

  sustainability-14-13808




sustainability-14-13808







Sustainability 2022, 14(21), 13808; doi:10.3390/su142113808




Article



Carbon Neutrality in Shanxi Province: Scenario Simulation Based on LEAP and CA-Markov Models



Man Li 1,2, Yanfang Zhang 1 and Huancai Liu 1,3,*





1



School of Geographical Science, Shanxi Normal University, Taiyuan 030031, China






2



Northwest Institute of Eco-Environment and Resources, Chinese Academy of Sciences, Lanzhou 730000, China






3



School of Geography and Tourism, Shaanxi Normal University, Shannxi 710062, China









*



Correspondence: liuhc@sxnu.edu.cn







Academic Editor: Vanessa Bach



Received: 14 September 2022 / Accepted: 21 October 2022 / Published: 25 October 2022



Abstract

:

In the context of global climate governance and China’s carbon neutrality target, Shanxi Province, one of China’s major energy exporting regions, is under high pressure to achieve carbon neutrality. This paper sets up three carbon source scenarios and three carbon sink scenarios based on the Long-range Energy Alternatives Planning System (LEAP) and CA-Markov models to simulate the future change in carbon source and carbon sink of Shanxi from 2020 to 2060; it analyzes the achievement of the carbon peaking and carbon neutrality targets for each source–sink scenario. The results show that: (1) The total energy consumption and CO2 emissions have increased significantly, from 2000 to 2020, especially in heavy industry; (2) The CO2 emissions are predicted to peak at 381.6 Mt, 294.1 Mt and 282.7 Mt in 2040 (baseline scenario), 2030 (policy scenario), and 2025 (carbon neutrality scenario), respectively. The achievement of the carbon neutrality mainly depends on the reduction in CO2 emissions; (3) If Shanxi Province strives to reach the energy intensity of developed countries by 2060, with 80% of non-fossil energy generation, it has the potential to achieve the carbon neutrality target; (4) The popularization of carbon capture, utilization and storage (CCUS) technology will significantly accelerate the achievement of Shanxi Province’s carbon neutrality target.
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1. Introduction


Scholars have traditionally emphasized the importance of environmental and economic sustainability (e.g., maritime industry, product supply chain) [1,2,3]. In contrast, the sustainability of society receives less attention [4]. However, with the considerable impact of global warming on society, achieving global carbon neutrality is an inevitable choice for mitigating climate warming and ensuring sustainable social development. In 2021, The Sixth Assessment Report (AR6) by the Intergovernmental Panel on Climate Change (IPCC) confirmed the relationship between the magnitude of global warming and CO2 emissions, stating that for every trillion tons of CO2 emitted by human activities the global average surface temperature will rise by 0.27 °C to 0.63 °C [5]. As the most important greenhouse gas, the concentration of CO2 in the atmosphere has increased from 300 ppm in 1950 to 410 ppm in 2019, which is 48% higher than pre-industrial levels [6]. This phenomenon has resulted in unprecedented changes in all the Earth’s major circles [7]. To reduce the negative effects of global warming, countries have formulated climate control targets such as net zero emission of CO2, climate neutrality and carbon neutrality [8,9,10]. China has committed to peak carbon CO2 emissions before 2030 and achieve carbon neutrality before 2060.



With carbon emissions becoming a hot topic in recent years, studies have begun to focus on the future trends of carbon emissions and make suggestions for lowering them. Schmalensee et al. [11] predicted the future global CO2 emissions up to 2050 using reduced-form models that were calculated with national-level panel data. Jie et al. [12] analyzed future energy consumption in the context of urbanization and confirmed the close relationship between carbon emissions and energy consumption. Based on the IPAT model, Zhang et al. [13] proposed three future scenarios and predicted the future carbon emissions of Anhui Province. They found that technology and mechanism innovation were highly important to reduce carbon emissions in China. In addition, several studies constructed future development scenarios through an energy optimization model [14], STIRPAT model [15], MARKAL-MACRO model [16] and optimized CGE model [17], and predicted carbon emissions and the driving factors of industries [18], such as transportation [19], agriculture [20] and other sectors or regions [21,22,23]. However, it was found that once the parameter setting is unreasonable, the panel data-based forecasting result will exhibit a large deviation from the reality [24]. In addition, models based on general equilibrium theory, such as the MARKAL-MACRO model and CGE model, focus on the optimization suggestions of allocation mechanisms, but cannot accurately reflect the technological changes and technological simulations in reality; thus, the simulation results may be quite different from the actual situation [25]. Among many forecasting models, the Long-range Energy Alternatives Planning System (LEAP) model, based on scenario analysis, has solved these problems to a great extent [26]. Emodi et al. used the LEAP model to simulate the energy consumption and carbon emissions of industries and regions [27]. Because of its simple data input and accurate prediction result, the LEAP model is commonly used.



