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Abstract

:

Carbon dioxide emissions in developing countries are closely tied to their economy and play a crucial role in the world’s future emissions. In this paper, we put forward an alternative energy use paradigm shift of low-carbon emissions from operational, governance, institutional, and cultural viewpoints (OGIC). An urbanization factor is introduced into the Kaya identity, and three simulations are conducted to forecast the carbon footprint and to explore the effects of the energy use paradigm shift policy. The simulation results show that, in the context of the energy use paradigm shift, the years 2015 and 2024 are the two inflection points that separate the carbon footprint into three periods of extensive consumption (2000–2015), early energy transition (2016–2023), and late energy transition (2024–2030). Overall, the peak carbon emission value is forecasted to appear during the third stage. The findings are expected to demonstrate the effects of the energy use paradigm shift on carbon emissions and assist policy makers formulate a scientific policy framework for low carbon development.
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1. Introduction


Carbon emissions, also known as a key component of greenhouse gas emissions, are considered to be the main cause of global climate change and seriously threaten the sustainable development of society [1,2,3]. Industrialization is often accused of having such an adverse effect as releasing large amounts of carbon dioxide and generating serious global environmental pollution, which seriously affect normal social production activities and human life. At present, the carbon emissions caused by the consumption of natural resources and energy has reached an extent not experienced in the past. The climate change that takes place due to this concentration of carbon emissions is largely irreversible [4,5]. Carbon emissions are not only a pollution that triggers the greenhouse effect and brings about an ecological crisis, but also a development right that is related to a country’s industrialization and urbanization [6]. Rapid shift to a green growth paradigm turns to be a vital determinant of the long-term economic growth [7]. As a result, many international treaties and national policies have been promulgated to deal with carbon emissions and slow climate change. The earliest international treaties date back to the 1992 United Nations Framework Convention on Climate Change. This treated developed and developing countries differently in terms of their obligations and procedures to carry out the commitments involved. However, it was not legally binding, as it imposed neither specific obligations nor implementation mechanisms on the individual contracting parties. The Kyoto Protocol emerged soon after in 1997, requiring more than 30 developed and economic transitional countries to reduce their greenhouse gases by 5.2% by 2010 relative to 1990. The first commitment period of the Protocol expired in 2012, but it failed to some extent in the years before the expiration. Most recently, in December 2015, 195 countries met in Paris to adopt a new global agreement on climate change—the Paris Agreement, which was the first sustained, effective, and legally binding agreement in history to be adopted by all parties. Since then, global climate governance has moved to a new stage.



At the same time, numerous academic studies of carbon emissions were also conducted. Some focus on demonstrating whether the relationship between environmental degradation and income conforms to environmental Kuznets curve (EKC) theory [8,9,10,11,12]. Specifically, the EKC theory hypothesizes that there is an inverted U-shape relationship between environment change and economic development. Ibrahim and Law [13] examined the mitigating effect of social capital on EKC for carbon emissions using data for 69 developed and developing countries and confirmed the existence of EKC. By applying unit root tests and the VECM Granger causality approach, Shahbaz, et al. [14] also validated the presence of EKC with economic data for Turkey. Jalil and Mahmud [9] examined the long-run relationship between carbon emissions and income in China, finding a quadratic relationship between income and CO2 emissions over the sample period, supporting an EKC relationship; whereas, Stern, et al. [15] commented that most EKC estimates were dependent on the incorrect assumption that world per capita income was normally distributed. There has been insufficient evidence to date to show that countries follow a common inverted U-shaped pathway as their income rises [16].



Other research has specialized in the prediction of future carbon emissions. Most adopt decomposition methods. Zhang and Zhou [17], for instance, established a cointegration model and state space model to support the long-term equilibrium relationship between urbanization level and carbon emissions; while Lin and Liu [18] applied this relationship to further forecast China’s carbon emissions growth through the Kaya identity. Wu, Shen, Zhang, Skitmore and Lu [1] present U-Kaya, a modified version of the Kaya Identity formula, in forecasting China’s likely carbon emissions by 2020. The majority of these studies focus on the relationship between income and carbon emissions or emission forecasts. Comparative studies of China’s energy policy and carbon footprint are much fewer. However, such empirical studies are important, as they can provide a scientific direction for policy makers to obtain social sustainable development.



