industry’s energy intensity effect, tertiary industry’ energy structure effect, and secondary industry’s energy structure effect. Among these factors, the tertiary industry’s impact on the industrial structure prevents a decrease in PM2.5 intensity.



(3) The PM2.5 emissions associated with energy consumption in the BTH region will be significantly reduced from 2021 to 2025. However, the reduction in energy intensity derived from the LMDI-SD model for the BTH region will still display a certain gap with “the 14th Five-Year Plan” targets set by Beijing, Tianjin, and Hebei provinces.




5.2. Policy Recommendations


The following policy suggestions are made in light of this study’s findings:



(1) A continuous adjustment of energy structure should be carried out to gradually increase the proportion of clean energy. Studies have shown that optimizing and adjusting our energy structure has a positive impact on managing PM2.5 pollution in the BTH region. As a result, we need to speed up the construction of a modern energy system and continue to work together to prevent, control, and treat air pollution. We must also complete the integration of energy in the BTH region and encourage different provinces and cities to collaborate. At the same time, we need to ensure our energy security while steadily reducing our consumption of coal. Our goal is to develop a modern and intelligent energy system that focuses on controlling coal, expanding gas, increasing electricity, and utilizing renewable energy sources. To achieve this, we should continue to develop non-fossil energy sources, such as solar energy, composite photovoltaic, wind resources, onshore and offshore power generation, medium and deep-sea geothermal energy, and bioenergy. We must also cultivate new dynamics in the energy field and improve the level of renewable energy consumption while upgrading the level of cleaner energy use in the secondary industry. By doing this, we can further optimize our regional energy structure and establish a good pattern of coordinated management of PM2.5 pollution.



(2) Steadily promote the decline in energy intensity reduction and gradually strengthen scientific and technological innovation. Factor decomposition analysis has shown that energy intensity is the key factor contributing to PM2.5 emissions. It is essential to recognize that economic development cannot come at the cost of environmental protection, which is in line with China’s green development concept. As such, the region should prioritize the dual control of energy intensity and consumption while continuing to improve the regional economy. This can be achieved by establishing a comprehensive energy management information platform, regulating energy demand management, developing advanced industrial clusters, promoting strategic emerging industries, and utilizing renewable energy resources. The focus should be on reducing energy intensity in secondary and tertiary industries while coordinating efforts to manage PM2.5 pollution.



(3) Continue to promote the optimization of the industrial structure and increase the proportion of the economy dedicated to tertiary industry every year. Empirical research suggests that the BTH region must optimize and adjust its industrial structure to reduce PM2.5 emissions and improve efficiency. To accomplish this, the region should learn from the industrial construction methods of developed countries, enhance connections between regional industries, promote the growth of the tertiary industry, and accelerate the development of a modernized industrial layout. In addition, the region should promote the integration of industry, innovation, and supply chains, and foster a shared and symbiotic ecosystem for the development of the BTH industry. This will lead to effective and coordinated control of PM2.5 pollution.



The limitations of this study were that the thesis currently only considers the impact of structural indicators on energy-consumption-related PM2.5 emissions, simplifies the complex system behind the mechanisms influencing PM2.5 release, and only analyses PM2.5 pollution in the baseline scenario. In future studies, we will set up a variety of simulation scenarios reasonably, add input and output data, and carry out more in-depth and extensive research.
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Nomenclature




	Variable Name
	Variable Definition



	PM
	the emissions of PM2.5



	i
	primary, secondary, and tertiary industries, respectively



	j
	energy type



	E
	energy consumption



	EF
	the PM2.5 emission coefficients of each energy variety in each industry



	Xi
	the velocity of dispersion for pollution control technologies in the industry sector i



	ηi
	the effectiveness of disinfection for industrial pollution treatment technologies



	EFj
	the computed energy emission parameter for PM2.5



	PMI
	PM2.5 intensity



	PM
	PM2.5 emissions



	GDP
	gross domestic product



	n
	regions



	    E i n    
	the energy consumption by industry i in region n



	    Y i n    
	the economic output generated by industry i in region n



	PMCn
	the integrated energy emission coefficient of region n



	    EI i n    
	the energy intensity of industry i in region n



	    SY i n    
	the industrial structure of industry i in region n



	     Δ PMI   n , i  pmc    
	the changes in PM2.5 intensity resulting from variations in energy structure



