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Abstract

:

In view of the complexity of the energy system and its complex relationship with socio-economic factors, this study adopts the Long-range Energy Alternative Planning (LEAP) model, a technology-based, bottom-up approach, scenario-based analysis, to develop a systematic analysis of the current and future energy consumption, supply and associated Green House Gas (GHG) emissions from 2015 to 2050. The impact of various energy policies on the energy system in Hebei Province was analysed by considering four scenarios: a Reference Scenario (REF), Industrial Structure Optimization Scenario (ISO), Terminal Consumption Structure Optimization Scenario (TOS) and Low-carbon Development Scenario (LCD). By designing strategic policies from the perspective of industrial adjustment, aggressive energy structure policies and measures, such as the ISO and the TOS, and even more aggressive options, such as the LCD, where the percentage of cleaner alternative energy sources has been further increased, it has been indicated that energy consumption will have increased from 321.618 million tonnes of coal equivalent (Mtce) in 2015 to 784.88 Mtce in 2050 in the REF, with a corresponding increase in GHG emissions from 920.56 million metric tonnes (Mt) to 2262.81 Mt. In contrast, the more aggressive policies and strategies involved in the LCD, which combines the ISO with the policy-oriented TOS, can lower energy consumption by 50.82% and CO2 emissions by 64.26%. The results shed light on whether and how these scenarios can shape the energy-carbon emission reduction trajectories and develop the low-carbon pathways in Hebei Province.
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1. Introduction


Energy is a significant material guarantee foundation for national economic development and social construction. With rapid economic growth, population expansion and urbanization, the global energy demand continues to grow. To meet the energy demand, energy production continues to expand, and more than 80% of the global energy supply comes from fossil energy sources [1,2]. However, in the process of human consumption of traditional fossil energy, many CO2-based greenhouse gases are emitted into the atmosphere, causing global warming, climate change and the depletion of natural resources [3,4]. The problem has seriously threatened the sustainable development of human society. The Intergovernmental Panel on Climate Change (IPCC) reports that more than 95% of global warming has been caused by human activities and that carbon dioxide is one of the most important anthropogenic greenhouse gases, accounting for more than 70% of the total anthropogenic greenhouse gas emissions and resulting in the most stringent emission reduction scenarios of the IPCC; the global surface temperature may increase further by 2.6 to 4.8 °C in the twenty-first century [5]. China is the world’s largest energy consumer, and its total energy consumption will reach 4.3 billion tonnes of coal equivalent (tce), with coal accounting for 64.0% in 2015 [6]. The total carbon emissions have increased rapidly, and China has become the largest carbon emission country since the 20th century. The per capita greenhouse gas emissions have exceeded the world level by 29% [7]. Further research shows that most of China’s CO2 emissions are related to energy consumption [8,9,10,11]. In particular, the national independent contribution document submitted to the United Nations has clarified a series of targets, such as China’s carbon dioxide emissions, which will peak around 2030 [12], which means that more efforts are needed to control the total amount of energy consumption and reduce carbon emissions.



