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The Impact of Urbanization on Carbon Emissions in Developing 

Countries: a Chinese study based on the U-Kaya method 

 

Abstract: Urbanization results in a considerable economic disparity between urban and rural areas 

in developing countries, which has had a consequent significant impact on CO2 emissions. To 

accommodate this directly, this paper presents a modified version of the Kaya Identity formula, 

U-Kaya, that includes a direct urbanization factor to determine the relationship between energy 

consumption intensity, population growth, urbanization rates, urban and rural GDP per capita and 

the volume of carbon emissions, for application in the dynamic forecasting of carbon emissions by 

Monte Carlo simulation. The method is demonstrated in forecasting China’s likely carbon 

emissions in 2020 by three different modes of urbanization policy: the government-dominant 

mode, market-dominant mode and a hybrid government market-dominant mode. The results 

indicate that a higher urbanization rate, energy carbon emission coefficient and energy intensity 

will lead to increased carbon emissions. Finally, three policy implications are identified, 

comprising the narrowing of the economic gap between urban and rural areas, adjustments to the 

energy structure and technical innovation, which will provide a valuable reference for developing 

countries in their efforts to reduce carbon emissions. 

 

Keywords: Carbon Emissions: Forecasting: Urbanization; U-Kaya Identity.  
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1 Introduction 

With the continuous development of the social economies of many countries, human destruction 

of the ecological environment has intensified in recent years. Greenhouse gas emissions are 

believed to have significantly changed the global climate, seriously threatening the sustainable 

development of human society. Both developed and developing countries have gradually accepted 

the concept of a low-carbon built environment since the Copenhagen climate change conference in 

2009. However, the current situation is that developed countries contribute more than 70% of total 

global carbon emissions (Zhang, 2010) and it is therefore anticipated that developing countries, 

with their constant increase in industrialization and urbanization, will follow a similar pattern of 

carbon emission intensity (Galeotti and Lanza, 1999). Al-mulali et al. (2012), for example, 

investigate the long-run relationship between urbanization, energy consumption and carbon 

dioxide emissions in East Asia and the Pacific, East Europe and other regions over the period 1980 

– 2008, finding that 84% of countries had a positive long run relationship of urbanization, energy 

consumption and carbon dioxide emissions. Similarly, in 2008, the average per capita carbon 

footprint of infrastructure (including individual infrastructure systems such as buildings, 

automobiles and industrial sectors) - an essential component of industrialization - was 

approximately 5 times larger in industrialized countries (53±6 tonnes CO2) than that of developing 

countries. Meanwhile the globalization of infrastructure stocks in the Western world using present 

technologies is estimated to correspond to around 35−60% of the remaining carbon budget 

available until 2050, posing “… an unprecedented challenge for infrastructure development in 

industrialized and developing countries [alike]” (Müller et al., 2013). This is particularly the case 
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with China, where it is said by Yao et al. (2015) that “… large-scale industrialization and 

urbanization have made China the largest CO2 emitter in the world …”. Cole and Neumayer 

(2004), in considering 86 countries during the period from 1975 to 1998, found a positive link 

between CO2 emissions and a set of explanatory variables including population, urbanization rate 

and energy intensity, and a negative link with household sizes, with a 10% increase in the 

urbanization rate associated with a 7% increase in CO2 emissions. As noted by Liddle (2014), the 

earlier of the first type of studies focused on developing countries and found a positive, significant 

relationship between urbanization and energy consumption (Parikh and Shukla 1995). More 

recently, similar studies have considered developed as well as developing countries, carbon 

emissions and disaggregated energy consumption, and additional explanatory variables. These 

studies typically have confirmed the positive relationship between urbanization and 

emissions/energy consumption  

The main approaches to measure the impact of urbanism on carbon emissions to date are 

IPAT (the impact of population, affluence and technology), STIRPAT (stochastic impact by 

regression on population, affluence and technology) and the Kaya Identity (total emission level 

expressed as the product of population, GDP per capita, energy use per unit of GDP and carbon 

emissions per unit of energy consumed). As Yu and Zhang (2014) indicate, the Kaya Identity is 

currently the basic formula for the study of carbon emissions. Based on the idea of identity, 

several studies have introduced different factors into the formula to extend the Logarithmic Mean 

Divisia Index (LMDI) decomposition method in order to explore the factors affecting carbon 

emissions. Ang (2004), for example, conduct a comparative analysis of different index 

decomposition methods and their practical application to demonstrate that LMDI is the optimal 

http://www.sciencedirect.com.ezp01.library.qut.edu.au/science/article/pii/S0921800911000814#bb0055
http://www.sciencedirect.com.ezp01.library.qut.edu.au/science/article/pii/S0921800911000814#bb0055
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method. None of these, however, consider urbanization directly, relying instead on population 

alone to account for community development.  

This paper develops a new approach, involving the incorporation of urbanization into the 

Kaya Identity. First, the background of low carbon development is presented, which emphasizes 

the important role of developing countries in the control of global carbon emissions. In section 2, 

previous studies of the relationships between urbanization and carbon emissions are reviewed, 

from which it is concluded that there has been little research into the essential features of 

urbanization in relation to carbon emissions. Section 3 introduces the original Kaya Identity, first 

proposed forward by Yoichi Kaya (1989) to measure a country’s carbon emissions in terms of its 

population, products and lifespan. This has been widely applied in many areas such as in 

searching for the drivers accelerating CO2 emissions (Raupach et al., 2007) and the energy 

implications of future stabilization of atmospheric CO2 content (Hoffert et al., 1998). The energy 

carbon emission coefficient, energy intensity, GDP per capita and the total population are included 

in the Identity, with an urbanization factor being introduced to study urban and rural per capita 

GDP separately for incorporation into the Kaya Identity, defined as U-Kaya in section 4. This is 

developed into a method for dynamically forecasting future CO2 emissions by Monte Carlo 

simulation, in which the parameters of the distributions involved are defined in the U-Kaya 

Identity. The method is then demonstrated in section 5 by a case study aimed at forecasting 

China’s carbon emission levels in 2020. The parameters are estimated according to statistical data, 

policy goals and available research and simulations conducted under three scenarios set with 

different probability distributions of urbanization rate under different urbanization policy modes to 

obtain a dynamic forecast of future carbon emission levels. The results validate the approach in 
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confirming the association between higher urbanization rates and increased carbon emissions. The 

final section provides some discussion on the limitations or the work, suggestions for future 

research and concluding remarks emphasizing the importance of adjusting energy and industrial 

structures in reducing carbon emissions. Finally, suggestions are made for forward policy 

involving a 2-stage process for achieving long-term low carbon emissions in China and other 

similar developing countries. 