China passed the United States in 2011 as the world’s largest CO2 emitter. In the face of the large demand for energy, a low-carbon pathway should become the key policy priority in China [19,20,21]. Urbanization and industrialization often make it difficult to reduce carbon emissions effectively without scientific policy guidance. In developed cities, a higher density brought about by population agglomeration has placed an excessive burden on the local environment’s carbon absorption capacity [22,23].Therefore, in this paper, we extend the Kaya identity with a new factor of “urbanization rate”, an element closely related to energy consumption emissions in developing countries, to make a carbon footprint forecast with the guidance of an established energy use paradigm shift. Data are collected and Monte Carlo simulation is adopted to forecast the country’s carbon emissions with and without the guidance of an established energy policy.



The remainder of this paper is organized as follows. Section 2 presents the research method used in this paper. An alternative energy use paradigm shift of carbon emissions in terms of levels of operation, governance, institution and culture is put forward in Section 3, while Section 4 describes a case study with three simulations to predict the carbon emissions values in China. The final section contains some concluding remarks.




2. Research Method and Data


Three simulations were designed to predict the amount of carbon emissions in 2030 by regression analysis, Kaya Identity and Monte-Carlo Simulation. The first simulation is a simple regression with carbon emission data from previous years. In the second simulation, the parameter setting is based on the existing energy use pattern. The third simulation is designed to forecast the carbon emissions in the context of the energy use paradigm shift.



2.1. Kaya Identity and Model Refinement


The Kaya identity was first proposed by Japanese scholar, Yoichi Kaya, in a seminar held by the United Nations Government Climate Change Committee in 1989. In this equation, carbon dioxide emissions are broken down into four human production and life relating factors, namely the energy carbon emissions coefficient (C/E), energy intensity (E/GDP) (gross domestic product), per capita GDP (GDP/P), and population [24]. The mathematical expression is:


  C =  C E  ×  E  G D P   ×   G D P  P  × P  



(1)




where C represents the amount of carbon dioxide emissions, E is total primary energy consumption, GDP is gross domestic product, and P is the total population. Simple to understand, the C/E refers to the amount of carbon dioxide released from per unit of primary energy consumption, and E/GDP implies how much energy is consumed to realize one unit of GDP.



Until the now, Kaya identity has been adopted in a number of carbon emission studies [25,26,27]. For an industrial society, carbon emissions present a major threat to the sustainability and viability of its economic system. No matter which country or region is involved, it is unlikely that agriculture alone will make much progress in the economy in the face of the wide range of population growth and economic agglomeration [28]. Thus, in order to meet people’s higher standard of living and promote local prosperity, energy-intensive industries, typically a result of industrialization, induce mass carbon emissions and therefore receive the most attention. The energy consumption structure, together with urban and rural residents’ life styles in the different stages of urbanization, will influence carbon emissions too [29,30]. A new factor—“urbanization”—is therefore introduced into the Kaya identity to improve the efficiency of per capita GDP as:


  C =  C E  ×  E  G D P   ×  (    G D  P u     P u    × U +   G D  P r     P r    ×  (  1 − U  )   )  × P  



(2)




where the new element GDPu/Pu is per capita urban GDP, equal to urban GDP divided by the urban population. Similarly, GDPr/Pr is per capita rural GDP and U is the urbanization rate.




2.2. Monte Carlo Simulation


Monte Carlo simulation is a method of studying distribution characteristics by setting up a random process to repeatedly generate a time series and calculate parameter estimates and statistics. It is a widely used technique in the probabilistic analysis of sophisticated systems [31]. Future carbon emissions are hard to forecast because they are a function of inherently unpredictable socio-economic activities [32,33,34]. Monte Carlo simulation is adopted in the forecasting process in an attempt to accommodate such uncertainty. When the object is probabilistic, a statistic can be calculated based on the sampling distribution generated by the method [35].




2.3.Data


The carbon dioxide emission (C) data of 2000–2015 analyzed in this study are obtained from the European Commission (http://edgar.jrc.ec.europe.eu/). The 2000–2015 primary energy consumption (E), GDP, population (P), and urbanization (U) data are obtained from China Statistical Yearbook 2001–2016.





3. Alternative Energy Use Paradigm Shift


The present energy use pattern in China is still dominated by the traditional approach. As is well known, China is in an early stage of industrialization with an irrational energy structure, and relatively low energy technology equipment and management, which unavoidably leads to a higher energy consumption per unit GDP than the world average [36]. There exists a significant heterogeneous low consumption distribution in the southeast and the northwest, while it is high in the central and northern regions [37]. Coal and oil account for more than 80% of total energy consumption (see Figure 1).



