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Abstract

:

China has been a leader in global carbon emissions since 2006. The question of how to reduce emissions while maintaining stable economic growth is a serious challenge for the country. To achieve this, it is of great significance to track the spatial and temporal evolution of carbon emissions in China during recent decades, which can provide evidence-based scientific guidance for developing mitigation policies. In this study, we calculated the carbon emissions of land use in 1999–2015 using the carbon emissions factor method proposed by the Intergovernmental Panel on Climate Change (IPCC). The Kuznets curve model was used to explore the influence of economic growth and urbanization on carbon emissions at the national and provincial levels. The results indicated that (1) China’s emissions increased from 927.88 million tons (Mt) in 1999 to 2833.91 Mt in 2015 at an average annual growth rate of 12.94%, while carbon sinks grew slightly, from 187.58 Mt to 207.19 Mt. Both emissions and sinks presented significant regional differences, with the Central and Southwest regions acting as the biggest emissions and sink contributors, respectively. (2) Built-up land was the largest land carrier for carbon emissions in China, contributing over 85% to total emissions each year; and (3) at the national level, the relationships between economic growth, urbanization, and carbon emissions presented as inverted U-shaped Kuznets curves, which were also found in the majority of the 30 studied provinces. While carbon emissions may be reaching a peak in China, given the disproportionate role of built-up land in carbon emissions, efforts should be devoted to limiting urbanization and the production of associated carbon emissions.
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1. Introduction


Climate change is profoundly affecting human survival and development, becoming a major challenge all countries have to face [1]. Since the Industrial Revolution, a vastly increasing amount of human-induced greenhouse gas emissions, mainly carbon dioxide, has been acting as the most important anthropogenic factor for global climate change [2]. In response to climate change and sustainable development, the global community has developed a series of global emissions reduction agreements, such as the Kyoto Protocol and the Paris Agreement, since the end of the 20th century. China has experienced rapid industrialization and urbanization since joining the World Trade Organization (WTO) in 2001 [3]. The nation’s economy tripled between 2000 and 2014 [4], and it became the world’s second-largest economy in 2010. Coupled with remarkable economic growth, China has become the world’s largest carbon emitter since 2006 [5], accounting for nearly 63% of the increase in global carbon emissions during 2006–2013 [6]. Clearly, China plays a critical role in global carbon emissions abatement. As a responsible global power, the Chinese government has made ambitious commitments to reduce carbon emissions per unit of gross domestic product (GDP) by 40%–50% relative to 2005 levels by the year 2020 [7] and to peak its emissions prior to 2030 [8]. To realize these goals, the Chinese government has made climate change mitigation and sustainable development a top priority in its national planning.



An accurate and reliable carbon accounting is the benchmark for emissions reduction policies and targets [9]. Moreover, China has a vast territory and great regional disparities in terms of economic growth, natural resources, population, and lifestyles [10]. Consequently, there is an urgent need for China’s carbon emissions to be accurately quantified and well understood at the provincial level [11,12]. This will not only shed light on effectively achieving China’s national emissions reduction by developing more targeted emissions abatement policies at the provincial scale, but it is also of great significance for combating global climate change [6].



Land use acts as a coupled system linking human socioeconomic and natural ecological environments, providing an important and comprehensive perspective for conducting global environmental change, especially anthropogenic carbon emissions research [13]. On the one hand, as a natural driver of carbon sources and carbon sinks in terrestrial ecosystems, the transformation of land use types and management is an important factor contributing to the rapid growth of global carbon emissions. According to recent research, direct carbon emissions from land use and its changes during 1850–1998 accounted for about one-third of the total emissions from human activities in the same period, and their impact on the global carbon cycle should be taken seriously [13]. On the other hand, land use also serves as a socioeconomic space carrier for carbon emissions caused by human production and living (about two-thirds of the total anthropogenic carbon emissions) [14]. Comprehensively calculating the carbon emissions from land use at different scales and analyzing their driving forces can not only help to develop an in-depth understanding of the intrinsic mechanism affecting carbon emissions by human activities and natural processes through land use [15], but can also assist in guiding regional low-carbon development from the perspectives of land use planning and land development [16]. Therefore, research on the carbon effects of land use has attracted more and more research scholars, government policy-makers, and companies, as well as nongovernmental organizations (NGOs), during recent years.



Previous studies have mainly focused on carbon emissions taking place on a single land use type, such as emissions from agricultural land [17] or built-up land [18]. A comprehensive carbon emissions estimation system based on land use remains poorly documented at the provincial level in China. Moreover, due to data limitation, little research has calculated provincial carbon emissions of land use on a consecutive time series basis, which is considered to be of great significance for the development of carbon reduction policies and their timely adjustment [19]. China has won global attention for its tremendous progress in economic development since the implementation of reform and opening-up policies in 1978, with the population urbanization rate rising from 17.9% in 1978 to 57.96% in 2017 [20]. The rapid development of urbanization has obviously posed a dilemma between economic improvement and ecological conservation [21]. For decades, China has relied on a development pathway characterized by high carbon emissions intensity [22]. In light of this, the Chinese government has recently pledged a new development model by accelerating the optimization and upgrading of the economic structure, enhancing the capability of scientific and technological innovation, and prioritizing green development [23]. However, it still remains questionable whether the further development of urbanization and economic growth can coexist with carbon emissions abatement. Although some scholars have sought to address this issue, most of them have focused on a few economically developed regions. For instance, Xu et al. [24] explored the impact of urbanization on carbon emissions in the Pearl River Delta region during 1990–2014. This was far from adequate to accurately reflect the real situation of interaction between carbon emissions and economic development and urbanization at the provincial scale in China.



In this study, we attempted to fill the knowledge gaps mentioned above. The specific objectives of this study were (1) to quantify the provincial carbon emissions/sinks in China during 1999–2015 from the land use perspective by establishing a comprehensive land use carbon emissions estimation system based on the Intergovernmental Panel on Climate Change (IPCC) assessment approach; (2) to characterize the spatial and temporal evolution of carbon emissions and carbon sinks at multiple scales, including national, regional, and provincial scales; (3) to quantitatively investigate the relationships between carbon emissions and economic development and urbanization at the national and provincial levels. The results of this study provide baseline data and scientific guidance for effectively achieving low-carbon economic development in China and other developing countries globally.




2. Materials and Methods


2.1. Data Description


In this study, land use data from 1999 to 2015 were retrieved from the China Land and Resources Almanac, the National Bureau of Statistics of China, and the Land Survey Sharing and Application Service Platform (http://tddc.mlr.gov.cn/to_Login). The major land use types included cropland, forest land, grassland, built-up land (subdivided into urban land, rural residential land, and industry–traffic land), water bodies, and unused land. Areas of forest land in 2005 and 2006 were not included because of data unavailability.



Other statistical data included the consumption of agricultural fertilizers, pesticide, plastic film for farm use, and agricultural diesel; effective irrigation areas; the total sown area of major farm crops; the planting areas of three types of rice (i.e., early season, late season, and in-season); and livestock and poultry production (including cattle, sheep, camels, horses, mules, donkeys, pigs, and poultry), all of which were collected from the National Bureau of Statistics of China [25]. The quantities of municipal solid waste going to sanitary landfills, composting, and burning during 2004–2015 were also obtained from the National Bureau of Statistics of China. Further, the amount of chemical oxygen demand (COD) in wastewater was collected from the China Statistical Yearbook on the Environment. Provincial end-of-year population and GDP were acquired from statistical yearbooks of corresponding provinces. Provincial urban population share was collected from the China Population and Employment Statistics Yearbook [26].



Moreover, provincial-level CO2 emissions caused by energy consumption and industrial processes (mainly cement production) were acquired from China Emissions Accounts and Datasets (CEADs, www.ceads.net). CEADs provides accurate and the latest emissions data in China at both the national and provincial scale using up-to-date measurement-based emissions factors, which are considered to be more accurate than IPCC default values [4,9,27,28]. The provincial-level carbon emissions inventories used in this study were compiled based on the latest energy data revision (2015) by the Chinese Statistics Bureau using the IPCC Sectoral Emissions Accounting Approach (in the format of 45 production sectors and two residential sectors).