Currently, there are two widely used methods to conduct research on the low-carbon transition of an energy system, namely, the top-down and bottom-up approaches. The top-down approach calculates greenhouse gas (GHG) emissions based on the appearance energy consumption. This approach has the virtue of strong operability, meanwhile the data is objective and publicly accessible. But the total carbon emission cannot be subdivided into the sectors and industries, and then the targeted measures cannot be provided in this way. The bottom-up approach, also known as the sectoral analysis, estimates the carbon emission with the sum of emissions in different sectors and industries calculated by the activity level values multiplying by the emission factors. In view of the policies tend to influence a specific industrial consumption, this approach has a significant advantage of policy intervention expression in different scenarios by quantitative analysis and evaluation of the contribution of emission reduction measures [13]. For the former, the computable general equilibrium (CGE) model is a popular tool for the analysis of the long-term energy consumption implications of carbon emissions [14]. Liu et al. develops three scenarios (baseline, positive and enhanced scenarios) to simulate primary energy consumption and CO2 emissions from 2010 to 2050 in China, by deeply analyzing economic and social driving forces and exploring the sectoral and technological potentials for carbon emission reduction. [15]. Zhao et al. evaluated the effects of a carbon pricing policy on the development of China’s power sector by introducing 13 CO2 emission scenarios between 2010 and 2050 using an improved CGE model, and the results showed that compared with carbon emission trading, a carbon tax plays a greater role in reducing CO2 emissions both in the short and long terms [16]. For the latter, the existing research focuses mostly on the study of energy consumption and demand and their environmental implications by sub-sector. For example, Pan et al. explored the implications of different effort-sharing principles on how China might need to transform its energy system and contribute toward the achievement of the 2 °C goal using an integrated assessment model (the Global Change Assessment Model (GCAM)) [17]. Davis et al. conducted a disaggregated analysis of past and future greenhouse gas emissions in Canada using bottom-up energy modelling and Sankey diagrams, and the research answered how Canada’s greenhouse gas emissions will change by 2050 [18]. Zhao et al. presented a scenario analysis to quantitatively investigate the level of low-carbon economic development in the future and analysed the development path of low-carbon in China using the Long-range Energy Alternative Planning (LEAP) system. The study concluded that adjusting the industrial structure, fully developing clean coal and coal technology, and improving the energy efficiency are jointly needed to achieve the goal of establishing a low-carbon economy in China [19]. In China, research into energy-related carbon emissions at the regional level is still relatively limited and needs to be improved. The objective of this paper is to present a multi-scenario analysis of energy consumption and carbon emissions at the regional level in China by comprehensively considering the effect of the economic society, industrial planning, energy strategy and power generation technology in the long term. Thus, the bottom-up approach was selected in this study to investigate how the policy action can alter the energy structure to affect the regional low-carbon transition, and it is expected to provide appropriate conclusions and countermeasures for decision-makers to break through the bottlenecks of low-carbon economy development at the regional level.



Hebei Province (E113°27′–119°50′, N36°05′–42°40′) has a significant strategic position in the integrated construction of the Beijing-Tianjin-Hebei (Jing-Jin-Ji) urban agglomeration, which is one of the national key construction projects in China [20]. It lies on the shores of the Bohai Sea (Figure 1) and is one of the major industrial bases of China [21]. As a major driver of China’s industrial and energy consumption, Hebei Province has experienced extensive economic growth and excessive energy consumption, mainly based on traditional fossil energy, which has triggered a series of ecological and environmental problems. According to China’s Carbon Emissions Report 2016, among the provinces in China with the highest carbon emissions, Hebei Province stands in a distant second place, contributing the most to raw coal-related carbon dioxide (CO2) emissions [22]. With the continuation of the global warming trends, the Chinese government has decided to actively develop a low-carbon economy to respond to climate change issues and announced the target of peak CO2 emissions around 2030 in a China-US Joint Announcement by enhancing the non-fossil fuel share of all energy by 2030 [23]. In early 2016, Jing-Jin-Ji area economic and social development plan during the period from 2016 to 2020 was released and it was the first inter-provincial plan in China based on the “Jing-Jin-Ji Cooperation and Development Plan” released by the central government of China in 2015. Jing-Jin-Ji energy consumption and carbon emissions in 12 years show a growing trend; Carbon emission intensity decreased; High emission of Beijing-Tianjin-Hebei is mainly caused by the energy structure with coal consumption and mainly to the high energy consuming industries dominated the industrial structure [24,25]. As one of the members of the Jing-Jin-Ji urban agglomeration, Hebei Province must rise to the challenge of the industrial transition and the optimization of the energy structure to meet the carbon emission reduction for the regional coordinated development. At this stage, studies focused on Hebei mainly include the influence factors on carbon dioxide emissions and the transmission mechanism between the energy structure and carbon emissions. Li et al. studied the assessment framework of Hebei’s carbon emission driving factors by combining system dynamics modelling with an empirical analysis approach [26]. Sun et al. conducted a comprehensive bivariate correlation analysis by considering 22 influence factors to explore the factors influencing CO2 emissions and forecasted CO2 emissions in Hebei Province using particle swarm optimization [27]. Unlike the model referenced above, Ou et al. aimed to support the strategy decision on the coordinated development of Jing-Jin-Ji by investigating the regional low-carbon transition pathway based on a bottom-up modelling analysis in Hebei Province by 2030; the study provided two scenarios based on settings of the economic growth rate, industrial structure, industry/sector energy consumption intensity, energy supply structure, and CO2 emission factor to forecast the end-use energy demand, primary energy supply and resulting CO2 emissions in the medium term [28]. However, the two scenarios designed by Ou et al. did not consider the influence of recent development plans (such as the “Two-child Policy”, the development of the Xiongan New Area, the hosting of the Olympic Winter Games and so on) and the technological innovation in the generation sector. Thus, it is necessary to establish a bottom-up and medium- and long-term energy carbon emission model to study energy conservation and carbon emission reduction measures such as the Hebei industrial structure adjustment, energy structure optimization, development of new energy, and coal cleanliness for the regional coordinated development.