In 2015, the total energy consumption of China reached 4300 million tons coal equivalent (Mtce), of which coal consumed 2752 Mtce and oil consumed 774 Mtce, accounting for 64% and 18%, respectively. The sum of all clean energy, such as natural gas, electric power and other energy sources, only equals 774 Mtce—a mere 18% of the total. Coal is the leading source of carbon emissions, occupying a much higher proportion (more than twice the world average) in China while natural gas, part and parcel of clean energy, is less than a quarter of the world average. In short, actively developing renewable energy and new energy, and optimizing the energy consumption structure in China, are important aspects in the control of greenhouse gas emissions in the future.



China’s carbon emissions reduction policy started from 2007, when the state council promulgated its National Climate Change Program, the first national response to climate change of any developing country. The policy proposes a diversified energy development, and renewable energy is defined as an important part of the national energy strategy. In line with the Paris Agreement, China claimed to have reached its carbon emissions peak as early as possible and is committed to a 60–65% decreased energy consumption per unit GDP by 2030 relative to 2005 (Source: China Energy Outlook 2030 Report). The National Energy Development Strategy Action Plan (2014–2020) [38] issued by the State Council states that China’s non-fossil fuels, natural gas, and coal will account for 15%, 10%, and 62%, respectively, of total primary energy consumption. The China Energy Outlook 2030 Report [39] even claimed that domestic primary energy consumption would continue to be optimized in response to the pressure of reduced carbon emissions as well as environment constraints. The proportion of coal consumption will decrease to 60% with a 17% share of non-fossil energy by 2020. The proportion of coal consumption in 2030 will be further reduced to 49%, while non-fossil energy is planned to be 22% at that time.



Although it is important to pay attention to the optimization of energy structure and international cooperation, the exploration and application of low-carbon economic development is still a challenging task. Continuing the existing energy use pattern will not achieve the proposed emission reduction targets, and the policies that have been implemented already mostly advocate low-carbon development. The absence of a concrete policy framework needs urgent attention. In consideration of this, we focus on four levels: operations, governance, institution, and culture (OGIC) to specify an alternative energy use paradigm shift and realize the emission reduction targets proposed internationally and domestically (see Figure 2).



3.1. Operations


At the operational level, the energy use paradigm shift consists of policies orientated in relation to the energy carbon emissions coefficient, energy intensity, and urbanization.



3.1.1. Energy Carbon Emissions Coefficient


The energy carbon emissions coefficient (C/E) refers to the amount of carbon dioxide released per unit of primary energy consumption. China has been working decisively towards a market economy since 1992. In the ensuing year, many industrial parks sprang up, inducing a large proportion of coal consumption to support the extensive growth. But now, we have entered a new era that advocates a much lower coefficient to meet the requirements of sustainability. Enterprises need to be encouraged to tap into new energy markets and reduce their share of coal consumption. Although it may well be unrealistic to attempt to reduce the proportion of coal by a big margin in the short term, there are still some opportunities for small-scale reductions in the proportions of both coal and oil.




3.1.2. Energy Intensity


Endeavors to reduce energy intensity (E/GDP) need to pay attention to the ecological transformation of industrial energy consumption and the life cycle theory of building energy consumption. Compared with the advanced techniques used in developed countries, building material production consumption is enormous. In China, for example, there is 30–40% more domestic energy consumption than the general level abroad. To reduce industrial energy consumption, technical improvements and life-cycle energy conservation are of great importance, where life cycle refers to the whole process of production [40,41]. Building life cycle energy consumption not only takes consumption during building operation into account, but also considers the preparation stage and construction phase.




3.1.3. Urbanization


Life and production are two major supports for the paradigm shift. For life, the energy use paradigm shift requires energy saving in daily life, while for production, the energy use paradigm shift means the evolution of industrial structure. Urbanization has brought more floating population into the cities, many of which work for non-agricultural industries, especially secondary industries, and thus promotes the manufacturing boom. However, there is a long-term cointegration relationship between secondary industries and energy consumption [42,43]. The most effective way to alleviate the pressure of energy demand is by promoting industrial structure evolution, accelerating modern service industry development to reduce the over-reliance of the national economy on industrial growth and change the present mode of extensive growth.