	     Δ PMI   n , i  ei    
	the changes in PM2.5 intensity resulting from variations in energy intensity



	     Δ PMI   n , i  sy    
	the changes in PM2.5 intensity resulting from variations in industrial structure
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Figure 1. Modeling idea of LMDI-SD model in the BTH region. 
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Figure 2. PM2.5 emissions related to energy consumption in the BTH region: (a) emissions by industry; (b) contribution by industry; (c) emissions by energy type; (d) contribution by energy type. 
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Figure 3. Decomposition results and contribution rates of influential factors of PM2.5 related to energy consumption in the BTH region. 
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Figure 4. Decomposition results and contribution rates of influential factors of PM2.5 related to energy consumption by industries in the BTH region. 
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Figure 5. Causal loop diagram of the LMDI-SD model in the BTH region. 
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Figure 6. LMDI-SD model flow diagram for the BTH region. 
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Table 1. PM2.5 energy emission factors.






Table 1. PM2.5 energy emission factors.





	
Fuel Type

	
Fuel Name

	
Emission Factor

(g/kg, m3)

	
Fuel Type

	
Fuel Name

	
Emission Factor

(g/kg, m3)






	
coal

	
raw coal

	
0.740

	
petrochemical

	
crude oil

	
0.310




	
water-washed coal

	
0.740

	
diesel

	
0.125




	
charcoal briquette

	
0.740

	
gasoline

	
0.310




	
coke (processed coal used in blast furnaces)

	
0.144

	
diesel fuel

	
0.310




	
blast furnace gas

	
0.170

	
fuel oil

	
0.310




	
coke oven gas

	
0.170

	
liquefied petroleum gas

	
0.150




	
other gases

	
0.170

	
petroleum

	
petroleum

	
0.170











 





Table 2. Subsystem variables table of factors influencing energy.
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	Variable Name
	Variable Property
	Variable Declaration





	Integrated energy emission factor
	Auxiliary variable
	The overall situation of the energy structure



	Integrated energy emission factor for the secondary sector
	Auxiliary variable
	The overall situation of the energy structure of the secondary industry



	Integrated energy emission factor for the tertiary sector
	Auxiliary variable
	The overall situation of the energy structure of the tertiary sector



	Amount of change in the integrated energy emission factor for the secondary sector
	Auxiliary variable
	Changes in the energy structure of the secondary industry



	Amount of change in the integrated energy emission factor for the tertiary sector
	Auxiliary variable
	Changes in the energy structure of the tertiary sector



	Amount of change in the integrated energy emission factor for the secondary sector
	Auxiliary variable
	Cumulative changes in the energy structure of the secondary industry



	Amount of change in the energy structure of the tertiary sector
	Auxiliary variable
	Cumulative changes in the energy structure of the tertiary sector



	Energy structure impact factor
	Auxiliary variable
	Cumulative change effect of energy structure



	Total energy consumption
	Auxiliary variable
	energy consumption situation



	Variation in PM2.5 intensity
	Auxiliary variable
	Difference between PM2.5 intensity in the current period and the base period



	PM2.5 intensity base period value
	Auxiliary variable
	PM2.5 intensity in 2005 (base period)



	PM2.5 intensity present value
	Auxiliary variable
	PM2.5 intensity in every year except the base year.



	Total PM2.5 emissions
	auxiliary variable
	PM2.5 emissions










 





Table 3. Subsystem variables table of factors influencing energy intensity.






Table 3. Subsystem variables table of factors influencing energy intensity.