 

2 Literature review 

Urbanization is a concentrated expression of the social and economic activities of human 

beings, the typical characteristics of which are the intensification of both population and factors of 

productionchanging the modes of production and people’s lifestyle. It also has a impact on carbon 

emission levels. In China, for example, rapid urbanization since the 1978 Reform and Opening up 

has resulted in profound environmental changes on both a citywide and regional scale, with 

carbon emissions greatly increasing in the developed cities in eastern China, for instance, despite 

their growing investment in pollution control (Tao et al., 2015, 2016).  

Studies of the relationship between urbanization and carbon emissions are mainly concerned 

with industrial structure (involving upgrading and optimization and the development of 

low-carbon, technologies), transportation (different types, travel behavior, technological factors, 

urban form and low carbon transport strategies), building form (low-carbon buildings, and 

integrated design, construction and maintenance) and urban planning (multi-angle related, eco-city 
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and adopting new-style urbanization) as summarized in Table 1. 

< Insert Table 1 here> 

Granger casual relationships have also been found to exist between economic growth, energy 

consumption and CO2 emissions in China (Wang et al., 2016) and beyond. Shahbaz et al. (2016), 

for example, find that renewable energy sources play an important role in stimulating economic 

activity in the U.S.; while Bhattacharya et al.’s (2016) findings from the long-run output 

elasticities of 38 top renewable energy consuming countries indicating renewable energy 

consumption to have a significant positive impact on economic output for 57% of the countries 

involved.  

Many classical models have been proposed to account for the effects of population and 

economic growth on carbon emissions. Ehrlich (1970), for example, proposes the IPAT equation, 

in which environmental pressure is deterministically characterized by population (P), level of 

wealth (A) and technology (T). However, IPAT has been criticized as being too simplistic in 

assuming that P, A and T are independent of each other (Alcott, 2010) - a problem later overcome 

by Dietz and Rosa’s (1997) extension of IPAT to STIRPAT, a stochastic equation that is capable of 

keeping other factors fixed when one factor is changed. This has been used in many recent studies 

of the effects of urbanization on carbon emissions (e.g. Zhang and Lin, 2012; Chikaraishi et al., 

2015)  

In order to characterize the impact of urbanization and industrialization on carbon emissions, 

Yoichi Kaya (1989), on the other hand, proposed his Kaya Identity, using the four elements of 

energy carbon emission coefficient, energy intensity, GDP per capita and total population, which 
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are closely related to population, product and life, to measure regional carbon emissions. The 

Environmental Kuznets Curve, initially proposed by Grossman and Krueger (1991) and named by 

Panayotou (1993), uses an inverted-U shaped relationship between economic growth and 

environmental pollution, in which the degree of environmental pollution of a certain country or 

region is intensified with economic growth and the extent of environmental contamination slows 

down after reaching a certain level of economic development.  

These classical economic models have laid the foundation for subsequent studies, some of 

which have involved empirical analyses at national and regional levels. For instance, Sun and Li’s 

(2010) co-integration analysis of the relationship between urbanization and carbon emissions 

found that urbanization has a causal relationship with carbon dioxide emissions but not vice versa. 

Lin and Liu (2010) also introduce an urbanization factor into the Kaya Identity and perform 

additional research in forecasting the future annual growth rate of carbon emissions of China. This 

was later continued by Zhou and Mi (2010) in predicting that CO2 emissions in China would reach 

a peak of 11.847 billion tons/year by 2042 under the baseline scenario, being smaller and ahead of 

time if the energy structure was better optimized. 

The literature, however, mainly focuses on forecasting carbon emissions and the influencing 

factors involved. There is no special consideration of the characteristics of the stages of the 

development of urbanization or urbanization rate, which are simply considered as part of a single 

causal factor in the analysis. In reality, however, simply setting the total population as a variable in 

these models is unlikely to fully characterize the nature of urbanization, which often involves the 

migration of people from rural to urban areas, in developing countries. In response, this paper 

develops a U-Kaya Identity by taking urbanization into consideration, to make a dynamic forecast 
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of the likely carbon emissions in the future by Monte Carlo simulation. This is particularly 

applicable to developing countries such as China, of which a case study demonstration of 

forecasting its likely CO2 emissions by 2020 is provided later. 

3 The Kaya Identity 

The Kaya Identity, first proposed by Yoichi Kaya (1989) in a seminar of the Intergovernmental 

Panel on Climate Change (IPCC), involves four factors, comprising the energy carbon emission 

coefficient, energy intensity, GDP per capita and population size - providing an intuitive 

description of the relationship between human activity and greenhouse gas emissions. Their 

product is taken to represent total carbon emissions (Yoichi, 1989) 

 

 P
P

GDP
GDPREC

RCERCE **REC*=  (1) 

 

The meaning of each factor is explained in Table 2. “RCE/REC” is the energy carbon emission 

coefficient, which characterizes the carbon emissions produced per unit of consumed energy; 

“REC/GDP” is energy intensity, or energy consumption per unit of GDP; while “GDP/P” is 

simply GDP per capita, an often-used measure of national productivity. On the right side of 

equation (1), the prior denominator, P, is cancelled by the later numerator.  