3.2. Governance


Governance in general is a set of management systems in relation to incentives and constraints. As for industrial production, the main interested parties are the government, the National People’s Congress (NPC) and enterprises (or individuals) (see Figure 3). Enterprises are the center of micro-economic action. A low-carbon economy cannot be separated from the market and neither can low-carbon enterprises. The transformation process involves externalities of such public goods as resources and the environment, which results in assumptions concerning the price, output, cost, and entry barriers cannot meet the market requirements and so it is difficult for the market to effectively allocate resources and hence resulting in eventual market failure. Therefore, the paradigm shift must be government-orientated in China at least. The state formulates long-term planning to strengthen its guidance for enterprises. Specific policies could be creating energy-related standards and incentive measures to encourage enterprises to join the low-carbon development mode. In addition, NPC, a crucial participant in the system, should play a role in supervision by the government. The energy use paradigm shift binding force is weak in China and the local government is insufficiently motivated to force the issue. A monitoring mechanism is therefore necessary for the integrity of the governance system of the low-carbon energy use paradigm shift.




3.3. Institution


Why does coal occupy such a huge proportion in energy consumption in China? Firstly, coal is stored in large quantities. Moreover, it is part of related industrial chains, including petrochemical, heavy industry, steel mills, and heating, which depend exclusively on coal. The most difficult and important aspect of coal consumption is “military restructuring”, i.e., reducing coal consumption through the control of industries and regions. For the former, enterprises meet the industry’s coal limit target by technological transition while, for the latter, the local government imposes a wealth accumulation-led tax instead of the usual production-led as the main source of local revenue. Industrial parks can provide considerable revenue for cities, which is why the local government relentlessly leases industrial land at a very low price. However, coal consumption rises as industrial land spreads. If the old tax mode could be disbanded, the development zone’s contribution to the economy would decline, which, in turn, would benefit the development of a low-carbon economy.




3.4. Culture


During periods of industrial civilization, the outburst of productivity triggered by science provided a historic jump for humankind and was a time when people felt they could conquer nature. The situation now is different, with the destruction of forests, environmental pollution, and desertification all threating human survival. In aiming for sustainable development, it is important to recognize that we are an integral part of nature and the need for harmonization instead of conquest.



The establishment of an environmental justice value system is particularly required for energy use paradigm shift. It is vital that future urban growth pursues social welfare other than economic progress. As with optimizing the urban and rural resources allocation system, it is important to coordinate social contradictions and ease urban-rural conflict [44,45] to steadily promote the energy use paradigm shift to low-carbon emissions.





4. Carbon Emissions Forecast: Three Simulations


China’s carbon emissions play a crucial role in the world. In the context of the existing energy use pattern and energy use paradigm shift, we take China as a research focus to forecast its exact carbon emissions in 2030 based on the combination of Kaya identity and Monte Carlo simulation.



4.1. Reference Simulation


The reference simulation denotes the forecast result through a simple linear fit with carbon emissions data from 2000 to 2015, with fitting function:


  y   =   532.63 ∗  (  x − 2000  )    +   3443.2 ,   R ² = 0.984 .  











When x = 2030, for example, China’s 2030 carbon emissions are predicted to be 19,422 MMtons.



However, a single variable linear regression is not able to provide a precise predicted value, and is therefore only taken to be a reference value.




4.2. Comparative Simulations


Two additional and different sets of comparative simulations are used in order to show the influence of the energy use paradigm shift more intuitively. Comparative simulation I focuses on the values of the coefficients in an environment with no paradigm shift, and simulation II considers the impact of the energy use paradigm shift on the parameter values. Specifically, energy policy has less influence on such parameters as per capita GDP, urbanization, and population. The values of these parameters are therefore the same in both simulations, while the values of the carbon emissions coefficient and energy consumption intensity are different.



4.2.1. Energy Carbon Emissions Coefficient (C/E)


The alteration or amelioration of a local energy structure is reflected in the C/E variation. As mentioned above, the total energy consumption in China in 2015 was 4300 Mtce, of which coal, oil, natural gas, and other primary energy sources accounted for 64%, 18%, 6%, and 12%, respectively, with 10,541 MM tons of carbon emissions. The C/E in 2015 is therefore 2.46.



Under the guidance of the energy use paradigm shift, the future Chinese energy structure can have a clear optimizing tendency, in which the contribution of coal consumption to the total amount of energy use continuously decreases, while natural gas and other primary energy sources increases. Combined with the reduction targets proposed in the official documents [38,39],the proportion of coal consumption in 2030 will be further reduced to 49%, while non-fossil energy is planned to be 22% at that time. Oil consumption is expected to have an estimated appropriate value of 17% and natural gas is 10%.