Another path toward the reduction in CO2 concentration is absorbing CO2 from the atmosphere; thus, carbon sink also plays an important role in this regard [28,29]. Carbon sink is mainly classified as terrestrial and oceanic types [30]; China’s terrestrial carbon sink absorbs an average of 14.6–16.1% of industrial CO2 emissions annually [31]. As the mainstay of terrestrial ecosystems, forest is an important carbon sink. Their carbon sink capacity can be enhanced by afforestation, as well as improving the structure and quality of tree species [32,33]. For the prediction of future carbon sink, owing to the strong heterogeneity of terrestrial ecosystems, the estimation of terrestrial carbon sink has tremendous inherent uncertainty [34]. Previous studies have used ecosystem process models to predict future carbon sink [35,36]. Potter et al. [37] estimated carbon fluxes in terrestrial ecosystems in the United States by using a simulation model based on satellite observations of vegetation cover. Yamagata et al. [38] evaluated the future carbon sink by combining the simulation of carbon storage change and land use change. The CA-Markov model can not only accurately predict the future land use change, but also effectively simulate the spatial distribution of land use types [39]; therefore, this model can be an effective way to predict future carbon sink.



The achievement of the carbon neutrality target relies on both reducing CO2 emissions and increasing carbon sink. A carbon neutrality target is achieved if the source and sink offset each other or if the difference between the two is negative [40,41]. In addition, the adoption of carbon capture, utilization, and storage (CCUS) technology to reduce CO2 can also aid in achieving carbon neutrality targets [42]. As the realities of different regions differ greatly, such as in their resource endowments and development conditions, setting regional carbon neutrality pathways should highlight local advantages and be tailored to local conditions [43]. Overall, previous works laid a solid foundation for carbon neutrality research. However, most studies mainly focused on either carbon source or carbon sink [44,45], and rarely combined them to discuss the specific realization pathway to the carbon peaking and carbon neutrality targets.



Some studies have found that economic growth is the primary driver of China’s increased carbon emissions [46]. Furthermore, the increase in carbon emissions sources is influenced by energy intensity, energy structure, and industrial structure [47,48]. If carbon emissions sources are to be reduced without impacting economic output, it is necessary to reduce energy intensity, optimize industrial structure and increase the share of non-fossil energy sources [49]. As a major energy province, Shanxi Province, with high CO2 emissions, supplies energy to 14 provinces (autonomous regions and municipalities) in China and is under the high pressure to achieve carbon neutrality target. Therefore, based on the aforementioned research shortcomings, and in the context of social sustainability, it is particularly important to analyze the future development of carbon source and carbon sink in Shanxi Province; this is to evaluate the time nodes and specific CO2 emissions reduction paths for achieving the carbon peaking and carbon neutrality targets in different carbon source–sink scenarios.



In this study, the CO2 emissions generated by terminal energy in Shanxi Province from 2000 to 2020 were calculated. By combining the results with future development policies, three carbon source development scenarios (baseline, policy, and carbon neutrality scenario) were set to estimate carbon source trends from 2020 to 2060 using the LEAP model. In addition, the net primary productivity (NPP) obtained from remote sensing imagery data was used to estimate the carbon sink in this study area from 2000 to 2020. Subsequently, three carbon sink development scenarios (historical, sustainable, and ecological) were generated to predict carbon sink trends from 2020 to 2060 using the CA-Markov model. Finally, the achievement of the carbon peaking and carbon neutrality targets for each combination of carbon source and carbon sink pathways was analyzed. The results will provide scientific support for and carbon neutrality policymaking in Shanxi Province.




2. Materials and Methods


2.1. Study Area


Shanxi Province is located on the eastern edge of the Loess Plateau, with the Taihang and Lvliang Mountains on its east and west sides, respectively. As the second largest tributary of the Yellow River, Fenhe River flows from the North to South through its central area (Figure 1). Since 2006, Shanxi Province has implemented afforestation and greening projects, with an average annual afforestation area of over 2666.7 km2 per year, making it one of the provinces with the largest increase in forest resources in China [50]. According to the NPP of vegetation obtained from remote sensing imagery data, the carbon sink reserves in Shanxi reached 59.6 Mt in 2020. Shanxi Province is rich in coal resources: in 2020, the coal output of this region was 1.06 billion tons, ranking first in China [51]. Its own coal consumption is large, and its coal-based energy structure is prominent. Thus, the energy and environmental sustainability of Shanxi Province will be severely challenged in the future.