< Insert Table 2 here> 

According to the United Nations Intergovernmental Panel on Climate Change, the carbon 

emission coefficient of a certain type of energy is a fixed value and therefore the energy carbon 
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emission coefficient in the Kaya Identity can be represented by RCE/REC, the ratio of total carbon 

emissions to total energy consumption, namely the weighted mean carbon emission coefficient for 

every type of energy. Urbanization, on the other hand, has agglomeration effects on population 

and industry that can indirectly affect the local economy (Wu et al., 2011). In developing countries, 

rural and urban GDP per capita differ greatly (Lu and Chen, 2004) and, with the rapid advance of 

urbanization, the variable GDP per capita is significantly affected with a consequent effect on 

carbon emissions (Zhou, 2013). The effects of rural and urban GDP per capita are discussed in 

more detail in the next section. 

4 The U-Kaya Identity method 

Given the current stage of China's urbanization process, the difference between urban and rural 

economies will have a profound impact on many aspects of the country’s development. Therefore,  

an urbanization factor is introduced into the Kaya Identity. Monte Carlo simulation is then used to 

predict likely future scenarios. 

4.1 Introduction of the urbanization factor 

Urban-rural development is regarded as one of the key pillars in driving regenerative development 

(Zhang et al., 2014). In developing countries, urbanization has led to significant economic 

differences between urban and rural areas (Martínez-Zarzoso and Maruotti, 2011). In China, for 

example, urbanization has occurred as a result of government control than market forces and, as a 

result, China’s urbanization has fallen far behind its industrialization (Lin and Wang, 2012). One 

effect of this has been to restrict the migration of rural workers into urban areas due to the 
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restrictions placed on their access to the benefits of increased social welfare brought by 

urbanization (Hui and Bao, 2013). In such cases, urbanization has not advanced the development 

of rural areas as effectively as desired, with urban GDP per capita often being many times higher 

than rural GDP per capita. For example, the per capita disposable income of urban households in 

China in 2012 of CNY 24,564 was three times more than that of rural residents (National Bureau 

of Statistics PRC, 1990-2013).  

The degree of urbanization significantly affects GDP per capita in the Kaya Identity and its 

carbon emissions. This applies especially in China, whose urbanization entered a period of rapid 

development since its 1978 Reform and Opening up policy, resulting in an estimated current 

urbanization level of 56% and projected to rise to 70% by 2030. This has several implications. 

Firstly, urbanization promotes industrial transformation and upgrading, changing the intensive use 

of land and labor to intensive use of capital and technology in driving revenue growth. Secondly, 

urbanization changes land use because of large-scale urban expansion resulting in a continuous 

increase in income from land, making land finance (the extra revenue derived by the local 

government from change in land use) an even more important issue for local government. 

Furthermore, changes in land use also cause an increase in carbon source and decrease in carbon 

sink. Thirdly, when large numbers of people gather in cities, urbanization exerts a subtle influence 

on their living and consumption habits, with a resulting strong positive effect on GDP per capita 

(Jones and Koné, 1996). In short, changes in the urbanization process of a country necessarily 

influence its carbon emissions both directly or indirectly. 

In considering this influence of urbanization on GDP per capita, an urbanization factor U is 

introduced into the Kaya Identity in order to study rural and urban GDP per capita separately. This 
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revised U-Kaya Identity is defined as 

 PU
P

GDPU
P

GDP
GDPREC

RCERCE
r

r

u

u *)]1(*[*REC* −+=  (2) 

where  u

u

GDP
P

 and r

r

GDP
P

 represent urban and rural GDP per capita respectively and the 

urbanization factor U is an estimate of the level of urbanization. In reality, urbanization is related 

to land, population, industry and many other aspects and its measurement can be made in a variety 

of ways. Here, the proportion of urban population is used to measure the urbanization level 

because of data accessibility and for general use. 

 

4.2 Monte Carlo simulation 

The method of Monte Carlo simulation is used to obtain a dynamic forecast of total carbon 

emissions. Monte Carlo simulation is a statistical simulation method that is widely used in 

economics, quantum mechanics, biomedicine and many other fields. In order to obtain the 

distribution of an unknown probabilistic entity, it repeatedly samples from known or assumed 

probability distributions to provide unbiased estimators of newly created variables. In short, it 

generates inputs randomly from known probability distributions over the domain to aggregate the 

results after defining a domain of possible inputs (Kurt and Dieter, 2010). Here, Monte Carlo 

simulation is used to generate a dynamic forecast of each coefficient in the U-Kaya Identity, with 

all the distributions being defined according to statistical data, documentary research and current 

national policies. 
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5 China case study 

In this section, a case study of China is used to investigate the likely effects of major factors 

influencing carbon emissions. China is chosen because, with such a large population, emission 

intensity is considerably magnified. With estimated annual emissions of 9.72 billion tons (1 

billion=1000 million), China was ranked as the highest carbon emitter in the world in 2012 - 

contributing 27% to the total - although only 38% of the United States in per capita terms 

(Whitmore, 2013). In the absence of remedial actions, this will certainly rise as China becomes 

increasingly developed, leaving it with a crucial problem-solving role to play on the world scene. 

Emphasizing the great disparities in the economy and carbon emissions between urban and 

rural areas brought about by industrialization and urbanization in China, there is a need to examine 

the relationships between energy consumption intensity, population growth, urbanization rates, 

urban and rural GDP per capita and the annual volume of carbon emissions. 

China's total population is considered by many to have been relatively stable since the 

one-child family policy was instituted in 1979 (Baochang et al., 2007), which reinforces the view 

that simply setting the total population as a variable cannot characterize the nature of its 

urbanization, which involves large numbers of people migrating from rural to urban areas. 

 

5.1 The five factors 

The five factors chosen for their likely significant effects on carbon emissions comprise the energy 

carbon emission coefficient, energy intensity, population, GDP per capita and urbanization rate. 
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These are explained in more detail in what follows. 