Due to data limitations, we did not include Tibet, Taiwan, Hong Kong, and Macao in this study. The remaining 30 provinces were then divided into eight regions (namely Beijing–Tianjin, the North, the Northeast, the Central Coast, Central, the South Coast, the Southwest, and the Northwest) frequently used for comparability in carbon emissions analyses [10,29]. A detailed description of the provinces contained within each region is shown in Table 1, and the spatial distribution of eight Chinese regions is presented in Figure 1.




2.2. Carbon Emissions Estimation Method


The 2006 IPCC Guidelines for National Greenhouse Gas Inventories comprised four sources of carbon emissions, namely energy; industrial processes; agriculture, forestry, and other land use; and waste [30]. They provide a simple but effective framework for estimating large-scale carbon emissions and therefore have been adopted extensively worldwide. Previous studies have demonstrated that carbon emissions are closely associated with land use types and land surface characteristics and functions [14]. For instance, the carbon emitted by energy consumed by the construction industry is concentrated on urban land. In this study, we assigned these carbon emissions to different land use types based on the actual distributions of activities in China [14]. Table 2 shows the specific assignment of carbon emissions to the corresponding land use types.



2.2.1. Carbon Emissions of Built-Up Land


In this study, the carbon emissions of built-up land mainly comprised four parts: (1) carbon emissions from energy consumption (excluding the consumption from primary industry); (2) carbon emissions produced by industrial production (i.e., cement production); (3) methane (CH4) emitted by the enteric fermentation and manure management of domestic livestock, including mules, donkeys, pigs, and poultry; and (4) carbon emissions generated during the processing of wastewater and municipal solid waste. The specific calculation method can be expressed as follows:


  C  E  b u i l t − u p   = C  E  e n e r g y   + C  E  c e m e n t   + C  E  l i v e s t o c k   + C  E  w a s t e   ,  



(1)




where CEbuilt-up is the carbon emissions of built-up land; and CEenergy, CEcement, CElivestock, and CEwaste denote the carbon emissions contributed by energy consumed by nonprimary industries, cement production, domestic livestock, and residential and industrial wastewater and solid waste, respectively.



CEADs provides sectoral energy-related CO2 emissions in 30 Chinese provinces based on the combustion consumption data of 17 fossil fuels in 47 sectors and China’s updated survey values of emission factors [28]. Moreover, it also provides process-related CO2 emissions at the provincial level. Since cement production accounts for nearly three-quarters of total process-related carbon emissions in China, CEADs only involves cement production [4]. The emissions data have been widely used in related research in recent years [31,32,33]. In this study, we therefore adopted the calculation results from CEADs. Specifically, CEenergy is calculated as follows:


  C  E  e n e r g y   = C  E  n o n − p r i m a r y   ×   12   44   ,  



(2)




where CEnon-primary represents the amount of CO2 emissions produced by nonprimary industries, which was collected from CEADs. The constant value of 12/44 is the molecular weight ratio of C/CO2.



Similarly, CEcement can be calculated as follows:


  C  E  c e m e n t   = C  E  p r o c e s s   ×   12   44   ,  



(3)




where CEprocess denotes the amount of CO2 emissions generated by cement production, which was also collected from CEADs.



Livestock is one of the most important sources of CH4 emissions in the world [34]. CH4 emissions produced by livestock are mainly through animal enteric fermentation and manure management. In China, livestock husbandry is primarily composed of cattle, sheep, camels, horses, mules, donkeys, pigs, and poultry. Meanwhile, according to the actual situation in China, only mules, donkeys, pigs, and poultry are typically raised in rural residential areas for farming use or are raised in farming factories with large-scale feeding. In contrast, cattle, sheep, camels, and horses are usually raised on Chinese grasslands with grazing. Consequently, in this study, we attributed the carbon emissions of mules, donkeys, pigs, and poultry to built-up land. The CH4 emissions of the aforementioned four types of domestic livestock were estimated based on the approach of the IPCC [30] and Hu and Wang [35]. The specific formula for calculating the CH4 emissions of livestock can be expressed as


  C  E  l i v e s t o c k   =   ∑  i = 1  n    N i    ·  β i  ,  



(4)




where CElivestock is the carbon emissions produced by domestic livestock, Ni denotes the quantity of four different types of livestock (i.e., mules, donkeys, pigs, and poultry), and βi is the corresponding CH4 emissions coefficient of livestock (see Table 3).



It is noted that according to the IPCC [36], the greenhouse effect of 1 ton of CH4 equals that generated by 6.8175 tons of carbon. In this study, for ease of calculation, we converted CH4 emissions to standard C equivalents unless stated otherwise.



Furthermore, the carbon emissions generated during the processing of municipal solid waste and wastewater were estimated following the method proposed by the IPCC [30] and Wang and Geng [37]. It is worth noting that there exist three processing modes for municipal solid waste in China, including sanitary landfills, burning, and composting. The specific calculation method can be expressed as follows:


  C  E  w a s t e   = C  E  l a n d f i l l   + C  E  b u r n   + C  E  c o m p o s t   + C  E  w a s t e w a t e r   ,  



(5)






  C  E  l a n d f i l l   =  C 1  × 6.8175 +  C 2  ×   12   44   ,  



(6)






   C 1  = L × D O C × D O  C f  × ρ × γ × (   16   12   ) ,  



(7)






   C 2  = L × D O C × D O  C f  × ( 1 − ρ × γ ) × (   44   12   ) ,  



(8)






  C  E  b u r n   = B × φ × ω ,  



(9)






  C  E  c o m p o s t   = C × D O C × D O  C f *  ,  



(10)






  C  E  w a s t e w a t e r   =  Q  C O D   ×  V  C O D   × 6.8175 .  



(11)







In Equation (5), CEwaste is the carbon emissions from waste disposal; CElandfill, CEburn, and CEcompost are the carbon emissions of municipal solid waste processing by sanitary landfills, burning, and composting, respectively; while CEwastewater is carbon emissions from wastewater. In Equation (6), C1 and C2 represent CH4 emissions and CO2 emissions, respectively. In Equations (7) and (8), L is the amount of municipal solid waste going to sanitary landfills, DOC is the degradable organic carbon content (12.5%) [38], DOCf is the actual decomposition of degradable organic carbon in the process of landfilling (50%) [30], ρ represents sanitary landfilling CH4 correction factors (100%) [37], γ is the percentage of CH4 in the landfill gas volume (50%) [30], and (16/12) and (44/12) are the molecular weight ratios of CH4/C and CO2/C, respectively. In Equation (9), B is the amount of municipal solid waste going to burning, φ is the combustible carbon content (16.5%) [37], and ω is the omega oxidation factor (85%) [39]. In Equation (10), C is the amount of municipal solid waste going to composting, and DOCf* is the actual decomposition of degradable organic carbon in the process of composting (65%) [40]. In Equation (11), QCOD is the amount of chemical oxygen demand (COD) in wastewater, and VCOD is the maximal ability to release CH4 (0.25) [30].




2.2.2. Carbon Emissions of Cropland


It should be noted that the increased biomass of farm crops through absorbing CO2 from the atmosphere during the growing period will be released into the atmosphere in the short term. Therefore, the carbon sinks of cropland were not taken into account due to its short turnover [41,42]. In this study, the carbon emissions of cropland were principally composed of two parts, namely CH4 emissions from paddy fields and carbon emissions caused by agricultural production activities [16]. The specific calculation method can be expressed as follows:


  C  E  c r o p l a n d   = C  E  r i c e   + C  E  f a r m   ,  



(12)




where CEcropland is the carbon emissions of cropland, CErice denotes the carbon emissions from rice paddies, and CEfarm represents the carbon emissions generated by agricultural production activities.



Rice paddies constitute one of the fundamental sources of CH4 emissions in China [43]. Due to the differences in CH4 emission rates of various rice types (early rice, in-season, and late rice) in different provinces, it was necessary to separately calculate the emissions of different rice types in different provinces. Based on the CH4 emissions coefficients of three rice types in 30 Chinese provinces, which were measured by Min and Hu [44], this study calculated carbon emissions from rice paddies through Equation (13):


  C  E  r i c e   =   ∑  i = 1  n    R i    ·  τ i  ,  



(13)




where CErice is the carbon emissions from rice paddies, Ri is the area of different rice types in 30 provinces, and τi is the coefficient of the corresponding rice type in each province.