Figure 4 summarizes the C/E value of previous years and the predicted C/E value of the coming years. There are no obvious laws that describe the trend of previous C/E values. All that can be found is that the value is generally stable at 2.45 ± 0.1; thus we assign 2.45 to be the estimated value for the year after 2015 in comparative simulation I. In comparative simulation II, because of the implementation of the paradigm shift, the local government imposes a wealth accumulation-led tax instead of the usual production-led as the main source of local revenue and pursues social welfare other than economic progress, energy saving has become a binding indicator in industry; the future coefficient therefore has a gradual downward trend. Lin and Liu [18] estimate this as an average annual growth rate of −0.4% during 2016–2020. This being the case, the coefficient in 2020 would be 2.39. In view of the more stable energy structure, and growing difficulties in making reductions in the later period of development, we adopt −0.2% as the new growth rate from 2021 to 2030. This means that the C/E in 2030 will be 2.34.




4.2.2. Energy Intensity (E/GDP)


E/GDP mainly reflects the level of energy efficiency. Excessive consumption of coal inhibits energy efficiency improvement. In addition, the tertiary industries can play a greater role in promoting efficiency than the secondary industries. Studies have shown that industrial structure adjustment with the policy of back three binary (suppress the secondary industries and develop the tertiary industries) will improve energy efficiency to some extent [46].



As mentioned above, China strived to reach its carbon emissions peak as early as possible and is committed to decreasing E/GDP by 60–65% by 2030 relative to 2005. Energy consumption in 2005 in China was 2614 Mtce with a corresponding GDP of CNY18.49 trillion, and thus E/GDP should be 1.41 thousand tons coal equivalent/CNY billion (Ttce/B). If the share in reduction is 60%, the value of energy consumption in 2030 will be 0.564 Ttce/B, or 0.494 Ttce/B if 65%. Accordingly, we choose the median of 0.53 Ttce/B as the intensity value of energy consumption in 2030.



Based on the data of the total energy consumption and gross national product from the past year, the E/GDP is calculated and the fitted curve obtained. To guarantee the accuracy of the forecasts, we disregard the data before 2009 for they show a significantly different distribution from those after 2009. Combining the historic data from 2009–2015 and estimator of 2030, gives:


  y   =   0.0042 ∗    (  x − 2009  )   2    −   0.0806 ∗  (  x − 2009  )    +   0.9552 ,   R ² = 0.997 .    











The linear fit shows it will reach the lowest value in 2019 (Figure 5). In the absence of the energy use paradigm shift, it will not further decline when energy consumption intensity reaches the minimum value. Instead, it is most likely to maintain its lowest level or start to increase. In this way, the energy consumption intensity of comparative simulation I is taken as 0.57 for the coming years. For comparative simulation II, with the implementation of the energy use paradigm shift, energy-related standards and incentive measures will be created to encourage enterprises to join the low-carbon development mode and thus, the value of E/GDP is expected to decline further. We therefore assume this parameter will have a constant growth rate from 0.58 Ttce/B in 2020 to 0.53 Ttce/B in 2030.




4.2.3. Urban and Rural Per Capita GDP


Urban per capita GDP represents the gross domestic product produced by per unit of urban population. There are no official figures of the exact number of urban or rural per capita GDP. Here, we utilize the ratio that takes account of “urban per capita disposable income*urban population” and “rural per capita disposable income*rural population” to embody the value of GDPu/GDPr. Finally, we obtain the urban/rural per capita GDP indirectly by making use of the urbanization rate and population.



In the wake of urbanization, the urban and rural areas appear to be closer than the previous era. The economic systems in both areas have undergone profound changes and both are beginning to experience some competition. The statistics reveal a substantial economic gap between the urban and rural areas since 2000. The average urban per capita disposable income in 2000 was CNY 6280 and CNY 2253 for urban and rural residents, respectively. Fifteen years later, this had changed to CNY 31,195 and CNY 11,422, respectively, a ratio of 2.73:1. Supposing that y = (urban per capita disposable income*urban population)/(rural per capita disposable income*rural population), and then the values of y in 2000 and 2015 are 1.58 and 3.49, respectively. This seems to run counter to the “new urbanization policy” proposed in China, which aims to promote a “people-oriented” urbanization, facilitate the fusion development of rural primary, second and tertiary industries and finally narrow the gap between urban and rural development. Nevertheless, it seems more likely that the urbanization rate will reach 70%, as increasing numbers of people move to the cities to create wealth. Assuming that the efficiency of the urban population in creating GDP is 50% higher than that of rural population, then in 2030 we can obtain:


  y =  (  3.49 / 1.58  )  ∗ 3.49 ∗  (  1 + 50 %  )  ≈ 11 .  











There are many ways of predicting GDP. Considering the variability of the economic environment, three assumptions are adopted in doing this in this paper to predict GDP in 2030 China.