 Energy carbon emission coefficient 

The main types of energy sources in China are coal, oil, natural gas, water, wind power and 

photovoltaic, among which fossil fuels are the main cause of carbon dioxide emissions, while 

carbon neutral energy, nuclear energy, photovoltaic and renewable energy (such as wind, water 

and geothermal) are environmentally clean alternative energy resources (Kama, 2007) and 

relatively carbon-free. As a consequence, it is China’s energy structure that determines the value 

of the carbon emission coefficient, with larger proportions of clean energy being associated with 

smaller energy carbon emission coefficients. Figure 1 indicates the changes in China’s energy 

structure from 1990 to 2012. 

< Insert Figure 1 here> 

< Insert Figure 2 here> 

A typical feature of urbanization is the intensification of population and industry, which influences 

energy consumption by having effects on population and industry structure. From Figure 2, it is 

clear that total energy consumption in China has continued to rise since 1990s along with the rapid 

advance in urbanization. China consumed 3.62 billion tons of standard coal equivalent in 2012, 

more than three times the amount consumed in 1990, to become one of the largest energy and coal 

consuming nations in the world. Although total energy consumption has been rising, the 

proportion of the main energy types and share in total energy consumption have generally 

remained stable: with coal ranging from 66.6% to 76.2%, oil from 16.6% to 22.3%, natural gas 
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from 1.8% to 5.2% and wind, water and nuclear energy from 4.8% to 9.4%. Although the use of 

coal has steadily declined by 10% over the last 23 years, China’s national condition of being ‘rich 

in coal but poor in oil and natural gas’ and the supporting role of coal consumption for its rapid 

economic growth in the last decade, makes it unlikely that the existing coal-dominated energy 

structure will change greatly in the short term. 

Although growing by over 4% in the last 23 years, the share of clean energy, such as wind, 

solar, water and nuclear energy is still relatively small in China’s energy structure, but is expected 

to continue to gradually increase in the future with the movement towards sustainable 

development. In this way, therefore, the amount of carbon emissions per unit of energy generated 

is expected to decrease and, consequently, the energy carbon emission coefficient of China will 

maintain a steady, targeted decrease. 

 Energy intensity 

The rapid development of urbanization and industrialization has resulted in larger-scale 

infrastructure and housing development, which places a great rigid demand on energy 

consumption. Meanwhile, as the world’s largest developing country, China has played the role of 

manufacturer and processor in the chain of global trade for a very long time, making its rise in 

energy intensity far higher than that of its GDP. In 2009 for example, China’s GDP accounted for 

7.4% of the world’s total GDP while its energy consumption was 17.16% of world total (Energy 

Department, 2011). 

< Insert Figure 3 here> 

It is a country’s macro-policies of energy saving and emission reduction acting on technology 
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that determine the extent of its reduction in energy intensity. At the 2009 United Nations General 

Assembly, China’s general secretary of the Communist Party China (CPC), Hu Jintao, made a 

commitment to reduce China’s energy intensity by 40% to 45% by 2020 – a pledge supported and 

furthered in the Twelfth Five-year Plan endorsed by the People's National Congress in March 2011. 

This plan promulgated that, by 2015, China’s energy consumption per CNY 10,000 GDP would be 

reduced to 0.869 tons standard coal, a reduction of 16% from the 2010 level and 32% from the 

2005 level (Yao, 2012). As Figure 3 shows, China’s energy intensity has followed a downward 

trend since 1990, with a 2012 energy consumption per CNY 10,000 GDP of 0.697 tons standard 

coal, a reduction of 5.5% from the 2010 level and 23.4% from the 2005 level. It can be concluded, 

therefore, that although energy saving and emissions are reducing the energy intensity; there is 

still a long distance to go before targets are met. 

 

 Population 

Population growth can be forecasted by the population pyramid (Figure 4) and differencing 

models, particularly for relatively closed countries and regions. Of course, it is also affected by 

governmental population control policies. 

< Insert Figure 4 here> 

China’s population control policies, which are seen as an integral part of its whole social and 

economic system, thus play a significant role in helping promote economic development, social 

progress and environmental protection, and are closely related to its different historical 

development stages. Throughout recent history, Chinese population polices can be divided into 
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three periods. In the primary stage of new China, population growth was encouraged in the face of 

the full-scale construction under way at the time (Zou, 1986). However, contradictions between 

low productivity and the geometric growth of the population created a series of problems that 

worsened over the ten-year calamity period (shinian haojie). At that time, family planning as a 

fundamental State policy was developed and related population polices became stricter (Tian, 

2010). As is well known, the population control policy has been very successful, with a total 

population of 1.34 billion in 2010 (He, 2011), 20 million less than the population cap established 

in the Eleventh Five-year Plan. However, an emerging difficulty is that people are faced with new 

problems such as an imbalance of population structure, an aging population and associated 

increasing social security burdens (Zhang, 2010). The gradual relaxing of the two-child policy will 

necessarily affect the population trend in the long term, with a concomitant influence on carbon 

emissions. 

 

 GDP per capita 

China’s economy has been growing at double-digit rates for over 20 years. By 2012, with a total 

GDP exceeding CNY 50 trillion (million million), it was already second only to the U.S. (Ministry 

of Commerce of PRC, 2013). However, in terms of GDP per capita, it ranks only around 100th in 

the world - far less than that of developed countries (Wang, 2011). China's basic national 

conditions determine its great growth potential in the future. As shown in Figure 5, China’s GDP 

per capita has gradually increased since 1990, growing even faster since the turn of the 21th 

century. Both United States geologist Bailey and Chinese geologists Xu Xueqiang and Zhou 
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Yixing’s research indicates a highly significant log function relationship between economic 

growth, urban development and urbanization in general (Liu et al., 2006). In China’s case, GDP 

per capita growth is largely due to urbanization (Li Z et al., 2008). 