The agriculture ecosystem is an open system. In order to keep it in balance and maintain a high level of productivity, multiple methods are required to invest in materials and energy such as manpower, water, fertilizers, and fossil fuels for various agricultural machinery in different stages of agricultural production. Undoubtedly, these processes are coupled with carbon emissions, albeit mainly in an indirect way. According to existing studies [17,45,46], carbon emissions from agricultural production activities in this study mainly include (1) the carbon emissions generated from the production and usage of fertilizers, pesticides, and agricultural plastic films; (2) the carbon emissions generated by direct or indirect consumption of fossil fuels (mainly agricultural diesel) due to the use of agricultural machinery; (3) the loss of soil organic carbon due to agricultural tillage; and (4) the carbon emissions from fossil fuels consumed by electrical energy used in the agricultural irrigation process.



Based on the IPCC [30], the carbon emissions of agricultural production activities could be computed by Equation (14):


  C  E  f a r m   =   ∑  i = 1  n    E i    =   ∑  i = 1  n    T i    ·  δ i  ,  



(14)




where CEfarm is the carbon emissions from agricultural production activities, Ei is the carbon emissions produced by various emission sources, Ti is the consumption (amount) of different emissions sources, and δi is the corresponding emissions coefficient of one of several different emissions sources (shown in Table 4).




2.2.3. Carbon Emissions of Grassland


Traditionally, grassland is considered an important carbon sink type. However, the latest study by Fang et al. [50] showed that the Chinese grassland ecosystem actually served as a weak carbon source (−3.36 million tons (Mt) of carbon per year) from 2000 to 2010 based on intensive national-level field observations (4030 plots from grasslands) using consistent research designs and protocols, which provided the most accurate estimates on ecosystem carbon stocks, carbon sequestration, and ecosystem functioning in China. Therefore, in this study, we considered grassland to be a carbon source. Specifically, carbon emissions from grassland mainly include two components: (1) carbon released from the grassland ecosystem, including vegetation biomass, dead organic matter (DOM), and soil organic carbon (SOC); and (2) CH4 emissions produced by animals grazing on grasslands. The details are shown in Equation (15):


  C  E  g r a s s l a n d   = C  E  e c o      s y s t e m   + C  E  g r a z i n g   ,  



(15)




where CEgrassland is the carbon emissions of grassland in each province, CEecosystem is the carbon emissions from the grassland ecosystem, and CEgrazing is the carbon emissions from grazing.



With reference to previous studies [15,51,52], carbon emissions from the grassland ecosystem were estimated by using carbon emission factors and corresponding land area, which can be expressed as follows:


  C  E  e c o      s y s t e m   =  G i  · E  F  g r a s s l a n d   ,  



(16)




where CEecosystem denotes the carbon emitted by the grassland ecosystem, Gi is the area of grasslands in each province (ha), and EFgrassland is the carbon emissions factor of grasslands calculated by Fang et al. [50], with the value of 11.93 × 10−3 tC·ha−1·yr−1.



As stated, livestock, including cattle, sheep, camels, and horses are usually grazed on grasslands in China [53]. Consequently, CH4 emissions produced by enteric fermentation and manure management of the abovementioned livestock were calculated through Equation (17):


  C  E  g r a z i n g   =   ∑  i = 1  n    M i    ·  θ i  ,  



(17)




where CEgrazing is the carbon emissions produced by grassland livestock, Mi denotes the quantities of different livestock, and θi is the corresponding CH4 emissions coefficient of livestock (see Table 3).




2.2.4. Carbon Sink of Forest Land


Forests are a primary carbon sink type in China [41], sequestrating 163.4 Mt of carbon per year over the past decade [50]. According to existing research [54], carbon sinks are computed based on the scale of the sink body and the associated carbon sink factor. The specific calculation method can be expressed as follows:


   C  s i n k   =  F i  · S  F  f o r e s t   ,  



(18)




where Csink is the total number of carbon sinks in forest land (TCS), Fi is the area of forest land in each province (ha), and SFforest is the carbon sink factor (0.87 tC·ha−1·yr−1), which was set following the latest research on the carbon sequestration of China’s forest ecosystem based on detailed field investigations in 7800 plots around the country [50].




2.2.5. Total and Net Carbon Emissions from Land Use


In this study, due to data limitations, the carbon emissions of water bodies and unused land were not taken into account. The total carbon emissions (TCE) from land use was the sum of the carbon emissions from built-up land, cropland, and grassland, which can be expressed as follows:


  C  E  t o t a l   = C  E  b u i l t - u p   + C  E  c r o p l a n d   + C  E  g r a s s l a n d   ,  



(19)




where CEtotal is the total carbon emissions from land use in each province; and CEbuilt-up, CEcropland, and CEgrassland are the carbon emissions of built-up land, cropland, and grassland, respectively.



Moreover, the net carbon emissions (NCE) from land use were calculated as the difference between total carbon emissions and carbon sinks, which can be expressed as follows:


  C  E  n e t   = C  E  t o t a l   −  C  s i n k   ,  



(20)




where CEnet is the net carbon emissions, CEtotal is the total carbon emissions from land use, and Csink is the number of carbon sinks in forest land.





2.3. Carbon Emissions Intensity


In our previous study, three forms of carbon emissions intensity (CEI) were proposed [16], namely CEI per unit land area (LCEI), CEI per unit GDP (GCEI), and per capita carbon emissions (PCEI). These indices were used to quantify the carbon emissions intensity from the perspective of land, economic activity, and population, respectively. The specific calculation method is shown as follows:


  C E  I  l a n d   =   C  E  t o t a l    /  A r e a   ,  



(21)






  C E  I  g d p   =   C  E  t o t a l    /  G D P   ,  



(22)






  C E  I  p o p   =   C  E  t o t a l    /  P o p   ,  



(23)




where CEIland, CEIgdp, and CEIpop represent CEI per unit land area, CEI per unit GDP, and per capita carbon emissions, respectively. CEtotal is the total carbon emissions from land use. Area, GDP, and Pop denote the annual total land area of each province, annual gross domestic product, and annual provincial end-of-year population, respectively.




2.4. Kuznets Curve Model


According to the theory of the environmental Kuznets curve (EKC), at the early stages of economic development, regional environmental conditions deteriorate with economic growth due to the fact that people and governments pay more attention to jobs and income rather than the ecological environment [55]. However, the development of urbanization and economic growth is capable of reversing environmental degradation and further improving environment quality when economic development reaches a certain level [56]. This is because at this stage of development, the development mode of depending heavily on energy consumption and human labor transfers to an economy primarily driven by scientific and technological innovation [16].



In this study, urban population share (UPS) and per capita GDP (GDPPC) were adopted as two widely used quantitative indicators to represent the level of urbanization and economic growth [54]. We employed regression analyses to investigate whether the relationships between urbanization, economic growth, and carbon emissions accorded with the EKC hypothesis (i.e., inverted U-shaped curves) in China and its 30 provinces. The formula used is shown as follows:


  y = a  x 2  + b x + c ,  



(24)




where y represents total carbon emissions; x denotes per capita GDP or urban population share; and a, b, and c are the equation coefficients, which determine the curve relationships between carbon emissions and economic growth and urbanization. In detail, if the coefficient of x in the one-dimensional quadratic regression model is a positive value and the coefficient of x2 is negative, then an inverted U-shaped curve relationship is formed. The statistical analysis was performed using the SPSS software package (version 16.0) and was tested at a significance level of 95%.





3. Results


Based on the carbon estimation method illuminated in Section 2.2, the annual land use carbon emissions from 1999 to 2015 were calculated for China and its 30 provinces. To verify the reliability of emissions results in our study, we compared our emissions to estimates by six other authoritative research projects. As shown in Figure 2, the carbon emissions in our study were rather close to those estimated by the Emissions Database for Global Atmospheric Research (EDGAR) and the Carbon Dioxide Information Analysis Centre (CDIAC). The emissions calculated by the Global Carbon Budget (GCB) remained the largest among all calculation results until 2010, replaced by the Multi-Resolution Emissions Inventory for China (MEIC). Our estimation was slightly larger than emissions estimated by other sources in 2011 and 2012, while the EDGAR had the largest carbon estimation after 2012. In contrast, the U.S. Energy Information Administration (EIA) had the smallest carbon emissions estimation from 1999 to 2011, replaced by British Petroleum (BP) thereafter. It is noted that our estimate was larger than the emissions estimated by BP and the EIA due to the fact that BP and the EIA only include energy-related emissions. In general, the differences in carbon emissions between our study and most other research projects were rather small, which indicated that our estimate was reliable and highly consistent with many other authoritative results.