2.2. Data Sources


The required data types include socio-economic statistic data, land use data, and remote sensing imagery data. The socio-economic statistic data were obtained from the Statistical Yearbook of Shanxi Province (2000–2020), including energy consumption, output value of industries, GDP, and population numbers. The land use data, used to calculate the areas of different land use types, were obtained from the Resource and Environment Science and Data Center of the Chinese Academy of Sciences (https://www.resdc.cn/, accessed on 22 November 2021). The MOD17A3HGF V6 product which was used to estimate the NPP values of different land use types was obtained from National Aeronautics and Space Administration (https://ladsweb.modaps.eosdis.nasa.gov/, accessed on 5 March 2022).




2.3. Carbon Source Assessment


2.3.1. Carbon Emissions Accounting


The CO2 emissions from fossil energy combustion are the main source of greenhouse gases. To account for the differences in greenhouse gas emissions in different regions, this study adopts the calculation approach of CO2 emissions in Shanxi Province according to the Guidelines for the Preparation of Provincial Greenhouse Gas Inventories (for trial implementation) for CO2 emissions accounting [52], which is primarily based on IPCC method 2. The calculation is based on the consumption of various types of energy in each production service sector and the CO2 emissions factors of different energy sources, which is calculated as follows:


  E =  ∑   ∑  ( E  F  i , j   ∗ A c t i v i t  y  i , j   )      



(1)




where E is the CO2 emissions; EF is the energy emission factor; Activity is the consumption of fuel; i is the fuel type, i=1, 2..., 6 for coal, clean coal, coke, petroleum products, electricity, and natural gas, respectively [53]; j is the different activity sectors, j = 1, 2, 3, 4 for primary, secondary, tertiary, and residential life, respectively.




2.3.2. LEAP Model


LEAP is an energy accounting tool based on future scenario analysis, which can analyze future energy consumption and CO2 emissions under different scenarios. It is widely used in formulating energy policies and mitigating global climate change [26]. The parameter settings for the LEAP model are primarily based on indicators such as the results of carbon source accounting and relevant policies (Table 1). The future energy demand of the model is calculated as follows:


   E f  =   ∑ j   A  L j    ∗  E j   



(2)






   E  i , f   =  E f  ∗  P i   



(3)




where Ef denotes the total future energy consumption; ALj denotes the level of j industrial activity; Ej denotes the energy use intensity; Ei,f denotes different energy consumption; and Pi denotes the share of i energy in future energy consumption.





2.4. Research Methodology for Establishing Carbon Sink Scenarios


2.4.1. CA-Markov Model


The CA-Markov model consists of the Markov chain, multi-criteria evaluation, and cellular automata. The model can define transfer rules between land use types and establish suitability atlases through multi-criteria evaluation, which can effectively predict the amount and distribution of future land use [55]. The land use types in this study area were divided into six categories: farmland, woodland, grassland, water, construction land, and unutilized land. Based on the potential for future land use change, historical, sustainable, and ecological carbon sink scenarios were set up. A transfer matrix and suitability atlas (Table 2) were produced for different scenarios, and the CA-Markov was used to simulate the land use types in Shanxi Province under different scenarios in 2020, 2030, and 2060.




2.4.2. Carbon Sink Estimation


The amount of organic matter accumulated by green plants per unit area and per unit time (i.e., NPP) is commonly used to estimate carbon sink [57,58,59,60]. The change in the mean value of NPP for different land use types is greatly influenced by the change in vegetation cover and human activities [61]. Owing to the consistent implementation of afforestation and greening projects in Shanxi Province from 2000 to 2020, the NPP reached its peak value in 2020 [62]. Without external intervention, there is little room for an increase in the average value of the NPP category across the region in the future. Therefore, the mean NPP values of each raster under different land use types in 2020 were used as the NPP index for each land use type in the future (Table 3) to estimate the carbon sink for different future scenarios.


  H =  S  i , j   ∗  T  i , j    



(4)




where H is the future carbon sink; i is the different land use types; j is the different years; Si,j is the area of land use type i in year j for different years; and Ti,j is the average value of NPP predicted for land use type i in year j.






3. Results


3.1. Status of Carbon Source and Carbon Sink in Shanxi Province


3.1.1. Characteristics of Energy Consumption and Carbon Emissions in Shanxi Province


From 2000 to 2020, the total energy consumption in Shanxi Province increased by 286%, from 46.5 Mtc in 2000 to 179.4 Mtc in 2020, with a significant growth rate of 6 Mt·a−1 (Figure 2). In terms of the consumption of different energy sources, raw coal was one of the main energy sources in Shanxi Province. With the continuous optimization of the energy consumption structure, the consumption of coal products (coal, clean coal and coke) increased from 34.3 Mtc in 2000 to 56 Mtc in 2020, which is an increase of 69%. However, its share of total energy consumption decreased significantly, from 74% to 32%. In the past 20 years, the average annual increase rates of electricity and natural gas were 13.2% and 12.6%, respectively. Consequently, the energy consumption ratios of electricity and natural gas increased from 13% and 8% to 39% and 23%, respectively. Comparatively, electricity consumption gradually replaced raw coal to occupy the dominant position. This result indicates that the energy structure optimization of Shanxi Province has been effective. The generation of electricity will provide greater potential for regional energy sustainability.