< Insert Figure 5 here> 

 

 Urbanization rate 

The world’s urbanization rate has risen by 21% over the past 60 years and more than 50% of the 

world’s population was living in urban areas at the end of twentieth century. The pace and scale of 

the unprecedented global urbanization in the second half of the twentieth century is still taking 

place in developing countries. The urbanization rate in China, for example, was more than 50% in 

2011 and the next 20 years is expected to see 13 to 15 million people moving from the countryside 

into the cities annually - a huge, complicated and arduous movement in which the government and 

market closely interact with each other. 

 

5.2 Definition of probability distributions 

To define the probability distributions involved, a parametric hypothesis is made of each of these 

five factors as described below.  

 Parametric hypothesis of the energy carbon emission coefficient 

The Tyndall Centre for Climate Change Research in England, the most authoritative academic 
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institution in the field of global climate change, has issued a research report named The Global 

Carbon Project, which forecasts a further increase in global CO2 emissions to 35.6 billion tons in 

2012 at a growth rate of 2.6%. China’s carbon emissions in 2011 were 9.72 billion tons while its 

total energy consumption was 3.48 billion tons of standard coal. This provides a computed energy 

carbon emission coefficient of 2.792. 

The energy carbon emission coefficient can be changed in two ways – by adjustment in the 

energy structure and technological progress. With energy structure adjustment, carbon emissions 

are reduced by adjusting the proportion of intensive carbon-emitting energy sources in favor of 

less intensive sources. For example, the Chinese government established an ambitious goal in 

2009 to raise the proportion of clean and renewable energy by approximately 15% by 2020 (Shi, 

2010). By considering the energy carbon emission coefficients for various types of energy, 

weighted according to the Chinese energy structure, the total estimated Chinese energy carbon 

emission coefficient is approximately 2.415. Taking into account Lin and Liu’s (2010) predicted 

average growth rate of the Chinese energy carbon emission coefficient per annum of -0.8% 

(2010-2015) and -0.6% (2016-2020) gives an estimated coefficient of 2.624 by 2020. 

On the other hand, carbon emissions can be reduced by accelerating technological progress 

through increased investment in carbon reduction technology R&D. According to Wei and Yang 

(2010), the elasticity of independent R&D for reducing carbon emissions is between 0.1 to 0.2, 

while that of technology imports is between 0.06 to 0.08. With increasing marginal costs and 

diminishing marginal utility of income, the impact of technological progress on carbon emissions 

may gradually decrease. 

For modeling purposes, taking both energy structure adjustment and technological progress 
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into consideration, the energy carbon emission coefficient is defined as a normal distribution 

with a mean and standard deviation of 2.5 and 0.1 respectively (Figure 6). 

< Insert Figure 6 here> 

 Parametric hypothesis of energy intensity 

China promised the UN General Assembly in 2009 to decrease its energy intensity by 40% to 

45% by 2020 (Shi, 2010). Since policy goals were expressed in 2005 constant prices, the data are 

also rebased to 2005 prices for comparison. 

China’s energy intensity in 2009 was 1077 tons of standard coal/CNY billion, and will 

therefore, be 6460 and 5920 tons of standard coal/CNY billion if reduced by 40% and 45% 

respectively according to the goal (Table 3). From the statistical data contained in the China 

Statistical Yearbook from 2005 to 2012, the fitted function of the relationship between energy and 

intensity and year is y = 0.002(x-2004)2 - 0.066(x-2004) + 1.350 and R² = 0.994, which indicates a 

high degree of fit and applicability. Substituting related data into the fitted function, China’s 

energy intensity in 2020 is predicted to be 8060 tons of standard coal/CNY billion. Based on this 

analysis, China’s energy intensity in 2020 is modeled as a triangular distribution showing the 

likeliest, minimum and maximum value (Figure 7), the distribution of which is integrated by 

Monte Carlo simulation in the following section.  

< Insert Table 3 here> 

< Insert Figure 7 here> 
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 Parametric hypothesis of total population 

The 11th Population Development and 2020 Plan issued by the General Office of the State Council 

promulgated the intention to control the total population to within 1.36 billion by 2010 and within 

1.45 billion by 2020. However, China’s actual total population was already 1.34 billion in 2010 

(National Bureau of Statistics PRC, 1990-2013), just 20 million less than the target for 2020. With 

the continuing low birth rate and resulting well-known problems such as population aging and 

gender imbalance, the Decision on Major Issues Concerning Comprehensively Deepening 

Reforms was adopted at the close of the Third Plenary Session of the 18th CPC Central Committee 

in November 2013, allowing couples to have two children if one parent is a single child, to 

gradually improve family planning policy. It is as yet unclear what the effects of this new policy 

will be. Experts predict that the newborn population will increase by around one million per year 

under the policy and six million per year should two children be permitted irrespective of the 

parents’ originating family size (Li , 2013). 

From population data in the China Statistical Yearbook from 1981 to 2012, the fitted function 

is y = -23.11(x-1980)2 + 1917(x-1980) + 97429 and R² = 0.999, showing a near perfect fit. This 

predicts that the total population in 2020 will be 1.371 billion. As a result of this analysis, China’s 

total population is modeled as a normal distribution with a mean and standard deviation of 1.4 

billion and 50 million respectively (Figure 8), as the probability of the final result falling in the 

interval μ±σ is 0.6826. 

< Insert Figure 8 here> 
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 Parametric hypothesis of urban and rural GDP per capita 

Since statistical data from the National Bureau of Statistics do not include per capita urban and 

rural GDP, they are estimated by the ratio between per capita disposable income of urban 

households and per capita net income of rural households. After rebasing related data from the 

Statistical Yearbook to 2005 constant prices, the ratio (per capita disposable income of urban 

households * urban population)/ (per capita net income of rural households * rural population) 

described as the fitted function is 

 

 y = -0.003(x-1997)2 + 0.206(x-1997) + 1.016 with R² = 0.997 

  

where a 2020 ratio is given by 4.167. Also, the fitted function of China’s total GDP is 

 

 y = 317.8(x-2004)2 + 23680(x-2004) + 16104   (R² = 0.999) 

 

where the 2020 GDP is given by CNY 47.63 trillion. 