3.1. Temporal Changes in Land Use Carbon Emissions in China


At the national level, the total carbon emissions increased significantly during the period 1999–2015. From 1999 to 2014, the total carbon emissions tripled from 927.88 million tons (Mt) in 1999 to a peak of 2840.00 Mt in 2014 (Table 5), with an average annual growth rate of 13.74%. Emissions then started to decrease slightly, bottoming out at 2833.91 Mt in 2015. In terms of the temporal evolution pattern, carbon emissions in China during 1999–2015 could be divided into four stages: WTO accession (1999–2005), high economic growth (2005–2008), postfinancial crisis (2008–2011), and new normal (2011–2015) (Figure 3). Specifically, during the first stage, China’s total carbon emissions nearly doubled after China joined the WTO, with the annual growth rate increasing sharply from 2.08% in 2000 to 16.05% in 2005. Then, during the second stage, China’s emissions continued to grow with the rapid increase of the national economy, but at a decelerated rate. To be specific, the annual increase rate of emissions decreased from 10.16% in 2006 to 5.42% in 2008, the year during which the most serious financial crisis since the Great Depression of the 1930s hit the global economy [10]. Next, during the period of “postfinancial crisis”, emissions in China kept growing, with the annual growth rate also increasing from 5.92% in 2009 to 10.75% in 2011. This was highly related to economic recovery after the 2008 financial crisis [63]. Finally, during the “new normal” period, emissions in China gradually plateaued, with the annual growth rate decreasing from 1.52% in 2012 to −0.21% in 2015. This was largely due to China’s economic restructuring, which shifted the national focus from a high-quantity pattern with rapid growth to a focus on quality and efficiency [64]. Meanwhile, structural changes in industry and energy usage also contributed immensely to the flattening of carbon emissions in China [8].



Figure 4 shows carbon emissions in China and in the other top nine carbon emitters in the world. It is clearly shown that China and the USA acted as the two leading countries in carbon emissions globally over the 17 years. However, in contrast to the sharp increase in carbon emissions in China from 1999 to 2015, emissions in the USA were maintained at a relatively stable level (about 1500 Mt per year). China replaced the USA to become the world’s largest emitter starting in 2006. Meanwhile, the other top eight carbon emitters in the world produced far fewer emissions compared to China and the USA, all below 500 Mt per year, except for India, whose emissions grew at an average annual increase rate of 8.05%.



In terms of land use types, built-up land contributed over 85% to total carbon emissions in China, with the ratio constantly rising each year up to 94.22% in 2015 (Table 5). Following built-up land, cropland contributed 13.43% to the total carbon emissions in 1999, with the ratio decreasing gradually to 5.42% in 2015. Moreover, grassland made a minimal contribution (0.36%–1.25%) to China’s total emissions over the 17 years.



In contrast to total emissions, total carbon sinks in China, contributed to predominantly by forest land, increased slightly during 1999–2015, with an overall increase rate of 10.46%. In detail, China’s carbon sinks peaked at 208.02 Mt in 2009 and then marginally decreased to 207.19 Mt in 2015. This was consistent with the remotely sensed observations by Piao et al. [65] and Chen et al. [66], which highlighted a greening China with great potential for carbon sequestration. A recent study by Lu et al. [67] demonstrated that the implementation of state-run ecological restoration projects in China was the primary driver of carbon sink increase from 2001 to 2010. Despite the increase in carbon sinks, the ratio of total carbon emissions to sink expanded from 4.95 to 13.68 between 1999 and 2015.



Furthermore, there was also a spike in the net carbon emissions over the 17 years, increasing from 740.30 Mt in 1999 to 2626.72 Mt in 2015, with an average annual growth rate of 15.93%. From the perspective of three forms of carbon emissions intensity, CEI per unit land area doubled from 420 t/km2 in 1999 to 970 t/km2 in 2015, increasing at an average annual rate of 8.39%. Contrastingly, CEI per unit GDP declined by 61.87% over the 17 years, from 1.15 t/104 yuan in 1999 to 0.44 t/104 yuan in 2015, which was mainly due to the fact that national GDP growth outpaced the growth of carbon emissions in the same period. In addition, this indicated enhanced carbon emissions efficiency in China.



Besides, per capita carbon emissions in China nearly tripled during the period 1999–2015, increasing from 0.83 t in 1999 to 2.19 t in 2015 at an average annual rate of 10.33%. China’s per capita emissions surpassed the global average (about 1.23 t per year) starting in 2005 (Figure 5). Among the top 10 carbon emitters in the world, China had the second smallest per capita emissions from 1999 to 2010, accounting for only 14%–38% of per capita emissions (4.62–5.80 t) from the USA, which was the country having the largest per capita emissions globally before 2010. Meanwhile, as one of the two largest developing countries in the world in terms of population, India had per capita emissions ranging from 0.26 t in 1999 to 0.47 t in 2015, accounting for only 19%–32% of China’s over the 17 years. Differently from many other countries that underwent increasing trends in per capita emissions, the USA and Canada, two of the world’s leading countries in per capita emissions, experienced a decline in per capita emissions, at an average annual rate of 1.19% and 0.81%, respectively.




3.2. Regional Differences in Carbon Emissions


At the regional level, the annual carbon emissions for each of eight Chinese regions showed an increasing trend to different degrees over 1999–2015 (Figure 6a). Clearly, carbon emissions in China presented significant regional differences. To be specific, the Central region contributed the most carbon emissions (nearly a quarter) to China’s total emissions each year, with an average annual increase rate of 11.39%. Following the Central region, the North contributed the second most to the total carbon emissions in China, growing at an average annual rate of 15.42%, higher than the national average annual growth rate (12.84%). Moreover, the Central Coast region acted as the third largest contributor to China’s total emissions, but was replaced by the Northwest region after 2010. It is noted that although the Northwest did not start with high carbon emissions in 1999 (90.32 Mt), its emissions grew at the largest average annual rate (24.68%) among all eight regions, nearly twice the rate of the national average. The Southwest, Northeast, and South Coast regions held the fifth, sixth, and seventh places in China’s total emissions, with average annual growth rates of 11.91%, 9.25%, and 11.52%, respectively, all slightly lower than the national average. Ultimately, the Beijing–Tianjin region contributed the least in carbon emissions to total emissions in China, with the contribution rate decreasing from 3.55% in 1999 to a low point of 2.44% in 2015. Meanwhile, the Beijing–Tianjin region had the smallest average annual growth rate of carbon emissions (6.85%), nearly half of the national average.



Similarly, the annual carbon sinks for each of the eight regions also presented a generally increasing trend in the same period, but at a marginal growth rate per year, except for the Northeast and South Coast regions, which experienced a slight decrease in carbon sinks over the 17 years (Figure 6b). In accordance with carbon emissions, carbon sinks in China also showed distinct regional differences. In detail, annual carbon sinks in the Southwest region increased by 13.79% over the 17 years, from 54.74 Mt in 1999 to 62.28 Mt in 2015, acting as the largest contributor (28.92%–30.06%) to China’s total sinks. Besides, the Northwest region occupied the second place in carbon sink contribution (20.27%–22.70%) in the same period. Meanwhile, the Northwest region had the largest average annual growth rate (1.48%), over twice the rate of the national average (0.65%). Following the Southwest and Northwest regions, the Central region experienced a 2.00% increase in carbon sinks during the period 1999–2015 and contributed the third most to total sinks in China. Furthermore, the Northeast took up fourth place in contributing carbon sinks to the whole nation; however, it underwent a 2.92% decrease in the number of carbon sinks during the 17 years. The South Coast produced the fifth largest number of carbon sinks (approximately 17.00 Mt each year) in China, followed by the Central Coast, North, and Beijing–Tianjin regions. It was noticeable that in addition to the least carbon emissions in China, the Beijing–Tianjin region also generated the lowest number of carbon sinks (about 0.65 Mt annually) among all regions.