2. Methodology


2.1. Framework of the Model


In view of the complexity of the energy system and its complex relationship with socio-economic factors, this study adopts the LEAP model (hereafter referred to as the LEAP-Hebei model), a technology-based, bottom-up approach, to develop a systematic analysis of the current and future energy consumption and its associated carbon emission in Hebei Province. The model framework used to assess the carbon emissions of the energy sector are shown in Figure 2.




2.2. LEAP Model


The LEAP model was designed by the Stockholm Environment Institute for the comprehensive analysis of the energy-economy-environment based on energy plan scenarios [29]. It is a bottom-up model and is used to estimate the current and future energy consumption and to calculate the carbon emission by linking the environmental emission factors based on the setting scenarios and the driving factors in different periods. The data structure of the model is flexible and rich in technical and end-user details, so it has been widely used in previous studies. Vincenzo et al. built an energy model for the hotel sector using the LEAP platform in Italy to estimate the maximum potential for energy savings and emissions reductions of the Italian hotel sector in two scenarios [30]. Nnaemeka et al. explored Nigeria’s future energy demand, supply and associated GHG emissions from 2010 to 2040 based on the scenario using the LEAP model [31]. Yang et al. also applied a LEAP-Ningbo model to estimate six sector-based energy consumption levels and the resulting GHG emissions in Ningbo, which is a pilot low-carbon city in China [32]. However, the overarching inability to predict public and political severely limits the modeler’s ability to develop predictive scenarios in LEAP model [29]. Meanwhile, given the limitations, the model cannot achieve the specific system costs, generating capacities and global warming potentials with a certain accuracy.



This paper focuses on the current and future energy sector-related consumption and CO2 emissions by first imposing policies on economic growth, industrial structure, energy utilization on the demand side and innovative technology for the Hebei Province energy system in a bottom-up approach using the LEAP model. Combined with the actual energy situation in Hebei Province, this study divides the energy terminal demand side into seven sectors: agricultural, industrial, construction, transportation, commerce, service and household sector. The energy consumption for every activity was calculated in the LEAP model using the following equation:


ec=ea×ei








where stands for the energy consumption for the activity, stands for the activity level and ei is the energy intensity.



The carbon emission for every activity was estimated using the following equation:


Ce=ec×EF








where Ce stands for the carbon emission for the activity, and EF stands for the localized carbon emission factors.




2.3. Scenario Development and Assumptions


This study established four scenarios: REF, ISO, TOS and LCD based on the activity level of each sector, the energy intensity and the energy structure using a bottom-up approach.



As the basic scenario, the REF assumes the current situation of energy consumption to meet normal economic and social development in Hebei Province. The development of industry economy in Hebei maintains a development trend of seeking progress in stability, while energy-intensive industries also maintain that same trend. In this scenario, the new industrial, energy and low-carbon-oriented policies are not introduced to lower the energy intensity and CO2 emissions. It is assumed to follow the traditional development paradigm for implementing appropriate industrial transformation and upgrading but without considering additional measures. Thus, the objective of this scenario is to assess the environmental impacts of energy consumption without any new regulatory measures, it should be considered as the most realistic one in this study.