The CO2 emissions in Shanxi Province also showed a significant increasing trend from 2000 to 2020 (7.14 Mt·a−1). The CO2 emissions increased from 116.8 Mt in 2000 to 276.8 Mt in 2020, with an increase of 137% (Table 4). Among them, the industrial sector (construction industry, light industry, and heavy industry) accounted for the largest share of CO2 emissions. In particular, the average proportion of CO2 emissions from heavy industry reached to 76.5%. In addition, the CO2 emissions and the share of emissions from heavy industry are on the rise, with emissions increasing from 74.9 Mt in 2000 to 226.1 Mt in 2020. The CO2 emissions from the construction industry are relatively stable, maintained at approximately 2 Mt from 2000 to 2020, however, its emission share shows a decreasing trend. Both primary industry and light industry showed a decreasing trend in CO2 emissions, which decreased from 6.74 Mt and 10.64 Mt in 2000 to 4.32 Mt and 2.19 Mt, respectively, and their share of the total CO2 emissions decreased from 5.77% and 9.11% to 1.56% and 0.79%. CO2 emissions from various sectors in the tertiary industry showed a slight upward trend; however, the share of emissions is relatively stable, with the same proportion as in 2000. The share of residential emissions was 12.93% in 2000 and stabilized at approximately 7% during 2005–2020. However, residential CO2 emissions have been on an upward trend, increasing from 15.1 Mt in 2000 to 19.6 Mt in 2020. Overall, Shanxi Province has a heavy task and great potential to reduce CO2 emissions in the heavy industry sector, which is a key area for achieving rapid CO2 emissions reductions.




3.1.2. Characteristics of Carbon Sink in Shanxi Province


Shanxi Province is in inland China, far from the ocean; thus, the carbon sink in the region is mainly manifested as terrestrial carbon sink [63], and the spatial distribution of the carbon sink is generally high in the southeast and low in the northwest (Figure 3). High-value carbon sink areas are mainly concentrated in the Taihang and Lvliang Mountains, whereas low-value carbon sink areas are distributed in the Fenhe River valley and the Loess Hilly Region of western and northern Shanxi. As the implementation of various ecological restoration projects in Shanxi Province in 2000, the quality of the ecological environment has been improved substantially. The annual average value of NPP from 2000 to 2020 showed an upward trend, increasing from 229 gC m−2 a−1 in 2000 to 419.7 gC m−2 a−1 in 2020, with an average annual growth rate of 9.54 gC m−2 a−1. Among them, the carbon sink in the Lvliang Mountains and the Loess Hilly Region of western and northern Shanxi Province has increased significantly, whereas the carbon sink in the Taihang Mountains has changed slightly. The quality of the ecological environment in the Fenhe River valley has improved owing to afforestation, and many low-value areas were observed to gradually turn into medium- and high-value areas.





3.2. Carbon Source Scenarios and Parameter Settings


In the context of carbon peaking and carbon neutrality strategy, the future development scenarios for Shanxi Province were divided into baseline, policy, and carbon neutrality scenarios, based on the results of the discussed studies and relevant policies (Table 5). The baseline scenario predicts future energy consumption and CO2 emissions based on the historical development characteristics of various indicators and policies from 2000 to 2020. Based on the baseline scenario, the future policy interventions on energy intensity and industrial and energy structures are considered in the policy scenario. The carbon neutrality scenario assumes that the energy intensity will be further reduced, and the industrial and energy structures will be further optimized. Therefore, the low-carbon living will be greatly promoted in the carbon neutrality scenario [64,65].



The parameters of the LEAP model were set according to the realization paths of the three scenarios (Table 6). The future population was predicted by applying the logistic model based on the population data of Shanxi Province from 2000 to 2020. The population change is mainly influenced by policy factors in China [66]. Therefore, because of the unchanged setting of future population policy for all carbon source scenarios, there was no difference in future population growth rate among them. GDP growth exerts a great influence on future carbon emissions [67,68]. Considering China’s efforts to reduce carbon emissions while maintaining steady economic growth, all carbon source scenarios assume the same GDP growth rate as the sustainable shared socio-economic pathway (SSP1); that is, 3% for 2020–2030 and 1.5% for 2030–2060 [54]. For the setting of energy intensity, the baseline scenario projects the change in energy intensity in the subsequent 40 years through the logistic model. In the policy scenario, the energy intensity will be reduced by 13.5% in 2025 compared with that in 2020 and attain the national average in 2060 according to the policy requirement. The carbon neutrality scenario assumes that the energy intensity will be decreased by 14% in 2025, and will slightly decrease further, beyond the policy scenario thereafter, with an average annual decrease of 2%. According to the International Energy Agency projections, the future average annual growth rate of the share of non-fossil energy generation in China is 0.3% to 1.6% under the different CO2 emissions reduction strategies [69]. Combining the development status of the clean energy in Shanxi, the proportion of non-fossil energy generation under the three carbon source scenarios is projected to grow at an average annual rate of 0.6%, 1.3%, and 1.5%, respectively. Consequently, its proportion will increase from 20% in 2020 to 45%, 75%, and 80% in 2060 for these three scenarios, respectively.