3.3. Spatiotemporal Changes in Provincial Carbon Emissions


At the provincial level, carbon emissions presented distinct spatial and temporal variations, as shown in Figure 7 and Figure 8. Among all 30 provinces, Shandong produced the most carbon emissions cumulatively (2793.54 Mt) from 1999 to 2015 (Table 6), with an average annual growth rate of 17.20%. Following Shandong, Hebei, Jiangsu, Guangdong, and Henan constituted the top five provincial carbon emitters, which jointly contributed to 34.48% of total national emissions (33,048.05 Mt) during 1999–2015. Figure 8 shows the provincial carbon emissions in a spatially explicit manner. Clearly, it is noted that high emissions were mainly concentrated in eastern, northern, and coastal provinces. Our results indicate that the regional imbalance in carbon emissions was quite prominent in China.



In our study, different land use types contributing to carbon emissions in 30 provinces were also analyzed, as illustrated in Figure 9 and Table 7. It is shown that built-up land was the dominant carbon source type in all provinces. In particular, built-up land in Beijing, Tianjin, and Shanghai accounted for 98.14%, 97.33%, and 96.71%, respectively, of the provincial total carbon emissions in 1999, slightly increasing to 99.25%, 99.06%, and 98.91%, respectively, in 2015. This was largely related to the highly developed urbanization of these regions. In terms of carbon sinks, forest land was the only sink type in our study. The carbon sinks produced by Yunnan, Heilongjiang, and Inner Mongolia altogether contributed 30.08% to total national sinks (187.58 Mt) in 1999. Meanwhile, in 2015, the three provinces with the highest numbers of carbon sinks were Inner Mongolia, Yunnan, and Sichuan. In addition, Shanghai, Tianjin, and Beijing were the regions generating the lowest number of carbon sinks.



Taking the year 2015 as an example, we analyzed the spatial differences in carbon emissions intensity on a provincial scale. The national average value of per capita carbon emissions in 2015 was 2.19 t. Only 12 out of the 30 provinces had per capita carbon emissions higher than the national level (Table 8). Among them, Inner Mongolia, Xinjiang, and Shanxi had the highest per capita carbon emissions, with values of 6.53 t, 4.24 t, and 3.35 t, respectively. Notably, Inner Mongolia and Shanxi are both primary coal production bases in China, while Xinjiang is one of the main energy suppliers in the country [4]. Additionally, coal acts as a high-emissions fossil fuel in comparison to crude oil and natural gas due to the fact that it releases relatively more carbon dioxide while generating the same amount of heat compared to other energy types [68]. Consequently, these three provinces were among the top carbon emitters per person. In contrast, the six provinces with the lowest per capita carbon emissions were Yunnan (1.12 t), Guangxi (1.15 t), Beijing (1.23 t), Hunan (1.30 t), Sichuan (1.38 t), and Chongqing (1.41 t), with values less than one-third of the national level. All these provinces, except Beijing, are located in southwest China, which includes typically less developed regions of the country.



Moreover, the national average value of CEI per unit GDP in 2015 was 0.44 t/104 yuan. Only one-third of all provinces had a value of CEI per unit GDP exceeding the national level. Interestingly, the spatial distribution pattern of CEI per unit GDP was similar to that of per capita carbon emissions, as demonstrated in Figure 10. In general, the provinces in northwestern and northern China demonstrated comparatively larger CEIs per unit GDP, while the provinces in southwest China and coastal areas had relatively lower values. Specifically, the top three provinces having the highest CEIs per unit GDP were Xinjiang (1.07 t/104 yuan), Shanxi (0.96 t/104 yuan), and Inner Mongolia (0.92 t/104 yuan), with more than twice the amount of the national average. As stated, these provinces are primary energy (coal, crude oil, and natural gas) suppliers in China, and therefore their economies are highly dependent on energy production and transformation, which are typical high-emissions industries. As a result, the CEI per unit GDP in these energy-producing provinces was considerably higher than that in other provinces. Contrastingly, the four provinces with the lowest CEIs per unit GDP in the country were Beijing (0.12 t/104 yuan), Hunan (0.13 t/104 yuan), Guangdong (0.21 t/104 yuan), and Shanghai (0.21 t/104 yuan), with less than half of the national level. All these provinces, except Hunan, are economically developed regions in China. The economic development in these regions is largely driven by the service industry, which is less reliant on energy consumption.



In terms of CEI per unit land area, five provinces, including Shanghai, Tianjin, Jiangsu, Beijing, and Shandong, all developed regions in China, far exceeded the national average level in 2015 (974 t/km2). Among them, Shanghai had the highest value (8489 t/km2), nearly 400 times higher than the lowest value (Qinghai, 21 t/km2).




3.4. Relationships between Economic Growth, Urbanization, and Carbon Emissions


On the national scale, there was an inverted U-shaped curve relationship between per capita GDP and the total carbon emissions (R2 = 0.99, p < 0.001), as shown in Figure 11a. In addition, the relationship between urban population share and carbon emissions also presented as an inverted U-shaped curve (R2 = 0.98, p < 0.001, Figure 11b). Our results indicate that carbon emissions in China tended to plateau, as national economic performance and urbanization experienced far-reaching progress during the last two decades. In other words, carbon emissions efficiency in China was gradually enhanced. According to the environmental Kuznets curve theory, it is projected that China may undergo a significant decline in carbon emissions in the coming years.



Meanwhile, at the provincial scale, it was demonstrated that all provinces, excluding Xinjiang, had an inverted U-shaped curve between per capita GDP and carbon emissions (Figure S1). This suggests that the majority of Chinese provinces have almost completed the phase of economic “take-off”, during which a considerable amount of carbon dioxide is released to the atmosphere, and they have now entered or are about to enter the development stage of lower environmental pollution levels [69]. The economy in Xinjiang is relatively less developed compared to the rest of the country, and it is still undergoing industrialization, mainly energy production, and has increasing carbon emissions. Furthermore, as illustrated in Figure S2, 18 out of the 30 provinces had inverted U-shaped curves between urbanization and carbon emissions, indicating that carbon emissions in these provinces are likely to peak and decline in the future while maintaining a high degree of urbanization. Meanwhile, the remaining 12 provinces, including Hebei, Shanghai, Jiangsu, Anhui, Fujian, Jiangxi, Hainan, Chongqing, Sichuan, Gansu, Ningxia, and Xinjiang, need to figure out how to control and reduce the overall quantity of carbon emissions while further deepening the urbanization process.





4. Discussion


Land use carbon emissions account for a considerable proportion of human-driven carbon emissions [30]. In our study, we defined land as a carrier for carbon emissions and attributed these carbon emissions to different land use types according to the actual distributions of activities in China. The main contribution of this work is thus a new accounting of provincial carbon emissions in China from the perspective of land use. Our results showed that China’s emissions increased sharply from 927.88 Mt to 2833.91 Mt (Table 5) at a growth rate of 205.42% over the 17 years. In particular, the contribution of built-up land exceeded 85% each year. It was indicated that built-up land played a dominant role in carbon emissions increments. Recent studies have shown that the area of built-up land in China expanded 6.44-fold during 1981–2014, presenting a pattern of disorderly sprawling [70]. In general, under the current development scenario, China’s urbanization and economic growth are overly reliant on the expansion of built-up land, which directly leads to increasing carbon emissions and other ecological issues. Therefore, effectively curbing urban sprawl is still the core task of urban land management in China. To realize this goal, adequate attention needs to be paid to optimizing land use structure and its spatial layout to reduce carbon intensity [24]. Moreover, reasonable land use policies should be implemented by relevant government departments to control the urbanization development pace. In addition, local economic growth should be combined with ecological conservation [71], such as proceeding to carry out basic farmland protection policies and strictly limiting nonagricultural transfers of farmland, forests, and grassland. Taken together, these measures will contribute significantly to low-carbon urban development in the decades to follow.