The ISO designs strategic policies from the perspective of industrial structure adjustment. In this scenario, the adjustments in the Hebei industrial structure are meant to lower the energy intensity and CO2 emissions. According to the 13th five-year plan, Hebei Province will promote industrial structure optimization and decrease the proportion of the primary and secondary industry output gradually and increase the proportion of the tertiary industry, which will account for 45% in 2020. Table 1 shows the designed proportion of the industry structure in the ISO in the model.



To further achieve the goal of "energy saving and carbon emission reduction", this paper introduces a key policy to expedite the adjustment of the energy terminal consumption structure designed as the TOS and develops low-carbon technology as the LCD in the model. In the TOS, Hebei Province will increase the percentage of cleaner alternative energy sources according to its energy planning, especially in the power sector, and will continue to develop wind and solar technology for electricity generation. This scenario focuses on strengthening the advantages of exploiting and utilizing renewable energy resources based on the ISO. The main goal of the LCD is to explore the impact of the improvement of the energy efficiency in different sectors by introducing energy technology (Integrated Gasification Combined Cycle (IGCC) and Carbon Capture and Storage (CCS), etc.) and advanced equipment to reduce carbon emissions. In the power sector of the LCD, the ultra-supercritical has become dominant in thermal power units to increase generating efficiency, and CCS has also been extensively applied in the thermal power field to lower carbon emissions. In addition, this scenario also considers the reduction of the energy loss in energy transmission and distribution, and the control of the energy intensity in the household sector. Compared with the TOS, the LCD highlights the application of technological innovations capable of reducing carbon emissions. The major parameters used in the sub-sectors of the TOS and LCD in the LEAP-Hebei model are given in Tables S1 and S2. The related power production structures of REF, ISO, TOS and LCD used in the LEAP-Hebei model can be found in Table S3.




2.4. Sensitivity Analysis


The single factor sensitivity analysis was used to evaluate the impact on the result (i.e., energy consumption in this study) caused by key parameters in the scenarios setting. The formula is as follows:


SF=ΔRΔF








where, SF is the sensitivity coefficient of the result R to the influencing factor F, ΔF is the change rate of the uncertainty factor, ΔR is the corresponding change rate of result R when the change of ΔF happens. A positive value of SF represents the result with the uncertainty factor changes in the same direction, while a negative value denotes the opposite direction; The larger absolute value of the value means the result is the more sensitive to the uncertainty factor.





3. Data Acquisition


In this study, the four types of data that were collected for the modelling processes are as follows: socio-economic data, baseline data of 2015, scenario planning data and reference parameters. The socio-economic data that were used for the driving factors, e.g., population, urbanization, GDP and industrial structure, were mainly from the Hebei statistical yearbook 2016, Hebei’s 13th five-year plan and the urban system planning in Hebei Province. Table 2 lists the key baseline variables in the LEAP-Hebei model, such as the population, GDP, and urbanization. The baseline data of 2015 refer to the energy supply, and the transformation and demand in the seven sectors, which were collected from the Hebei Economic Yearbook 2016 and the China Energy Statistics Yearbook 2016. The scenario planning data were collected from local plans and previous literature, and the local plans include Hebei’s 13th five-year energy development plan, China Energy and Carbon Report 2050 and the programme for the coordinated development of Jing-Jin-Ji. The reference parameters, such as the emission factors in the model (Table 3), were calculated using the following equation [35].


EF=NCV×CECu×COF×4412








where EF stands for the localized carbon emission factors, NCV stands for qnet, CECu stands for the carbon oxidation rate of energy u, and 4412 stands for the molecular weight ratio of CO2 and C.