3.3. Projected Results of Carbon Source and Carbon Sink in Shanxi Province during 2020–2060


3.3.1. Carbon Source Prediction Results


The future total energy consumption of the three carbon source scenarios shows an inverted U-shaped structure, with a continuous increase before peaking and a continuous decrease after peaking. However, the development rate, peaking time and energy consumption amount vary among the three scenarios (Figure 4). Specifically, the future total energy consumption in the baseline scenario tends to increase continuously before peaking, with a much higher annual growth rate than that in the policy and carbon neutrality scenarios. Moreover, the total energy consumption in this scenario is projected to peak at 271.3 Mtce in 2045. Under the combined effect of economic transformation, energy reform and reduced energy intensity, the policy scenario will reach the peak 10 years ahead of the baseline scenario and will reduce total energy consumption by 70.6 Mtce compared to the baseline scenario when energy consumption peaks. By 2060, the total energy consumption will be reduced by 88.3 Mtce compared to the baseline scenario. In the carbon neutrality scenario, the total energy consumption will be reduced by 79.4 Mtce compared to the baseline scenario when energy consumption peaks, and the peaking time will be advanced to 2025. By 2060, the total energy consumption is projected to be reduced by 165.7 Mtce compared to the baseline scenario.



CO2 emissions of the baseline, policy, and carbon neutrality scenarios are projected to peak at 381.6 Mt, 294.1 Mt, and 282.7 Mt in 2040, 2030, and 2025, respectively. In the baseline scenario, the change trend of energy structure is consistent with that of 2000–2020. The proportion of raw coal consumption will decrease, while the proportion of electricity and natural gas consumption will increase slightly, and the proportion of other non-fossil energy will increase slowly (Figure 5a). By 2060, the CO2 emissions will be slightly lower than that in 2020, reaching 273.9 Mt. The policy scenario relies heavily on technological innovation to increase the development of new energy sources and reduce energy intensity. Under this scenario, CO2 emissions will decrease from 276.8 Mt in 2020 to 156 Mt in 2060 (Figure 5b). In the carbon neutrality scenario, the energy structure will change more significantly (Figure 5c). The proportion of non-fossil energy in the energy structure will increase year by year, while the proportion of all kinds of fossil energy will decrease overall, especially coal, coke and natural gas. However, the clean coal and petroleum products with small contributions in the energy structure will change marginally. By 2060, the proportion of non-fossil energy consumption is projected to exceed that of fossil energy, whereas the total CO2 emissions are expected to fall from 276.8 Mt in 2020 to 62.5 Mt in 2060, achieving a significant reduction in CO2 emissions.




3.3.2. Carbon Sink Projection Results


In the three carbon sink scenarios, carbon sink shows an upward trend. However, because the change in land use type is limited by policies and convertible land use areas, the growth rate of carbon sink is different in different scenarios. The overall increase in carbon sink for the ecological and sustainable scenarios is significant compared to the historical scenario (Figure 6). The carbon sink in the historical scenario exhibited a large increase of 1.25 Mt between 2020 and 2030, with an average annual growth rate of 0.21%. However, owing to the limitation of the area of convertible land, the average annual growth rate will be 0.002 Mt a−1 during 2030–2060. The carbon sink in the sustainable scenario will increase by 2.84 Mt in 2020–2030, slightly higher than that of the historical scenario, with an average annual growth rate of 0.47%; it also indicates a slow development during 2030–2060. By 2060, the carbon sink in the ecological scenario will be 63.04 Mt, indicating an increase of 5.83% compared to 2020. The rise is evident for 2020–2030, with the increase accounting for 87.6% of the total increase in 2020–2060. Moreover, the average annual growth rate during 2030–2060 is 0.014 Mt a−1, which is higher than that of both the historical and sustainable scenarios.