In this study, we found that China’s carbon emissions have shown an apparent staged evolution since the start of the new millennium (Figure 3). In brief, it is evident that emissions in China have evolved from an initial accelerating growth since the country joined the WTO to a recent stabilization. This was in line with the evolution of national economic development. Particularly, China even witnessed a slight decline in emissions during 2014–2015, which can be largely explained by the establishment of sustainable strategies (i.e., pursuing a high-quality development mode rather than a high-speed pattern) and the implementation of low-carbon policies by the Chinese government in the “new normal” stage [64]. In addition, improved energy efficiency, shifts in industrial structure, and regional coordinated development have also played important roles in carbon reduction. Besides, our results demonstrated that the relationships between economic growth, urbanization, and carbon emissions in China presented as inverted U-shaped curves (Figure 11), conforming to the theory of the environmental Kuznets curve [72]. Given that China’s economy and urbanization will continue to grow, as they are mainly driven by scientific and technological innovation, it is likely that carbon reduction momentum could persist in the future. In this respect, China’s commitment to peak its carbon emissions prior to 2030 may have been fulfilled in advance [8,73]. However, the country still needs to carefully monitor its emissions and related drivers.



Distinct regional differences in carbon emissions were detected in our work (Figure 3). The Central and North regions altogether contributed 40% to total national emissions from 1999 to 2015. Therefore, special attention should be devoted to these regions when enacting relevant emissions-cutting policies.



In contrast to carbon emissions, China’s carbon sinks also underwent an increasing trend during the 17 years studied, but in relatively small increments. The enhanced carbon sink capacity can be primarily attributed to nationwide large-scale tree planting and ecological conservation programs spanning the last two decades [74]. There is mounting research showing that these programs have contributed significantly to carbon sequestration in China [67,75,76]. Overall, forests in China have merely absorbed approximately 9% of total carbon emissions in the same period. Despite the small absolute amount, there is still great potential for carbon sequestration in the future, since tree plantations are still in a primary stage [77].



In our study, there still exist certain limitations that should be addressed in the future. We employed a carbon emissions factor method for calculating land use carbon emissions for 30 provinces in China following the IPCC [30] guidelines, which have been widely used in a wealth of studies conducted in China [52,78,79,80]. Nevertheless, some emissions parameters were extracted from the IPCC recommended values and related ecological literature due to the fact that some of China’s carbon emissions factors are still under study. This measurement approach may not accurately reflect the actual situation in China due to a lack of measured parameters; however, it allowed our study to be comparable to other related studies. Furthermore, although uncertainty existed, it did not significantly affect our findings, since the primary objective of this work was to track spatial and temporal evolution patterns in China and identify their driving factors. In general, specifically modified emissions parameters to suit the Chinese situation will become an important topic in our future research.




5. Conclusions


In summary, here we sought to estimate the carbon emissions from land use in 30 Chinese provinces from 1999 to 2015 based on the carbon emissions factor method recommended by the IPCC guidelines. Three forms of carbon emissions intensity were introduced to quantify the spatial and temporal changes in the emissions–socioeconomics nexus. In addition, the Kuznets curve model was used to explore the relationships between economic development, urbanization, and carbon emissions at the national and provincial levels. Our results indicated that emissions in China tripled over the 17 years, up to 2833.91 Mt in 2015. However, the temporal evolution pattern suggested that the emissions tended to plateau and may even decline in the coming years. This was supported by the inverted U-shaped Kuznets curves found between economic growth, urbanization, and carbon emissions. Based on this, we could conclude that it is likely for China to realize its pledge to peak its emissions by 2030. Moreover, emissions in China presented apparent regional differences. That is, the Central region acted as the largest emissions contributor, whereas the Southwest region had the largest number of carbon sinks compared to other regions.



Additionally, China’s carbon sinks also experienced a 10.46% increase in the same period, which was highly associated with the long-term implementation of national-scale afforestation and conservation policies. However, terrestrial ecosystems only sequestrated roughly 9% of the total carbon emissions during 1999–2015. In this case, it is still necessary to further carry out tree planting programs.



Finally, taking into account the dominant role played by built-up land in carbon emissions gains, more efforts should be devoted to limiting the unreasonable expansion of urban construction areas and to supporting industrial restructuring, especially in highly polluted regions.
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Figure 1. Spatial distribution of eight Chinese regions. 
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Figure 2. A comparison of carbon emissions in China between this study and several other sources, including the Carbon Dioxide Information Analysis Centre (CDIAC) [57], the Emissions Database for Global Atmospheric Research (EDGAR) [58], the Global Carbon Budget (GCB) [59], British Petroleum (BP) [60], the U.S. Energy Information Administration (EIA) [61], and the Multi-Resolution Emissions Inventory for China (MEIC) [62]. Note that the original emissions data of these sources were calculated as carbon dioxide emissions. We thus converted these emissions into carbon emissions for ease of comparison by multiplying by the constant of 12/44. 
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Figure 3. The temporal evolution of China’s total carbon emissions/sinks resulting from land use over 1999–2015. The total numbers of carbon sinks in 2005 and 2006 were not included because of data limitations. 
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Figure 4. A comparison of the carbon emissions in China (this study) and the other top nine carbon emitters in the world, whose emissions data were collected from Reference [57]. Note that the original emissions data of these countries were calculated as carbon dioxide emissions. We thus converted these emissions into carbon emissions for ease of comparison by multiplying by the constant of 12/44. 
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Figure 5. A comparison of per capita carbon emissions in China and in the other top nine carbon emitters in the world, whose emissions data were collected from Reference [57]. Note that the original emissions data of these countries were calculated as carbon dioxide emissions. We thus converted these emissions into carbon emissions for ease of comparison by multiplying by the constant of 12/44. 
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Figure 6. (a) Regional differences in total carbon emissions over time; (b) regional differences in total carbon sinks over time. Note that the total numbers of carbon sinks in 2005 and 2006 were not included because of data limitations. 
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Figure 7. The net carbon emissions of 30 Chinese provinces in 1999, 2004, 2010, and 2015. 
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Figure 8. Spatial–temporal evolution of net carbon emissions in 30 Chinese provinces in (a) 1999, (b) 2004, (c) 2010, and (d) 2015. 
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Figure 9. Carbon emissions of various land use types in 30 Chinese provinces in (a) 1999, and (b) 2015. Note that the negative value means a carbon sink. 
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Figure 10. Emissions–socioeconomic nexus in 30 Chinese provinces in 2015. (a) The spatial distribution of per capita carbon emissions (PCEI); (b) the spatial distribution of carbon emissions intensity per unit GDP (GCEI). 
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Figure 11. (a) The relationship between carbon emissions and per capita GDP from 1999 to 2015 in China; (b) the relationship between carbon emissions and urban population share over 1999–2015 in China. 






Figure 11. (a) The relationship between carbon emissions and per capita GDP from 1999 to 2015 in China; (b) the relationship between carbon emissions and urban population share over 1999–2015 in China.



[image: Sustainability 11 04531 g011]







[image: Table] 





Table 1. Description of the provinces contained in each Chinese region.
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	Region
	Provinces





	Beijing–Tianjin
	Beijing, Tianjin



	North
	Hebei, Shandong



	Northeast
	Liaoning, Jilin, Heilongjiang



	Central Coast
	Shanghai, Jiangsu, Zhejiang



	Central
	Shanxi, Anhui, Jiangxi, Henan, Hubei, Hunan



	South Coast
	Fujian, Guangdong, Hainan



	Southwest
	Guangxi, Chongqing, Sichuan, Guizhou, Yunnan



	Northwest
	Inner Mongolia, Shaanxi, Gansu, Qinghai, Ningxia, Xinjiang
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Table 2. Assignment of carbon emissions to different land use types in China.
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Intergovernmental Panel on Climate Change (IPCC) Guidelines for National Greenhouse Gas Inventories




	
Land Use Types

	
Energy Consumption

	
Industrial Processes

	
Agriculture, Forestry, and Other Land Use

	
Waste






	
Cropland

	
Farming

	
—

	
Soil and paddy fields

	
—




	
Forest land

	
Forestry

	
—

	
Vegetation and soil

	
—




	
Grassland

	
Animal husbandry

	
—

	
Vegetation and soil, enteric and manure fermentation of livestock 1

	
—




	
Water bodies

	
Fisheries and water conservancy

	
—

	
Vegetation and soil

	
—




	
Unused land

	
—

	
—

	
Vegetation and soil

	
—




	
Urban land

	
Urban household consumption

	
—

	
Vegetation and soil

	
Wastewater and solid waste from urban households




	
Rural residential land

	
Rural household consumption

	
—

	
Vegetation and soil, enteric and manure fermentation of domestic livestock

	
Wastewater and solid waste from rural households




	
Industry–traffic land

	
Industry, construction, transportation, storage, post, and telecommunications services; wholesale, retail trade, and catering services