4. Results and Analysis


4.1. Energy Consumption


Based on the assumption about the socio-economic development in Hebei Province and the various parameters presented in Table 1 and Table 2 and Tables S1–S3, the values of the total energy consumption for the LEAP-Hebei model for the REF, ISO, TOS, and LCD from 2015 to 2050 are shown in Figure 3. In general, the energy consumption rose steadily before 2050 in each scenario, whereas the growth rate was different. The total energy consumption maintained a high-speed growth trend in the REF, ISO and TOS, and even though the LCD also showed an upward trend, the growth rate was slow. The energy consumption increased from 321.61 Mtce in 2015 to 784.88 Mtce in 2050 in the REF, with an average annual growth rate of 2.58%, the highest among the four scenarios. Due to the industrial structure optimization measures, the total energy consumption will be reduced to 601.3 Mtce in 2050 in the ISO, a decrease of 183.55 Mtce compared with the REF, with an average annual growth rate of 1.81%. Due to the implementation of coal cleaning, the development of renewable energy sources, the reduction of the proportion of traditional energy sources, and the improvement of the energy efficiency based on the ISO, the total energy consumption will be reduced to 512.42 Mtce in 2050 in the TOS, a decrease of 88.95 Mtce compared with the ISO, with an average annual growth rate of 1.34%. The LCD, which has a higher level of energy efficiency and of application of renewable energy, had a reduced total energy consumption of 385.92 Mtce, a decrease of 126.5 Mtce compared with the TOS, with an average annual growth rate of 0.52%.



Regarding the sectoral structure of energy consumption, with the adjustment of the industrial structure, the optimization of the energy structure, the improvement of the energy efficiency, the technological progress and other measures in Hebei Province, the energy consumption growth rates of the various sectors vary, thus causing different changes in the trend of the proportion of the sectoral energy consumption. The proportion of energy consumption of each sector in the REF is basically consistent with that of the baseline year.



As shown in Figure 4, the majority of terminal energy consumption came from the industrial sector, accounting for 77.78%; the household sector accounted for 10.70%, the transportation sector 3.67%, the agricultural sector 1.79%, the commerce sector 1.91%, the construction sector 1.18% and the service sector 2.96%. The industrial sector will always have a dominant position in energy consumption. With the optimization of the industrial structure, adjustments in the energy structure, the development of renewable energy sources, the reduction of the proportion of traditional energy sources, the improvement of energy efficiency and introduction of energy policies, the trend changes in the terminal energy consumption structure are obvious. The proportion of energy consumption in the industrial sector will continue to decline, while the proportion of the household and service sector will gradually rise in the ISO, TOS and LCD. In the LCD, the proportion of energy consumption in the industrial sector continued to decline, and it accounted for 52.412%, which was 19.81% lower than the TOS. The proportion of energy consumption in the household and service industries continued to rise; the household sector accounted for 17.95%, an increase of 7.92%, and the service industry accounted for 16.47%, an increase of 13.51% compared with the base year. The proportion of the energy consumption of the construction and commerce sector increased slowly, while that of the agricultural sector declined slightly; that of the transportation industry first rose and then slowly declined.




4.2. Final energy Usage by Fuel Type


The structural changes in the final energy usage are shown in Figure 5 in the four scenarios in 2020, 2030, 2040 and 2050. The structure of the REF energy usage is basically the same as that of 2015, with coal, fuel oil, natural gas and electricity accounting for 86.67%, 8.13%, 2.99% and 2.60%, respectively. Coal will still dominate the energy consumption system by 2050 under the REF. Under the change of energy policy, the proportion of different fuel types would vary greatly in the four scenarios. In contrast, by 2050, coal decreased to 72.10%, coke decreased to 19.82%, natural gas rose to 4.42% and electricity rose to 7.48% in the ISO; coal decreased to 51.81%, natural gas rose to 9.92% and electricity rose to 15.57% in the TOS; and coal decreased to 36.23%, natural gas rose to 8.92% and electricity rose to 19.82% in the TOS. Obviously, the proportion of coal consumption is continuously decreasing, while the proportion of electricity and natural gas is continuously increasing under the various policy changes. In addition, the range of increase in LPG, CNG, wind energy, solar energy, water energy and biomass energy is different, whereas diesel and gasoline are significantly reduced. This is mainly due to the implementation of clean energy, the promotion of new energy usage in the transportation sector, and the expansion of the proportion of renewable energy in power generation. Under the TOS and LCD, the energy use structure will gradually become environmentally friendly, and clean energy will grow rapidly, which provides positive policy recommendations for Hebei’s low-carbon development and emission reduction.