Assumption I: On the basis of the GDP data from 2000 to 2014, the fitted function is:


  y   =   39259 ∗  (  x − 2000  )    +   28237 ,   R ² = 0.954 .  











Setting x= 2030 gives the total predicted GDP in 2030 of CNY 120 trillion.



Assumption II: The US Department of Agriculture projects the GDP of the US in 2030 to be 24.8 trillion dollars, followed by China with 22.2 trillion dollars, or CNY149 trillion (US Projections for the 2030 World Economy Ranking, http://watchingamerica.com/WA/2015/04/28/us-projections-for-the-2030-world-economy-ranking/).



Assumption III: President Xijinping states that China’s annual growth rate should be no less than 6.5% from 2016–2020 and then to experience a slight decline to around 6.0%. By this criterion, China’s GDP in 2030 will be CNY 162 trillion (China sets GDP target at about 6.5%, omitting aim to go higher, https://www.livemint.com/Politics/GVRX1Uaoo7qSNPvnEFRj6M/China-sets-GDP-target-at-about-65-omitting-aim-to-go-high.html).



The results of three GDP predictions along with three different urban per capita GDP and rural per capita GDP are shown in Table 1. On the basis of these comparisons, we take the conservative approach and adopt the predictions of the US Department of Agriculture for further curve fitting. Inputting all the 2000 to 2015 data and the 2030 data produces two equations. One for urban per capita GDP:


  y   =   5.5652 ∗    (  x − 2000  )   2    +   3953 ∗  (  x − 2000  )    +   7734.6 ,   R ² = 0.991  








and the other for rural per capita GDP:


  y   =   − 5.125 ∗    (  x − 2000  )   3    +   192.45 ∗    (  x − 2000  )   2    −   410.33 ∗  (  x − 2000  )    +   5090.7 ,   R ² = 0.999 .  











Figure 6 summarizes the annual urban/rural per capita GDP results.




4.2.4. Urbanization


The urbanization rate is a measure of urban development conditions. Of course, a higher rate is not necessarily better. The rates in even the most developed countries are between 70–85% [47] because the state still needs primary industries to support the stable development of both the economy and society. The vast majority of studies agree that China will have reached a stable stage of urbanization by 2030 although the specific urbanization rates differ. For example, Nations [48] believes 70% of the population in China will be citizens by 2030. The China Development Research Foundation suggests that it will take China 20 years to deal with its semi-urbanization problem and raise the urbanization rate to 65% in 2030. Other studies also mainly concentrate at 65% with a fluctuation of no more than 5% [49,50,51].



Note that if a linear fit is applied to the urbanization rate dating from 2000 to 2015, the rate is 85.9%, which is absurd since the momentum of regional development is certain to reduce when the urbanization rate is over 70% [52]. So we disregard this regression result and assume the urbanization rate has a constant growth rate that finally reaches 70% in 2030. Figure 7 summarizes this annual urbanization rate.




4.2.5. Population


World population growth over the next 30 years is expected to mostly take place in Africa and India, which is projected to surpass China to become the world’s most populous country in 2028, and China’s urban population will increase by a further 310 million to reach a peak of approximately 1 billion in 2030 before gradually declining [48].



The linear fit result of the population based on the 2000 to 2015 data is 1.48 billion (R2 = 0.98) in 2030. However, China has now fully implemented its “two children policy”, which allows one couple to have two children from 2015 instead of the previous one-child policy. Qu, et al. [53] sampling survey of the fertility desire of women in China suggests that the population will reach a maximum in 2027 before entering a period of negative growth. The regression equation, therefore, can only estimate the population before the peak, namely 2016–2027. For the remaining period, we conservatively set 0.2% as the constant negative growth rate. Figure 8 summarizes the final results.





4.3. Monte Carlo Simulation


A fundamental requirement of a forecast process is to be robust, i.e., it is able to give a reasonably good output even if the inputs are a little inaccurate. To achieve this goal, we replace the single valued parameter with a probability distribution. Each parameter is defined as being normally distributed. The estimates of the variables proposed in above section are adopted as the mean of their distributions while the standard deviations are acquired from a comparison between data at an adjacent time (see Table 2a,b).



All the parameters are therefore substituted into the model. The number of simulation iterations is set at 100,000. The frequency for the year 2030 is presented in Figure 9a,b as an example. After collecting the statistics from all the research years, including the means and standard deviations, the final results are summarized in Figure 10, which shows two clear inflection points in the emissions in 2015 and 2024. The comparative simulations I and II predict 20,141 and 18,069 MMtons of carbon emissions in 2030–1500 MMtons less than the reference simulation estimate.