After being high for a long period, China’s GDP growth rate fell below 8% in 2012 (National 

Bureau of Statistics, 2013), fueling much speculation concerning the value of GDP growth rate 

during the 13th Five Year Plan. The Pacific Blue Book predicted in 2014 that China’s GDP growth 

rate may gradually drop from 7.5% to around 6% over the next decade. However, Lin Yifu, the 

former World Bank chief economist, believes that China’s GDP growth rate has the potential to 

remain at around 8% over that next 20 years (Lin, 2014). It is still commonly believed, however, 
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that it will fall to somewhere between 7% and 8% (Liu, 2013). 

Meanwhile the urban-rural gap continues to be a problem during China’s urbanization 

process. The traditional mode of ‘countryside supporting city’ and ‘city governing countryside’ 

may continue to result in a widening of this gap (Wang, 2014), especially in economic 

development and social equity in addition to resource allocation. It may also be possible that, 

under a policy orientated towards urban-rural integration, the urban-rural gap will shrink with the 

gradual disappearance of the demographic divide and improvements in the rural social security 

system. 

The two values calculated from the two fitted functions, the ratio of urban and rural GDP and 

China’s total GDP in 2020, are therefore set as benchmarks in the model. The average annual GDP 

growth rate is assumed to be 6% and 8%, with fluctuations in the ratio of urban and rural GDP 

being based on the benchmark, to describe the expansion or shrinkage of the urban-rural gap. 

There are, therefore, five different scenarios of urban and rural GDP per capita, each of which is 

assumed equally likely (Table 4 and Figures 9-10). 

< Insert Table 4 here> 

< Insert Figure 9 here> 

< Insert Figure 10 here> 

 Parametric hypothesis of urbanization rate 

China’s current urbanization policy can be divided into three modes: the government-dominant 

mode, market-dominant mode and a hybrid government market-dominant mode. In the 
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government-dominant mode, the government restricts the population flow from countryside into 

the cities by the strict control of household registration policy and land conversion limitation 

policy in order to achieve its goal of regional balance, narrowing the gap between urban and rural 

areas as well as the prevention of urban diseases incurred by rapid urban expansion. Therefore, the 

government-dominant mode involves the two-dimensional segmentation of rural and urban areas 

in China and with a relatively low and stable urbanization rate. The Chinese Academy of Social 

Science's blue book The State of China’s Cities 2012 forecasts China’s urbanization rate reaching 

55% in 2020 (Zhang, 2012). Yue et al. (2009), on the other hand, believe it will be 58.5% in the 

absence of any adjustments in institutional policies and practices. 

In the market-dominant mode, the market economy promotes a substantial increase in 

productivity and a significant boost to the national economy. From the perspective of production, a 

large number of floating population coming into the city will undoubtedly stimulate urban 

economic growth, promote the development of the urban economy and accelerate industrial 

structure adjustment and upgrading, which will result in urban construction land expansion and 

urban development. It is the pursuit of higher income and better quality of life that makes the 

floating population enter the city and their necessities of life further stimulate the city's economic 

growth. Therefore, the urbanization rate is relatively higher in the market-dominant mode, with 

some studies predicting it to reach 70% at the current rate of development (Lin, 2013).  

China’s central economic work conference made a detailed interpretation of the connotation 

of the new economic norm in December 2014, which also deepened the concept of sustainable 

economic development. Meanwhile, the new urbanization state plan (2014-2020) further 

explained the aim of China’ urbanization from the aspect of orderly transference of agricultural 
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population, optimizing the layout and form of urbanization, improving urban sustainable 

development, promoting the integration of urban and rural development and improving the 

urbanization development mechanism (The State Council, 2014). This can be seen as a hybrid 

government and market-dominant mode, with an urbanization rate between the two modes acting 

independently. Studies by He et al. (2009), Lin and Liu (2010) and Jian and Huang (2010), for 

example, predict that China’s urbanization rate will be 60% by 2020. 

In this paper, an urbanization factor is introduced to improve the Kaya Identity and a U-Kaya 

identity proposed to study the impact of the urbanization process on carbon emissions. 

Considering the three different urbanization modes mentioned above, three scenarios are set for 

the urbanization rate, each with a normal distribution means of 55% (government-dominant mode), 

62.5% (government and market-dominant together mode) and 70% (market-dominant mode) 

respectively and same standard deviation of 5%. The results of the three scenarios for 2020 are 

shown in Figures 11, 12 and 13. 

< Insert Figure 11 here> 

< Insert Figure 12 here> 

< Insert Figure 13 here> 

5.3 Simulation results  

Monte Carlo simulation is a numerical experimentation technique to obtain the statistics of the 

output variables of a system computational model based on their distribution statistics of the input 

variables (Mahadevan, 1997). Oracle Crystal Ball, the leading spreadsheet-based application for 
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predictive modeling, forecasting, simulation and optimization is used to conduct the simulations 

(Raychaudhuri, 2008). This is carried out three times based on the probability distributions of the 

values of every factor in the three scenarios. Figures 14-16 and Table 5 show the frequency 

distribution and statistical data obtained after one million iterations of the scenarios.  

< Insert Figure 14 here> 

< Insert Figure 15 here> 

< Insert Figure 16 here> 

< Insert Table 5 here> 

These indicate that China’s carbon dioxide emissions will increase gradually under the three 

urbanization policy modes, with the mean and median of the simulated carbon dioxide emission 

values in 2020 in scenario 1 (government-dominant mode) of 9.72 and 9.68 respectively, and 

standard deviation of 1.38 with a 95% confidence interval ranging from 7.19 to 12.53. Raising the 

mean of the probability distribution of urbanization rate from 55% to 62.5% in scenario 2 

(government and market-dominant together mode), gives simulated carbon dioxide emission 

values of 10.32 and 10.29 - 0.6 billion tons more than in scenario 1(government-dominant mode). 