4.3. Electricity Production


With the development of the social economy, the demand for electricity continues to rise. In the REF and ISO, the proportion of various types of power generation is still dominated by thermal power generation, and the thermal generation accounts for over 70%. In the TOS and LCD, the proportion of renewable energy generation is continuously increased to 50.78% and the proportion of thermal power generation is reduced to 34.34% by 2050, while the proportion of renewable energy power generation will increase to 49.22% and 65.66% by then. The advanced IGCC and CCS technologies will be introduced into thermal power generation to improve the efficiency of power generation and reduce carbon emissions. The specific proportion of electricity generation is shown in Figure 6 in the four scenarios from 2015 to 2050. The proportion of thermal power generation has been decreasing, and that of renewable energy has been increasing. Taking the LCD as an example, the proportion of thermal power generation has decreased to 34.34%, while renewable energy generation includes wind power (30.92%), solar energy (33.42%), hydropower (1.25%) and biomass energy (0.07%). The proportion of renewable energy generation increased by approximately 57.60% compared with the base year. This is accomplished by combining the geographical advantages of Hebei in the use of wind and solar energy technology to increase the power generation of clean energy and reduce CO2 emissions by 2050.




4.4. CO2 Emission


The CO2 emission trends associated with energy consumption in Hebei Province in the various scenarios from 2015 to 2050 are shown in Figure 7. The total carbon emissions of the REF and ISO continued to increase, and there was no peak inflection point. Under the TOS and LCD, peaks occurred in 2040 and 2025, respectively, and the peak carbon emissions of the TOS and LCD were 1126.78 Mt and 928.82 Mt, respectively. The growth rate is ranked from high to low: REF > ISO > TOS > LCD. The REF is the fastest, while the LCD scenario is the slowest. The CO2 emissions will increase from 920.56 Mt in 2015 to 2262.81 Mt in 2050, with an annual growth rate of 2.61%. CO2 emissions will decrease to 808.56 Mt in 2050 with a significantly lower annual rate of increase of -0.38% under the LCD; emissions will increase to 1838.45 Mt and 1119.29 Mt CO2 in 2050 with a significant growth rate of 1.99% and 0.56% in the ISO and TOS, respectively. Among them, the CO2 emission of the LCD was reduced to 1454.25 Mt compared with the REF, which also indicates that CO2 emission increases are directly related to fossil energy consumption. It was indicated that the increase in fossil energy consumption will lead to an increase in CO2 emissions, while CO2 emissions gradually decrease through the expansion of coal cleansing and renewable energy applications in the LCD compared with the other scenarios. On the supply side, increasing the use of renewable energy will reduce CO2 emissions. The introduction and deployment of clean energy technologies needs to be focused on both the demand and supply end to achieve low-carbon development in Hebei Province.



The consumption of fossil energy would be reduced as the electricity consumption of various sectors increases in the future, thus increasing the proportion of CO2 emissions from the transformation sector. As shown in Figure 8, the transformation sector has become the greatest contributor to CO2 emissions in the four scenarios. From the view of the terminal energy consumption sector, the industrial sector is one of the main targets of Hebei Province’s emission reduction, and CO2 emissions of the industrial sector accounting for 43.10% in 2015. With the continuous development of the tertiary industry and the continuous improvement of people’s living standards, the proportion of CO2 emissions of the service and urban sector increased rapidly after adopting a series of measures with an average annual rate of 8.89% and 3.29% in the ISO, respectively. The industrial sector achieved a decline in carbon emissions, which decreased from 23.61 to 23.28%; the service and urban sector increased faster, while CO2 emissions of the transportation sector, the commercial sector and rural sector increased first and then decreased. The growth rate of the primary and construction sector was slow.