4.4. Results and Discussion


The reference simulation in the case study describes the extrapolation of a simple single linear fitted result of carbon emissions in 2030 that may not fully reflect future carbon emissions, which is affected by multi-factor changes such as the local energy structure, population and the economy. The economic and social development situation in the next 15 years is likely to be better than that of the past 15 years, so the reference estimate maybe the lowest possible value under the present extensive development mode. This means that if China still maintains its previous growth pattern and energy consumption structure, the carbon footprint in 2030 will certainly exceed 20,000 MMtons, nearly twice that of 2015 (10,642 MMtons).



There are significant differences between the carbon footprints predicted by the two comparative simulations. The gap begins in 2020, especially after 2024, and becomes more accentuated thereafter. If there is no energy use paradigm shift, the carbon emissions will reach 20,141 MMtons in 2030. However, with the energy use paradigm shift, the estimated value could reduce to 18,069 MMtons. In the comparative simulation II, 2015 and 2024 are two inflection points that separate the Chinese carbon footprint into three stages, namely an extensive consumption period (2000–2015), early energy transition period (2016–2023), and a late energy transition period (2024–2030). Economic development has consumed a large number of resources and energy in China in recent times, as manifested the 2000–2015 extensive mode, leading to a continuous increase in carbon emissions from 2000 [54,55]. Since 2015, industrial restructuring and intensive energy use began to progress steadily under an energy-saving background. A carbon trading market is planned to start in 2017. Energy use paradigm shift lags while the economy is still in a prosperity stage, and therefore carbon emissions maintain a relatively strong growth momentum until the end of the stage. As for the late energy use paradigm shift period after 2024, the energy transformation policy will be fully implemented and, at the same time, both the urbanization rate and population will reach a peak and remain stable [56]. In this situation, the growth rate of carbon emissions slows down. As can be seen from Figure 10, carbon emissions will reach a maximum around 2029 and then no longer increase significantly.



In short, it will take some time for the policy to achieve its effect after introduction; therefore, ensuring an improved realization of low carbon development requires accelerating the implementation of the energy use paradigm shift.





5. Conclusions


Urban growth in developing countries is often accompanied by an increase in carbon emissions. This paper proposes an alternative energy use paradigm shift. The Kaya identity and Monte Carlo simulation are the research methods. Three simulations are conducted for better understanding the effects of the energy use paradigm shift. The results show that the carbon footprint will decline drastically in 2030 with the guidance of the new energy paradigm. The peak carbon emissions value is forecasted to appear around 2029. The study has significant policy implications. The new energy use paradigm should provide a comprehensive improved approach for countries where booming economic indicators induced by the long-term blind pursuit of economic growth conceals such serious problems as wasted resources and increasing carbon emission.



However, the paper contains some uncertainties and limitations. Although the effect of policy on the forecast process is considered, only a simple linear/curve is used to forecast the mean value of each variable, and further work is needed to better model the variables. However, while it is hard to quantify the effect of the energy use paradigm shift on carbon emissions precisely, this paper provides the basis for future policy novelties in China and other similarly placed countries.
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Figure 1. 2000–2015 energy consumption in China. (Source: China Statistical Yearbook 2016). 
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Figure 2. Operational, governance, institutional, and cultural (OGIC) analysis of the energy use paradigm shift. 
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Figure 3. Incentive system for energy transformation. 
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Figure 4. Estimates of the energy carbon emissions coefficients for 2000–2030. (* Predicted energy carbon emissions coefficient (C/E) values after 2015). 
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Figure 5. Estimates of energy intensity for 2000–2030 (* Predicted energy intensity (E/GDP) (gross domestic product) values after 2015). 
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Figure 6. Estimates of urban per capita GDP and rural per capita GDP for 2000–2030 (* Predicted urban per capita GDP and rural per capita GDP after 2015). 
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Figure 7. Estimates of urbanization for 2000–2030 (* Predicted urbanization rate after 2015). 
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Figure 8. Estimates of population for 2000–2030 (* Predicted population after 2015). 
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Figure 9. (a) Carbon emission simulation results of comparative simulations I in 2030 (* Probability means the chance of appearance. Frequency means the number of times it appears (a total of 100,000 times)). (b) Carbon emission simulation results of comparative simulations II in 2030 (* Probability means the chance of appearance. Frequency means the number of times it appears. (A total of 100,000 times)). 
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Figure 10. Carbon emissions simulation results. (* The figure below is an enlarged view of the circled area in the figure above). 
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Table 1. Urban/rural per capita GDP estimates based on different assumptions.
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	Assumptions
	GDP (Trillion Yuan)
	Urban-Rural Ratio
	Urban per Capita GDP (Yuan)
	Rural per Capita GDP (Yuan)