	
Industrial production

	
Soil

	
Industrial waste, water and solid waste








1 Based on the current situation, livestock grazed on grasslands in China includes cattle, sheep, camels, and horses, while livestock raised on rural residential land includes mules, donkeys, pigs, and poultry.
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Table 3. CH4 emissions coefficient of various livestock in China (unit: CH4 kg·head−1·yr−1). 1
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	Emissions Source
	Cattle
	Sheep
	Camel
	Horse
	Mule
	Donkey
	Pig
	Poultry





	Enteric fermentation
	56.93
	5.00
	46.00
	18.00
	10.00
	10.00
	1.00
	0.00



	Manure management
	6.33
	0.16
	1.92
	1.64
	0.90
	0.90
	3.50
	0.02



	Total
	63.26
	5.16
	47.92
	19.64
	10.90
	10.90
	4.50
	0.02







1 Source: IPCC [30], Hu and Wang [35].
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Table 4. Agricultural production carbon emissions sources, coefficients, and reference sources.
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	Carbon Source
	Coefficient
	Reference





	Fertilizer
	0.8956 kg C/kg
	West and Marland [47]



	Pesticide
	4.9341 kg C/kg
	Luo et al. [46]



	Agricultural plastic film
	5.18 kg C/kg
	IREEA 1 [48]



	Agricultural diesel
	0.5927 kg C/kg
	IPCC [30]



	Agricultural irrigation
	20.476 kg C/ha
	Li et al. [49]



	Tillage
	312.6 kg C/km2
	Lu et al. [17]







1 Institute of Resource, Ecosystem and Environment of Agriculture in Nanjing Agricultural University (IREEA).
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Table 5. Land use carbon emissions/sinks and carbon emissions intensity in China from 1999 to 2015. The percentages of built-up land, cropland, and grassland are the ratios of their emissions to total carbon emissions, while the percentage of forest land is the ratio of its carbon sinks to total carbon sinks. TCE, TCS, and NCE represent the total carbon emissions (unit: 106 t), total carbon sinks (unit: 106 t), and net carbon emissions (unit: 106 t), respectively. LCEI, GCEI, and PCEI represent the carbon emissions intensity (CEI) per unit of land area (unit: 103 t/km2), the carbon emissions intensity per unit of gross domestic product (GDP) (t/104 yuan), and per capita carbon emissions (t), respectively.
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Year

	
Land Use Carbon Emissions/Sinks (106 t)

	
TCE

	
TCS

	
NCE

	
LCEI

	
GCEI

	
PCEI




	
Built-Up Land

	
Cropland

	
Grassland

	
Forest Land






	
1999

	
791.68

	
124.57

	
11.63

	
187.58

	
927.88

	
187.58

	
740.30

	
0.42

	
1.15

	
0.83




	
85.32%

	
13.43%

	
1.25%

	
100%

	
100%

	
100%




	
2000

	
812.59

	
122.90

	
11.70

	
188.03

	
947.19

	
188.03

	
759.16

	
0.43

	
1.05

	
0.83




	
85.79%

	
12.97%

	
1.23%

	
100%

	
100%

	
100%




	
2001

	
858.65

	
122.22

	
11.77

	
188.38

	
992.64

	
188.38

	
804.26

	
0.44

	
1.00

	
0.86




	
86.50%

	
12.31%

	
1.19%

	
100%

	
100%

	
100%




	
2002

	
937.53

	
123.12

	
11.87

	
189.70

	
1072.53

	
189.70

	
882.82

	
0.47

	
0.97

	
0.91




	
87.41%

	
11.48%

	
1.11%

	
100%

	
100%

	
100%




	
2003

	
1113.56

	
121.72

	
12.16

	
192.52

	
1247.44

	
192.52

	
1054.92

	
0.52

	
1.01

	
1.06




	
89.27%

	
9.76%

	
0.98%

	
100%

	
100%

	
100%




	
2004

	
1308.56

	
129.81

	
12.49

	
193.46

	
1450.86

	
193.46

	
1257.40

	
0.60

	
0.96

	
1.22




	
90.19%

	
8.95%

	
0.86%

	
100%

	
100%

	
100%




	
2005

	
1537.61

	
133.32

	
12.74

	
0.00

	
1683.67

	
0.00

	
1683.67

	
0.67

	
0.92

	
1.36




	
91.32%

	
7.92%

	
0.76%

	
100%

	
100%

	
100%




	
2006

	
1708.14

	
135.12

	
11.47

	
0.00

	
1854.73

	
0.00

	
1854.73

	
0.72

	
0.87

	
1.49




	
92.10%

	
7.29%

	
0.62%

	
100%

	
100%

	
100%




	
2007

	
1881.76

	
138.19

	
10.15

	
194.39

	
2030.09

	
194.39

	
1835.71

	
0.78

	
0.79

	
1.62




	
92.69%

	
6.81%

	
0.50%

	
100%

	
100%

	
100%




	
2008

	
1990.13

	
139.84

	
10.17

	
194.37

	
2140.14

	
194.37

	
1945.77

	
0.81

	
0.69

	
1.70




	
92.99%

	
6.53%

	
0.47%

	
100%

	
100%

	
100%




	
2009

	
2113.66

	
142.81

	
10.27

	
208.02

	
2266.74

	
208.02

	
2058.72

	
0.84

	
0.68

	
1.79




	
93.25%

	
6.30%

	
0.45%

	
100%

	
100%

	
100%




	
2010

	
2307.85

	
145.52

	
10.30

	
207.86

	
2463.67

	
207.86

	
2255.81

	
0.90

	
0.61

	
1.91




	
93.68%

	
5.91%

	
0.42%

	
100%

	
100%

	
100%




	
2011

	
2570.35

	
147.90

	
10.19

	
207.68

	
2728.43

	
207.68

	
2520.75

	
0.98

	
0.57

	
2.13




	
94.21%

	
5.42%

	
0.37%

	
100%

	
100%

	
100%




	
2012

	
2609.83

	
149.84

	
10.11

	
207.54

	
2769.78

	
207.54

	
2562.24

	
0.98

	
0.52

	
2.17




	
94.23%

	
5.41%

	
0.37%

	
100%

	
100%

	
100%




	
2013

	
2636.88

	
151.35

	
10.13

	
207.42

	
2798.36

	
207.42

	
2590.94

	
0.99

	
0.48

	
2.20




	
94.23%

	
5.41%

	
0.36%

	
100%

	
100%

	
100%




	
2014

	
2676.91

	
152.84

	
10.25

	
207.26

	
2840.00

	
207.26

	
2632.74

	
0.98

	
0.46

	
2.22




	
94.26%

	
5.38%

	
0.36%

	
100%

	
100%

	
100%




	
2015

	
2670.01

	
153.46

	
10.44

	
207.19

	
2833.91

	
207.19

	
2626.72

	
0.97

	
0.44

	
2.19




	
94.22%

	
5.42%

	
0.37%

	
100.00%

	
100%

	
100%
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Table 6. Cumulative carbon emissions in 30 Chinese provinces over 1999–2015.
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	Province
	Cumulative Emissions (106 t)
	Province
	Cumulative Emissions (106 t)





	Beijing
	437.20
	Henan
	1892.29



	Tianjin
	505.67
	Hubei
	1304.63



	Hebei
	2481.08
	Hunan
	1114.71



	Shanxi
	1556.75
	Guangdong
	1926.17



	Inner Mongolia
	1680.37
	Guangxi
	746.64



	Liaoning
	1667.44
	Hannan
	132.72



	Jilin
	806.19
	Chongqing
	546.13



	Heilongjiang
	954.37
	Sichuan
	1199.13



	Shanghai
	785.32
	Guizhou
	783.20



	Jiangsu
	2300.26
	Yunnan
	706.73



	Zhejiang
	1399.48
	Shaanxi
	779.65



	Anhui
	1206.54
	Gansu
	513.65



	Fujian
	785.63
	Qinghai
	152.97



	Jiangxi
	747.40
	Ningxia
	360.38



	Shandong
	2793.54
	Xinjiang
	781.77
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Table 7. Carbon emissions of different land use types in 30 Chinese provinces in 1999 and 2015 (106 t). Note that the negative value means a carbon sink.