5. Discussion


5.1. Uncertainty of the Scenario Analysis Results


A series of parameters according to the 13th five-year plan was applied in this study. The LEAP model is adopted to predict the energy consumption, and the CO2 emission factor was referenced from the IPCC and other studies. In addition to not including all the influence factors, the parameter selection is too simple and idealized, and some uncertainty in setting the future parameter values of the selected driving factors exist; for example, the industrial structure, the energy import and export, the energy intensity of each sector, the Gross Domestic Product (GDP) growth rate and the popularity rate of energy technology. Table 4 shows the sensitivity analysis of energy consumption resulting from key parameters changes. It is obvious that the sensitivity of energy consumption varies notably with various influencing factors. It’s also pointed out that energy consumption is most sensitive to the growth rate of energy efficiency under the LCD, and the consumption changes with other influencing factors in the opposite direction except the population under the REF.



The calculation of CO2 emission factors is based on the material conservation calculation method of the IPCC and Hebei’s provincial carbon emission parameters; errors are inevitable. Due to the limited data, the type of power generation statistics is not detailed, and the development of nuclear power is not considered. The parameter of energy intensity may cause uncertainty in the calculation of the results because it is not subdivided into the detailed terminal technology of each sector. The results were validated by the latest energy data available (2016) and other studies. The predicted terminal energy consumption of the study is 256.28 Mtce, and the real consumption reported in the China Energy Statistics Yearbook 2017 is 255.56 Mtce, with an error of only 0.28%. The prediction of thermal power generation is 2915.82 Mtce, and the real value is 2915.76 Mtce, with an error of only 0.04%. This little difference might be introduced by the data integration of inter-sector. Ou et al., with a similar scenario to the Institute of Tsinghua University at Hebei (ITUH) [42], predicted that primary energy consumption would increase from 336 Mtce in 2015 to 471 Mtce in 2030 in the conventional scenario, and the result would be 431 Mtce in 2030 in the coordinated scenario [28]. In our research, the primary energy consumption would increase from 321.62 Mtce in 2015 to 465.87 Mtce in 2030 in the REF which is 5.13 Mtce lower than the Ou study in the conventional scenario in 2030. The reason of this deviation on the estimated values might be caused by the differences of the key baseline variables between the two scenarios. But anyway, the prediction results are basically the same in the conventional development, and the model has a fairly good predict ability of energy system. Thus, it is hoped that the exploratory path of low-carbon development, assumed in LCD in this study, can support the coordinated targets of economic growth and CO2 emission control, and environmental governance, and benefit the sustainable development of Hebei province.




5.2. The Pathways for Low-Carbon Development


The LEAP-Hebei model implies significant potential for the reduction of energy consumption-related carbon emissions in the policy scenarios of the ISO, TOS and LCD compared with the REF. Therefore, more policies were effectively performed to reduce CO2 emissions and specific measures can be optimized through discussion to promote sustainable development in Hebei Province.



Although the household sector accounts for a relatively small amount in 2015 (5.69%), energy conservation and emission reduction are still worth considering as the demand for energy increases with the future economic development and the improvement of people’s living standards. Electricity and heating supply account for 63.28% of the energy structure of the household sector. High-efficiency and energy-saving appliances should be popularized for household use, such as the promotion of energy-saving refrigerators, washing machines, air conditioners, kitchen lamps and lanterns [32]. Many countries have gradually implemented replacing incandescent bulbs with Light-Emitting Diode (LED) and Compact Fluorescent Lamp (CFL) bulbs [31]. Heating should adopt a more efficient central heating system. In terms of fuel use, coal should be replaced by gas and electricity, especially in the rural sector. Central heating should be implemented instead of traditional scattered coal heating in rural areas. The use of clean energy should be promoted more actively, and the use of solar water heaters should be promoted to reduce coal consumption and CO2 emission.