	I
	120
	11:1
	104,761.9
	22,222.2



	II
	149
	11:1
	130,079.4
	27,592.6



	III
	162
	11:1
	141,428.6
	30,000.0
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Table 2. (a) Distribution of variables. (b) Distribution of variables.
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(a)




	
Year

	
Comparative Simulation I

	
Comparative Simulation II




	
Energy Carbon Emissions Coefficient

	
Energy Consumption Intensity

	
Energy Carbon Emissions Coefficient

	
Energy Consumption Intensity




	
Mean

	
Std.

	
Mean

	
Std.

	
Mean

	
Std.




	
2016

	
2.45

2.45

2.45

2.45

2.45

2.45

2.45

2.45

2.45

2.45

2.45

2.45

2.45

2.45

2.45

	
0.60

	
0.01

	
2.44

	
0.01

	
0.60

	
0.02




	
2017

	
0.58

	
0.01

	
2.43

	
0.01

	
0.58

	
0.01




	
2018

	
0.57

	
0.01

	
2.42

	
0.01

	
0.57

	
0.01




	
2019

	
0.57

	
0.01

	
2.40

	
0.01

	
0.57

	
0.01




	
2020

	
0.57

	
0.01

	
2.39

	
0.01

	
0.58

	
0.01




	
2021

	
0.57

	
0.01

	
2.38

	
0.01

	
0.58

	
0.01




	
2022

	
0.57

	
0.01

	
2.38

	
0.01

	
0.57

	
0.01




	
2023

	
0.57

	
0.01

	
2.37

	
0.01

	
0.57

	
0.01




	
2024

	
0.57

	
0.01

	
2.37

	
0.01

	
0.56

	
0.01




	
2025

	
0.57

	
0.01

	
2.36

	
0.01

	
0.56

	
0.01




	
2026

	
0.57

	
0.01

	
2.36

	
0.01

	
0.55

	
0.01




	
2027

	
0.57

	
0.01

	
2.35

	
0.01

	
0.55

	
0.01




	
2028

	
0.57

	
0.01

	
2.35

	
0.01

	
0.54

	
0.01




	
2029

	
0.57

	
0.01

	
2.34

	
0.01

	
0.54

	
0.01




	
2030

	
0.57

	
0.01

	
2.34

	
0.01

	
0.53

	
0.01




	
(b)




	
Year

	
Urban per Capita GDP

	
Rural per Capita GDP

	
Urbanization

	
Population




	
Mean

	
Std.

	
Mean

	
Std.

	
Mean

	
Std.

	
Mean

	
Std.




	
2016

	
72,407

	
1448

	
26,801

	
536

	
57%

	
1%

	
1383

	
277




	
2017

	
76,544

	
1531

	
28,554

	
571

	
58%

	
1%

	
1390

	
278




	
2018

	
80,692

	
1614

	
30,170

	
603

	
59%

	
1%

	
1397

	
279




	
2019

	
84,851

	
1697

	
31,617

	
632

	
60%

	
1%

	
1404

	
281




	
2020

	
89,021

	
1780

	
32,864

	
657

	
61%

	
1%

	
1411

	
282




	
2021

	
93,202

	
1864

	
33,882

	
678

	
62%

	
1%

	
1418

	
284




	
2022

	
97,394

	
1948

	
34,638

	
693

	
63%

	
1%

	
1425

	
285




	
2023

	
101,598

	
2032

	
35,103

	
702

	
64%

	
1%

	
1432

	
286




	
2024

	
105,812

	
2116

	
35,246

	
705

	
65%

	
1%

	
1439

	
288




	
2025

	
110,038

	
2201

	
35,036

	
701

	
66%

	
1%

	
1446

	
289




	
2026

	
114,275

	
2285

	
34,441

	
689

	
67%

	
1%

	
1454

	
291




	
2027

	
118,523

	
2370

	
33,432

	
669

	
68%

	
1%

	
1461

	
292




	
2028

	
122,782

	
2456

	
31,978

	
640

	
69%

	
1%

	
1458

	
292




	
2029

	
127,052

	
2541

	
30,048

	
601

	
70%

	
1%

	
1455

	
291




	
2030

	
130,079

	
2602

	
27,593

	
552

	
70%

	
1%

	
1452

	
290








* Energy carbon emissions coefficient: MMtons/Mtce; * Urban/Rural per capita GDP: yuan. Population: million.
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