In terms of scenario 3 (market-dominant mode), the simulated results continue to increase, with 

the mean and median of 10.91 and 10.90, which is around 0.6 billion tons more than that in 

scenario 2 (government and market-dominant together mode). At the same time, the 95% 

confidence intervals range from 7.97 to 14.10, indicating a 95% chance of the projected carbon 

emissions in 2020 falling in this interval. 
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5.4 Findings  

Most existing research simply uses the Kaya identity to predict future carbon emissions by the 

co-integration method to study the long-term equilibrium relationship between carbon emissions 

and the main variables involved. However, compared with traditional methods, this paper is 

innovative in the following aspects. In view of the huge impact of urbanization on the economic 

differences between urban and rural areas in developing countries, the U-Kaya Identity – a 

modified form of Kaya Identity to include an urbanization factor – is proposed to forecast urban 

and rural GDP per capita and hence future CO2 emission levels. In the parameter hypothesis of 

urbanization rate, China’s current urbanization policy is divided into three modes: the 

government-dominant mode, a hybrid government market-dominant mode and market-dominant 

mode corresponding with scenarios 1, 2 and 3.  

Government policy goals and statistical data were used to define the probability distribution 

of the factors in the U-Kaya Identity. Setting the means of the probability distributions of the 

urbanization rate at 55%, 62.5% and 70% respectively and a 5% standard deviation, the effects of 

different urbanization rates on carbon emissions under different conditions were obtained by 

Monte Carlo simulation. The results confirm the association between higher urbanization rates and 

increased carbon emissions, with an expected 9.72, 10.32 and 10.91 billion tons respectively (1.38, 

1.49 and 1.60 standard deviation) under the three different scenarios – emphasizing the carbon 

emissions of a developing country such as China being co-determined by its energy carbon 

emission coefficient, energy intensity, total population, urban and rural GDP per capita, and 

urbanization rate, of which urbanization plays a significantly role in inducing carbon emissions. 
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It can be seen from the simulation results that China will have the lowest carbon dioxide 

emissions in 2020 with mean of 9.72 billion tons under the government-dominant mode, while the 

mean will reach the highest value of 10.91 billion tons under the market-dominant mode. That is 

to say, the government will be able to balance economic growth, social harmony and ecological 

protection and control carbon emissions to a certain extent. However, a market economy pays 

more attention to efficiency, ignoring environmental protection and energy consumption, leading 

to high carbon emissions and creating ecological damage. Given the simulation results conform to 

China’s reality, the introduction of the urbanization factor and three urbanization modes is 

considered as the most important contribution of this paper. 

6 Conclusion and Policy Implications 

This paper adds to the knowledge base of the previous literature in developing a new and 

innovative method of forecasting carbon emissions by taking in account the direct effect of 

urbanization. As such, therefore, it is expected to provide better results than previous work. The 

case study of China is intended to be a demonstration of the method and therefore simplified to 

some extent for ease in understanding. To study China more realistically, it will be helpful to 

extend the analysis to 2030, the date of the government’s important strategic aim for carbon 

emissions to reach their peak. There is also great difference among different regions in China and 

it would be useful to study these differences according to the regional discrepancies in 

urbanization as well as different urbanization modes. Similarly, in setting the parameters of the 

model, it would also be beneficial to take more account of policy factors. For example, the 
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expectation that the one-child policy will not be as strict as in the past needs to be closer reflected 

in the mean or the standard deviation. Once accomplished, it should then be possible to help the 

central government decide how much to adjust the energy structure and industry structure in order 

to reduce carbon emissions effectively and likely level of the side effects. 

The research into China’s carbon emissions described in this paper provides several 

important lessons for other developing countries. Firstly, the large-scale urbanization in many 

developing countries has resulted in a large gap between the economies of urban and rural areas. 

As illustrated in equation (2), urban GDP per capita is much higher than its rural counterpart, 

which eventually leads to a significant increase of carbon emissions. Therefore, it is critical to 

narrow the gap between urban and rural areas by a more thoughtful urbanization process so as to 

reduce carbon emissions. Secondly, as Figure 1 shows, fossil energy has occupied an absolute 

dominant proportion of the overall energy structure in China since the 1990s, indicating an 

unchanged energy mix over this period despite the decrease in the intensity of energy consumption. 

Therefore, it is necessary for similar developing countries to adopt Cleaner Production (CP) 

strategies that are fundamentally concerned with operations, environmental sustainability and 

maximizing waste reduction, recycling and reuse at the enterprise level (Khalili, et al., 2015). In 

order to adjust energy structure, it is important to control the consumption of coal as well as 

increasing the utilization of oil, natural gas, wind and solar energy, as this will modify the carbon 

emission coefficient of energy in equation (2) and decrease carbon emissions significantly. Thirdly, 

developing countries should learn from developed countries. For example, the UK Government 

has ambitious plans for all new domestic and commercial buildings to be zero carbon rated by 

2016 and 2020 respectively (Alwan et al., 2016). Industrial restructuring and upgrading, 
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technological innovation, the implementation of key energy-saving projects and the use of fiscal 

and tax measures conducive to energy conservation will further reduce carbon emissions and 

decrease the energy intensity of equation (2). For many developing countries, achieving a 

low-carbon economy is greatly dependent upon being able to provide sustainable development and 

keeping a balance between economic growth and emission reductions. This suggests that an 

appropriate solution is to divide the goal of low-carbon development into two parts. In the short 

term, using urbanization as an opportunity to establish low-carbon development patterns and 

lifestyles to control the growth rate of carbon emissions to less than that of economic growth. In 

the long term, sparing no effort in the construction of a resource-saving and 

environmentally-friendly society by putting into practice the increased understanding brought 

about by increasingly sophisticated socioeconomic development models, such as described in this 

paper, that help reduce carbon emissions and which may provide a valuable reference for 

developing countries in the future. 
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Figure 1 The four types of consumption energy from 1990 to 2012 in China  