3.4. Achieving Carbon Neutrality in Shanxi Province without Using the CCUS Technology


The three carbon source scenarios and the three carbon sink scenarios are combined with each other to construct nine source–sink scenarios (baseline–historical, baseline–sustainable, baseline–ecological, policy–sustainable, policy–historical, policy–ecological, carbon neutrality–ecological, carbon neutrality–historical, and carbon neutrality–sustainable scenarios), for simulating the achievement of the carbon peaking and carbon neutrality targets in Shanxi Province from 2020 to 2060 (Figure 7). The results show that only the carbon neutrality–ecological scenario can achieve the carbon neutrality target by 2060, whereas the net CO2 emissions in the carbon neutrality–historical and carbon neutrality–sustainable scenarios are close to zero, indicating that the neutrality target could be fundamentally achieved (Figure 7g–i). By reducing energy intensity and increasing the proportion of clean energy, the policy–historical, policy–sustainable, and policy–ecological scenarios will achieve significant reductions in the net CO2 emissions. Furthermore, by 2060, the CO2 emissions of the three source–sink scenarios will be reduced by 115.1 Mt compared with that in 2020, and the net CO2 emissions will be 99.1 Mt, 97.5 Mt and 96.9 Mt, respectively (Figure 7d–f), indicating to the feasibility of achieving carbon neutrality in the future. The net CO2 emissions in the baseline–historical, baseline–sustainable, and baseline–ecological scenarios will be 213.0 Mt, 211.5 Mt and 210.9 Mt by 2060, respectively (Figure 7a–c), leaving a big gap from achieving the carbon neutrality target.



As terrestrial carbon sink has been at a low level of development, the reduction in the net CO2 emissions relies heavily on the reduction in carbon source. With the implementation of CO2 emissions reduction measures the sources have been declining, substantially reducing the gap between source and sink and thereby improving the possibility of achieving carbon neutrality.




3.5. Achieving Carbon Neutrality in Shanxi Province with Using the CCUS Technology


These results discussed from Section 3.1, Section 3.2, Section 3.3 and Section 3.4 were obtained considering only carbon source and carbon sink in the process of achieving the carbon peaking and carbon neutrality targets. As CCUS technology matures, its use will be more prevalent. Therefore, using CCUS technology to reduce CO2 emissions is crucial for the future low-carbon development of Shanxi Province. According to the Development Research Centre of the State Council of China’s estimates of China’s future national CO2 emissions, the China CCUS report [70,71], and the actual conditions in Shanxi, maximum (Max), medium (Med), and minimum (Min) development potentials were set for future CCUS technology in Shanxi Province (Table 7) for capture, utilization, and the storage of carbon source in the source–sink scenarios, respectively (Figure 8). The result shows that the CO2 emissions will be further reduced in all source–sink scenarios using CCUS technology, and all of them have the potential of achieving carbon neutrality target.



The baseline–historical, baseline–sustainable, and baseline–ecological scenarios can achieve the carbon neutrality target by 2055 when CCUS technology reaches its maximum potential (Figure 8a–c). In the policy–sustainable, policy–historical and policy–ecological scenarios (Figure 8d–f), all three scenarios can achieve the carbon neutrality target by 2058 when the CCUS technology attains its medium potential, and by 2053 when the CCUS technology attains its maximum potential. In the carbon neutrality–ecological, carbon neutrality–historical and carbon neutrality–sustainable scenarios (Figure 8g–i), the carbon neutrality target will be achieved by 2055, 2053, and 2051, respectively, when the CCUS technology attains its minimum, medium, and maximum potentials, respectively. Controlling and reducing CO2 emissions is an important means of achieving carbon neutrality; in addition, the popularization of CCUS technology will further accelerate the achievement of carbon neutrality, and thus plays an equally important role.





4. Discussion


The comprehensive application of non-fossil energy is the key to sustainable development [72]. The realization of the carbon peaking and carbon neutrality targets around the world largely depends on reducing energy intensity and increasing the share of non-fossil energy [73]. The path toward carbon neutrality in Shanxi Province is the same as that of most developed countries and regions, focusing on controlling total energy consumption and adjusting energy structures. However, unlike the United States, the European Union, Canada, and other countries that have taken the lead in completing the carbon peaking, the time interval between China’s carbon peaking target and carbon neutrality target is much shorter than that in developed countries [74], which implies that China faces an even tougher emissions reduction task. Moreover, it also means that China’s carbon peaking should be a low peak of rational development, which is consistent with our prediction results of the policy scenario and the carbon neutrality scenario for Shanxi Province. In addition, as a major energy province in China, Shanxi Province’s special industrial foundation and limited renewable resources render it more dependent on the CCUS technology in achieving carbon neutrality than other provinces in China, such as Beijing, Hainan, Yunnan and other regions with a low proportion of heavy industry or rich in renewable energy.