	Variable Name
	Variable Property
	Variable Declaration





	Investment in technology research and development
	Auxiliary variable
	Input cost of scientific and technological innovation



	Change in investment in technology research and development
	Auxiliary variable
	Changes of input cost for scientific and technological innovation



	Amount of change in the energy intensity of the secondary industry
	Auxiliary variable
	Cumulative change in energy intensity of the secondary industry



	Energy intensity impact factor
	Auxiliary variable
	Cumulative change effect of energy intensity










 





Table 4. Subsystem variables table of industrial influencing factors.
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	Variable Name
	Variable Property
	Variable Declaration





	Total GDP
	State variable
	Regional development level



	GDP growth rate
	Auxiliary variable
	Rate of GDP change



	GDP growth
	Rate variable
	GDP variation



	The output value of secondary industry
	Auxiliary variable
	The development level of the secondary industry



	The output value of secondary industry
	Auxiliary variable
	The proportion of output value of the secondary industry to GDP



	Amount of change in the industrial structure of the secondary industry
	Auxiliary variable
	Changes in the industrial structure of the secondary industry



	Industrial structure impact factor
	Auxiliary variable
	Cumulative change effect of industrial structure










 





Table 5. Model simulation error statistics for the BTH region.
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Particular Year

	
Energy Structure Subsystem

	
Energy Intensity Subsystem

	
Industrial Structure Subsystem

	
Discussion Variables




	
Error in the Amount of Change in the Energy Structure of the Secondary Sector

	
Error in the Amount of Change in the Energy Intensity of the Secondary Sector

	
Error in the Amount of Change in the Industrial Structure of the Secondary Sector

	
Error in PM2.5 Intensity Present Value






	
2018

	
7.65%

	
−3.55%

	
10.12%

	
12.11%




	
2019

	
11.73%

	
−8.02%

	
1.92%

	
10.46%




	
2020

	
12.40%

	
−13.19%

	
10.03%

	
7.54%











 





Table 6. Equation fitting and prediction ability.
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	Exogenous Variable
	R2
	Fit
	RPD
	Predictive Capacity





	Comprehensive energy emission coefficients of the secondary sector
	0.9892
	Favorable
	248.9315
	Favorable



	Comprehensive energy emission coefficients of the tertiary industry
	0.9892
	Vavorable
	10.9675
	Vavorable










 





Table 7. Forecast data of exogenous variables from 2021 to 2025.
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Exogenous Variable

	
2021

	
2022

	
2023

	
2024

	
2025






	
GDP growth rate

	
5.61%




	
Investment in technology research and development

	
4595.96

	
4857.31

	
5133.62

	
5425.76

	
5734.62




	
Comprehensive energy emission coefficients of the secondary sector

	
5.208083

	
5.274090

	
5.340097

	
5.406103

	
5.472110




	
Comprehensive energy emission coefficients of the tertiary industry

	
3.069425

	
2.967535

	
2.865646

	
2.763756

	
2.661867











 





Table 8. Forecast data of main variables of LMDI-SD model of Beijing-Tianjin-Hebei region from 2021 to 2025.
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	Variable Name
	2021
	2022
	2023
	2024
	2025





	Energy intensity impact factor
	−2.1433
	−2.2764
	−2.4171
	−2.5659
	−2.7232



	Amount of change in the energy intensity of the secondary industry
	0.5523
	0.4864
	0.4168
	0.3432
	0.2653



	Energy structure impact factor
	−0.4724
	−0.454
	−0.4355
	−0.417
	−0.3986



	amount of change in the energy structure of the secondary sector
	−0.1741
	−0.1405
	−0.1069
	−0.0733
	−0.0397



	Amount of change in the energy structure of the tertiary sector
	−0.2889
	−0.3041
	−0.3194
	−0.3346
	−0.3498



	Industrial structure impact factor
	−0.2453
	−0.2547
	−0.2637
	−0.2721
	−0.2802



	Share of the secondary sector
	35.36%
	35.17%
	35.00%
	34.83%
	34.68%



	total GDP
	58,742
	62,037
	65,517
	69,193
	73,075



	Total energy consumption
	27,225
	27,811
	28,396
	28,982
	29,568



	PM2.5 intensity present value
	1.7502
	1.6262
	1.4950
	1.3562
	1.2093



	Total PM2.5 emissions
	102,811
	100,882
	97,946
	93,838
	88,372
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