Table 7. Carbon emissions of different land use types in 30 Chinese provinces in 1999 and 2015 (106 t). Note that the negative value means a carbon sink.





	

	
1999

	
2015




	
Province

	
Built-Up Land

	
Cropland

	
Grassland

	
Forest Land

	
Built-Up Land

	
Cropland

	
Grassland

	
Forest Land






	
Beijing

	
17.93

	
0.32

	
0.01

	
−0.55

	
26.53

	
0.18

	
0.02

	
−0.64




	
Tianjin

	
14.30

	
0.38

	
0.01

	
−0.03

	
41.97

	
0.38

	
0.02

	
−0.05




	
Hebei

	
60.26

	
4.50

	
0.56

	
−3.40

	
201.98

	
6.08

	
0.37

	
−4.02




	
Shanxi

	
38.10

	
1.17

	
0.21

	
−3.25

	
120.77

	
1.68

	
0.16

	
−4.25




	
Inner Mongolia

	
25.97

	
1.22

	
1.26

	
−17.66

	
159.11

	
3.32

	
1.44

	
−20.32




	
Liaoning

	
49.63

	
2.17

	
0.17

	
−4.90

	
131.99

	
3.21

	
0.30

	
−4.91




	
Jilin

	
22.43

	
1.68

	
0.31

	
−8.00

	
58.02

	
3.42

	
0.31

	
−7.74




	
Heilongjiang

	
31.86

	
2.99

	
0.36

	
−19.79

	
73.16

	
5.92

	
0.39

	
−19.08




	
Shanghai

	
31.16

	
1.05

	
0.01

	
0.00

	
52.90

	
0.58

	
0.01

	
−0.04




	
Jiangsu

	
51.91

	
11.43

	
0.09

	
−0.27

	
194.56

	
11.38

	
0.04

	
−0.23




	
Zhejiang

	
31.75

	
6.54

	
0.04

	
−4.82

	
104.38

	
5.36

	
0.02

	
−4.94




	
Anhui

	
30.39

	
9.24

	
0.41

	
−2.94

	
97.55

	
11.67

	
0.14

	
−3.28




	
Fujian

	
16.21

	
4.93

	
0.08

	
−7.27

	
64.77

	
4.33

	
0.05

	
−7.29




	
Jiangxi

	
13.80

	
8.83

	
0.24

	
−8.90

	
59.09

	
10.35

	
0.20

	
−9.04




	
Shandong

	
55.32

	
7.16

	
0.75

	
−1.14

	
229.07

	
7.74

	
0.44

	
−1.30




	
Henan

	
42.21

	
5.69

	
1.00

	
−2.46

	
144.15

	
9.52

	
0.69

	
−3.04




	
Hubei

	
36.09

	
10.03

	
0.28

	
−6.69

	
85.20

	
11.30

	
0.25

	
−7.52




	
Hunan

	
20.62

	
10.52

	
0.33

	
−10.22

	
80.53

	
13.03

	
0.33

	
−10.68




	
Guangdong

	
49.52

	
8.48

	
0.27

	
−8.93

	
144.59

	
8.04

	
0.16

	
−8.77




	
Guangxi

	
14.25

	
7.43

	
0.52

	
−9.98

	
55.61

	
7.46

	
0.31

	
−11.64




	
Hainan

	
2.05

	
1.18

	
0.09

	
−1.25

	
11.78

	
1.62

	
0.06

	
−1.05




	
Chongqing

	
17.85

	
2.27

	
0.11

	
−2.58

	
44.82

	
2.56

	
0.11

	
−3.33




	
Sichuan

	
29.51

	
6.60

	
0.85

	
−16.58

	
105.47

	
7.07

	
0.88

	
−19.37




	
Guizhou

	
19.83

	
1.92

	
0.46

	
−6.62

	
64.23

	
2.37

	
0.38

	
−7.82




	
Yunnan

	
14.49

	
1.81

	
0.59

	
−18.97

	
48.33

	
4.07

	
0.58

	
−20.13




	
Shaanxi

	
16.03

	
1.83

	
0.22

	
−8.24

	
77.73

	
3.06

	
0.16

	
−9.79




	
Gansu

	
13.73

	
1.09

	
0.43

	
−4.05

	
43.87

	
2.51

	
0.56

	
−5.33




	
Qinghai

	
3.69

	
0.11

	
0.81

	
−2.12

	
14.26

	
0.18

	
0.87

	
−3.10




	
Ningxia

	
4.70

	
0.40

	
0.08

	
−0.23

	
39.06

	
0.64

	
0.12

	
−0.67




	
Xinjiang

	
16.11

	
1.58

	
1.06

	
−5.71

	
94.57

	
4.42

	
1.07

	
−7.84
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Table 8. Carbon emissions/sinks of land use along with carbon emissions intensity in 30 Chinese provinces in 2015.






Table 8. Carbon emissions/sinks of land use along with carbon emissions intensity in 30 Chinese provinces in 2015.





	Province
	Total Carbon Emissions (106 t)
	Total Carbon Sink (106 t)
	GDP per Capita (104 Yuan)
	Per Capita Carbon Emissions (t)
	CEI per Unit GDP (t/104 Yuan)
	CEI per Unit Land Area (103 t/km2)





	Beijing
	26.73
	0.64
	10.60
	1.23
	0.12
	1.57



	Tianjin
	42.37
	0.05
	10.69
	2.74
	0.26
	3.53



	Hebei
	208.42
	4.02
	4.01
	2.81
	0.70
	1.10



	Shanxi
	122.62
	4.25
	3.48
	3.35
	0.96
	0.77



	Inner Mongolia
	163.86
	20.32
	7.10
	6.53
	0.92
	0.14



	Liaoning
	135.49
	4.91
	6.78
	3.20
	0.47
	0.90



	Jilin
	61.76
	7.74
	5.28
	2.32
	0.44
	0.33



	Heilongjiang
	79.47
	19.08
	3.96
	2.08
	0.53
	0.17



	Shanghai
	53.48
	0.04
	10.40
	2.21
	0.21
	8.49



	Jiangsu
	205.98
	0.23
	8.79
	2.58
	0.29
	2.06



	Zhejiang
	109.75
	4.94
	8.80
	2.25
	0.26
	1.10



	Anhui
	109.35
	3.28
	3.58
	1.78
	0.50
	0.78



	Fujian
	69.16
	7.29
	6.77
	1.80
	0.27
	0.58



	Jiangxi
	69.65
	9.04
	3.66
	1.53
	0.42
	0.41



	Shandong
	237.24
	1.30
	6.40
	2.41
	0.38
	1.48



	Henan
	154.36
	3.04
	3.45
	1.44
	0.42
	0.91



	Hubei
	96.76
	7.52
	5.05
	1.65
	0.33
	0.51



	Hunan
	93.89
	10.68
	9.63
	1.30
	0.13
	0.45



	Guangdong
	152.79
	8.77
	8.08
	1.70
	0.21
	0.80



	Guangxi
	63.38
	11.64
	3.05
	1.15
	0.38
	0.26



	Hainan
	13.46
	1.05
	4.08
	1.48
	0.36
	0.40



	Chongqing
	47.48
	3.33
	4.66
	1.41
	0.30
	0.58



	Sichuan
	113.41
	19.37
	3.66
	1.38
	0.38
	0.23



	Guizhou
	66.98
	7.82
	2.98
	1.90
	0.64
	0.37



	Yunnan
	52.97
	20.13
	2.87
	1.12
	0.39
	0.14



	Shaanxi
	80.95
	9.79
	4.75
	2.13
	0.45
	0.39



	Gansu
	46.94
	5.33
	2.61
	1.81
	0.69
	0.11



	Qinghai
	15.32
	3.10
	4.14
	2.60
	0.26
	0.02



	Ningxia
	39.81
	0.67
	3.95
	1.69
	0.43
	0.60



	Xinjiang
	100.06
	7.84
	3.95
	4.24
	1.07
	0.06











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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