Accounting the carbon source and sink in Shanxi Province, followed by an exploration of the possibility and timing of achieving the carbon peaking and carbon neutrality targets via different pathways, will provide scientific support for the formulation of carbon neutrality policy in Shanxi Province. Although this study only considers CO2 emissions from energy consumption in the calculation of carbon source, previous studies have shown that CO2 from fossil energy combustion accounts for more than 80% of anthropogenic greenhouse gas emissions in China [75,76]. As a typical energy province in China, the proportion of CO2 generated by energy consumption in Shanxi is bound to increase further. Therefore, it is important to conduct carbon peaking and carbon neutrality studies in Shanxi Province using CO2 emissions from terminal energy consumption as the main carbon source. In addition, NPP changes are less persistent and future developments are highly uncertain [77]. Therefore, to reduce the impact of NPP changes on future carbon sink projections, this study only considers the possible future changes in land use and uses fixed values for NPP in 2020 for each category. The prediction results have little impact on the overall results of future carbon sink. However, as research progresses, the accurate accounting and prediction of carbon sink would be a key task for future research in the direction of carbon neutrality.



Combining the LEAP model with the CA-Markov model to predict the future development of carbon source and carbon sink, respectively, provides a novel approach to studying carbon neutrality pathways. However, in this study, the use of the LEAP model for future CO2 emission accounting did not subdivide the industrial sectors, such as iron and steel, metallurgy, machinery, real estate, and transportation sectors. In the future, if we further subdivide and predict CO2 emissions from various industrial sectors, our predictions will be increasingly close to reality. Furthermore, population, GDP growth, energy intensity, and the share of non-fossil energy are the primary factors for achieving carbon neutrality; all three carbon source scenarios assume the same population and GDP growth based on the aforementioned reasons. However, various intensities of carbon neutrality transition or carbon emissions reduction have been consistently shown to affect the GDP growth path in existing literature [67,68]. Population dynamics can be also affected by carbon neutrality-related effects. For example, more people might be willing to move to a region where the energy structure has been improved, whereas shocks to local employment associated with carbon transition (for example, coal mine or coal power plant employees) may lead to migration out of Shanxi if the transition is particularly rapid. Therefore, the potential change in population and GDP growth will be factored into our future work.




5. Conclusions


This study analyzed and predicted the achievement of carbon neutrality in Shanxi Province in the future primarily based on two aspects of carbon source and carbon sink. The main conclusions are as follows:




	
From the perspective of historical total energy consumption and CO2 emissions over the past 20 years, Shanxi has shown a significant upward trend, with the heavy industry sector being the primary source of CO2 emissions. Meanwhile, since the implementation of ecological restoration projects in Shanxi Province in 2000, the overall ecological environment quality has improved, and the carbon sink has been increased significantly. Therefore, to achieve carbon neutrality as soon as possible, Shanxi Province should promote afforestation and greening projects continuously, effectively control CO2 emissions from heavy industry, and implement cleaner lifestyles such as transitioning from coal to electricity and/or gas.



	
The contribution of increasing carbon sink in carbon neutrality by afforestation is far lower than that of reducing CO2 emissions, and energy conservation and emission reduction is the necessary path for achieving carbon neutrality in the future. If historical policy is followed, achieving carbon neutrality in Shanxi Province in the future will be difficult, and although future policy can reduce CO2 emissions significantly, it will still not meet China’s 2060 carbon neutrality target. If Shanxi Province strives to attain the energy intensity of developed countries by 2060, with 80% of non-fossil energy generation, it has the potential to achieve the carbon neutrality target.



	
If the CCUS technology is promoted, the CO2 emissions will be further reduced, and all source–sink scenarios show potential for achieving carbon neutrality target by 2060.
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Figure 1. Location map of the study area. 
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Figure 2. Varying energy consumption and CO2 emissions in Shanxi Province from 2000–2020. 
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Figure 3. NPP distribution in Shanxi Province. 
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Figure 4. Total projected energy consumption under different scenarios. 
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Figure 5. Energy structure and total CO2 emissions under different scenarios: (a) Baseline scenario; (b) Policy scenario; (c) Carbon neutrality scenario. 
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Figure 6. Total carbon sink forecast in different scenarios of Shanxi Province during 2020–2060. 
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Figure 7. The CO2 emissions of nine source–sink scenarios in Shanxi Province during 2020–2060 without using the CCUS technology. 
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Figure 8. CO2 emissions of nine source–sink scenarios in Shanxi Province during 2020–2060 using the CCUS technology. 
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Table 1. Prediction methods and application parameters.
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	Prediction Method
	Application Parameter





	Nonlinear regression model
	Population, energy intensity of the baseline scenario



	SSP1 pathway and references [54]
	GDP



	Data in policy
	Energy intensity, industrial structure, energy structure
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Table 2. Carbon sink scenarios setting and suitability atlas establishment rules.
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	Scenario Setting
	Suitability Atlas Establishment Rules





	Historical scenario
	Future land use patterns under natural evolution according to current patterns of land use change and development.



	Sustainable scenario
	Protect 56 million mu of permanent public welfare forests in Shanxi Province [56]; insist on the afforestation of important mountains; protect farmland; and limit the transfer from farmland.