Source: China Statistical Yearbook (1990-2012). 
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Figure 2 The total energy consumption in China is increasing from 1990 to 2012  

Source: China Statistical Yearbook (1990-2012). 
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Figure 3 The China’s energy intensity is decreasing from 1990 to 2012 

Source: China Statistical Yearbook (1990-2012). 
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Figure 4 The structure of the population pyramid in China (2010) 

Source: Data of the Sixth Nationwide Population Census 
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Figure 5 The increasing trend of China’s GDP per capita from 1990 to 2012 

Source: China Statistical Yearbook (2012). 
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Figure 6 Probability distribution of energy carbon emission coefficient 
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Figure 7 Probability distribution of energy intensity 
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Figure 8 Probability distribution of total population 
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Figure 9 Probability distribution of urban GDP per capita 
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Figure 10 Probability distribution of rural GDP per capita 
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Figure 11 Probability distribution of urbanization rate in scenario 1 
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Figure 12 Probability distribution of urbanization rate in scenario 2 
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Figure 13 Probability distribution of urbanization rate in scenario 3 
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Figure 14 Frequency distribution of China’s carbon dioxide emissions in 2020 in scenario 1 
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Figure 15 Frequency distribution of China’s carbon dioxide emissions in 2020 in scenario 2 
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Figure 16 Frequency distribution of China’s carbon dioxide emissions in 2020 in scenario 3 
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Table list: 
 
 
 
 

Table 1 A summary of literatures on carbon emissions in related fields 

Topic Point Author 

Industrial 

structure and 

carbon 

emissions 

 Industrial upgrading and optimization can directly reduce 

carbon emissions. 

 Zhou et al., 2013; 

Wang et al., 2013 

 Development of low-carbon, or even zero-carbon, emission 

technologies are essential. 
 Lehmann, 2013 

Transportation 

and carbon 

emissions 

 Different types of transport have different contribution rates 

to carbon emissions, among which the highest is private 

cars and the lowest is public transport. 

 Hao et al., 2014 

 Urban forms, travel behaviors and technological factors all 

affect urban transport carbon emissions. 

 Wright and Fulton, 

2005 

 Low carbon transport strategies at home and abroad can be 

divided into three types: avoid, shift and enhance strategies. 

 Nakamura and 

Hayashi, 2013 

Building form 

and carbon 

emissions 

 The goal of low-carbon buildings is to improve energy 

efficiency. 
 Xu and Chan, 2013 

 The main way to reduce energy consumption is to integrate 

control of the process of heating, cooling, lighting, shading 

and ventilation equipment. 

 Sun et al., 2013 

 Green building needs to be promoted and should be seen as 

an organic whole of architectural design, construction and 

maintenance. 

 Hirokawa and Pohrib, 

2013 

Urban 

planning and 

carbon 

emissions 

 Low carbon urban planning is a multi-perspective of 

industry, transportation and building. 
 Ho et al., 2013 

 Eco-city project practice is committed to achieving 

sustainable urban living and promoting the transition to a 

low carbon economy 

 Caprotti and 

Romanowicz, 2013 

 Taking the approach of new-style urbanization, 

appropriately slowing down the rate of urban growth, 

vigorously supporting various types of energy-saving 

projects and shifting to renewable energyin order to 

establish an intensive urban form with a compact 

transit-orientation and achieve a functional layout of mixed 

land use. 

 Al-Mulali et al., 

2013; Lehmann, 2013 
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Table 2 The forecasted result of energy intensity under different scenarios by 2020 
 

Scenario 
Value 

(tons of standard coal/billion yuan) 
Triangular distribution 

Under 40% emission reduction target 6460 Likeliest 

Under 45% emission reduction target 5920 Minimum 
Fitted function from 2005 to 2012 8060 Maximum 
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Table 3 The distribution of values for urban and rural GDP per capita in 2020 under different 
scenarios in China 

Scenario 

Total 
GDP 

(billion 
yuan) 

Ratio 
of 

urban 
and 

rural 
GDP 

Urban GDP 
per capita 

(yuan) 

Rural GDP 
per capita 

(yuan) 
Probability 

Fitted functions from 2005 
to 2012 

47 634 4.167 43 903 17 550 0.2 

Average annual GDP 
growth rate is 6% and 

urban-rural gap shrinks 
59 026 3.667 53 004 24 091 0.2 

Average annual GDP 
growth rate is 6% and 

urban-rural gap expands 
59 026 4.667 55 554 19 840 0.2 

Average annual GDP 
growth rate is 8% and 

urban-rural gap shrinks 
68 547 3.667 61 553 27 976 0.2 

Average annual GDP 
growth rate is 8% and 

urban-rural gap expands 
68 547 4.667 64 515 23 040 0.2 
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Table 4 Statistical data of simulated China carbon dioxide emissions in 2020 in three scenarios 
(Unit: billion tons) 

Statistic 
Forecast values 

Scenario 1 Scenario 2 Scenario 3 
Trials 1000000 1000000 1000000 
Base Case 0.00 0.00 0.00 
Mean 9.72 10.32 10.91 
Median 9.68 10.29 10.90 
Mode --- --- --- 
Standard deviation 1.38 1.49 1.60 
Variance 1.91 2.21 2.56 
Skewness 0.1986 0.1657 0.1334 
Kurtosis 2.80 2.74 2.67 
Coeff. of variation 0.1421 0.1440 0.1468 
Minimum 5.35 5.54 6.08 
Maximum 16.27 17.33 18.15 
Mean std. error 0.00 0.00 0.00 
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