	Ecological scenario
	Maximize the protection of wooded grassland and limit its transfer to other land use types on the basis of sustainable scenarios.
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Table 3. NPP values for different land use types (gC/m2).
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	Land Use Type
	Farmland
	Woodland
	Grassland
	Water
	Construction Land
	Unutilized Land





	Mean value of NPP
	396.4
	457.9
	406.5
	325.9
	299.3
	355
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Table 4. Proportion of CO2 emissions from production and service sectors in Shanxi Province from 2000 to 2020 (%).
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Year

	
Total CO2 Emissions

	
Primary Industry

	
Construction Industry

	
Light Industry

	
Heavy Industry

	
Transport, Postal and Warehousing

	
Wholesale Retail and Accommodation

	
Others

	
Residential Life




	
Mt

	
Mt

	
%

	
Mt

	
%

	
Mt

	
%

	
Mt

	
%

	
Mt

	
%

	
Mt

	
%

	
Mt

	
%

	
Mt

	
%






	
2000

	
116.8

	
6.74

	
5.77

	
2.02

	
1.73

	
10.64

	
9.11

	
74.9

	
64.1

	
2.97

	
2.55

	
1.65

	
1.41

	
2.77

	
2.37

	
15.1

	
12.93




	
2005

	
186.1

	
5.12

	
2.75

	
1.68

	
0.9

	
4.35

	
2.34

	
149.5

	
80.3

	
5.82

	
3.13

	
3.16

	
1.7

	
2.1

	
1.13

	
14.4

	
7.72




	
2010

	
243.7

	
5.63

	
2.31

	
2.37

	
0.97

	
3.7

	
1.52

	
190.7

	
78.3

	
10.57

	
4.34

	
6.04

	
2.48

	
7.07

	
2.9

	
17.6

	
7.23




	
2015

	
261.8

	
5.31

	
2.03

	
2.09

	
0.8

	
5.48

	
2.09

	
204

	
77.9

	
12.52

	
4.78

	
5.92

	
2.26

	
7.5

	
2.86

	
19

	
7.24




	
2020

	
276.8

	
4.32

	
1.56

	
1.86

	
0.67

	
2.19

	
0.79

	
226.1

	
81.7

	
10.8

	
3.9

	
5.09

	
1.84

	
6.93

	
2.5

	
19.6

	
7.08
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Table 5. Description of the realization paths for different carbon source scenarios.
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	Scenario
	Description of the Realization Path





	Baseline scenario
	Based on current development trends, energy intensity maintains its current trend, and residential energy consumption continues to grow; after 2030, the industrial structure is upgraded, energy intensity decreases slightly from the original baseline, and the proportion of renewable energy generation increases slowly on the basis of 20%.



	Policy

scenario
	Based on the baseline scenario, increase the proportion of clean energy such as wind and solar power in accordance with various types of planning. By 2030, the proportion of non-fossil energy generation reaches 30% and energy intensity is reduced in line with policy requirements; after 2030, technological investment in production processes is increased to ensure that energy intensity reaches the national average based on economic development targets and that the proportion of non-fossil energy generation reaches 75% by 2060.



	Carbon Neutrality Scenario
	By 2030, before new technologies such as hydrogen and nuclear energy development are completely mature, wind and solar energy will be developed to the maximum extent, and the development of clean energy such as geothermal energy and biomass will increase, with the proportion of non-fossil energy generation reaching 35%; after 2030, energy intensity will reach the level of developed countries and the proportion of clean energy will increase further, with the proportion of non-fossil energy generation reaching over 80% by 2060.
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Table 6. Core parameter setting of the LEAP model in Shanxi Province.
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Parameters

	
Baseline Scenario

	
Policy Scenario

	
Carbon Neutrality Scenario




	
2030

	
2060

	
2030

	
2060

	
2030

	
2060






	
Population (million people)

	
37.5

	
42.8

	
37.5

	
42.8

	
37.5

	
42.8




	
Average annual GDP growth rate (%)

	
3

	
1.5

	
3

	
1.5

	
3

	
1.5




	
Energy intensity (tce/ten thousand CNY)

	
1

	
0.48

	
0.83

	
0.4

	
0.78

	
0.17




	
Share of non-fossil energy generation (%)

	
25

	
45

	
30

	
75

	
35

	
80
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Table 7. Degree of realization of CCUS technology in Shanxi Province in the future.
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	Year
	2025
	2030
	2035
	2040
	2045
	2050
	2055
	2060





	CCUS (Max)/%
	1.2
	3.2
	9.5
	19.5
	39.8
	49.6
	81.8
	97.3



	CCUS (Med)/%
	0.9
	2.4
	6.7
	14.9
	29.5
	36.8
	59.1
	69.0



	CCUS (Min)/%
	0.5
	1.6
	3.9
	10.3
	19.2
	23.9
	36.3
	40.7
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