For the primary industry (agriculture, forestry, animal husbandry and fishery), reducing the use of coal and diesel and increasing the proportion of clean energy (biomass) are further improvements. For the commercial/service sector, more electricity and natural gas supply should be provided as the final energy consumption instead of fossil fuels such as coal, gasoline and diesel oil.



For the construction sector, energy consumption and CO2 emissions have maintained a steady growth. More applications are for raw materials, such as bitumen. Reducing the use of gasoline, diesel and fuel oil and increasing the proportion of clean energy usage helps to reduce greenhouse gas emissions. For the industrial sector, reducing the proportion of secondary industries, optimizing the terminal energy structure, and improving energy efficiency are crucial to decreasing industrial CO2 emissions. Implementing coal cleaning and reducing the share of coke and fuel oil is effective for industrial energy conservation and emission reduction. The innovation of energy application technologies can be promoted, energy efficiency can be improved, and backward production technologies can be eliminated with the implementation of strict emission reduction targets for enterprises that have high energy consumption and high pollution. In the process of industrial upgrading, low-carbon and circular economy development policies can be highlighted, key areas should be developed, relevant stimulus measures should be formulated, and financial incentives and fund subsidies should be provided to help solve the short-term difficulties in industrial transformation and technological transformation [31].



For the transportation sector, the proportion of new energy vehicles should continue to expand, and high-carbon fuels like gasoline and diesel will gradually be replaced by new energy sources such as compressed natural gas and electricity, which will be provided by more renewable energy sources in the supply of electric vehicles. Although there are still great difficulties in the economy and technology, clean fuel-driven new energy vehicles are imperative and will promote the development of a low-carbon path. For the transformation sector, since coal and crude oil are the main energy resources of the conversion department, reducing the proportion of coal in coking, oil refining, heating and thermal power generation is crucial to energy conservation and emission reduction. In the electricity sector, it is necessary to reduce the losses of power transmission and distribution, increasing the substitution of natural gas for coal in thermal power generation and building a more advanced gas power plant (Combined Cycle Gas Turbine, CCGT).



For coal-fired power plants, more advanced IGCC technologies should be introduced to improve energy efficiency, and CCS should be introduced to reduce CO2 emissions. The highest level of utilization of renewable energy was accounted for in the LCD compared to the other three scenarios, and the CO2 emissions in the power generation sector will be 125.72 Mtce lower than in the REF. This result indicated that the measure of renewable energy utilization is significantly effective in reducing emissions. It should fully combine the regional advantages, vigorously develop wind and solar energy technology, steadily develop hydropower and biomass energy, increase the proportion of renewable energy generation, and reduce the proportion of thermal power generation to reduce carbon emission in Hebei Province.



Hebei, as a crucial part of the integration of Jing-Jin-Ji, are facing the dual tasks of industrial upgrading and low carbon emissions. The relevant control and emission reduction targets set by the state need to be fulfilled to change the current serious haze pollution situation in the area of Jing-Jin-Ji. Some previous research have confirmed that low-carbon development is possible by improving energy efficiency and optimizing the terminal energy structure [43,44]. A bottom-up approach is applied to explore the pathway for the complete energy system in Hebei Province; however, significant concern still exists to understand the term “low-carbon development” in the Hebei context. The energy consumption of the ISO, TOS and LCD will be 183.51 Mtce, 272.45 Mtce and 398.96 Mtce lower than that of the REF. In addition, the CO2 emissions of various energy fuels vary, the intensity of carbon emissions of coal and oil are relatively higher, and that of clean fuels is lower. The sector evaluation and prediction of the proposed LEAP-Hebei model show that the processing transformation sector and the industrial sector are the main contributors to energy consumption and CO2 emissions, which are closely related to the industrial structure and high carbon fuel consumption structure in Hebei. Under the ISO, TOS and LCD, CO2 emissions will drop 18.76%, 50.71% and 64.28% compared with the REF by 2050. It is obvious that the LCD is more beneficial to Hebei’s low-carbon development trajectory based on the energy consumption and carbon emission results of the various scenarios. However, "low-carbon" is the future development that must be pursued, not the one that must be targeted, whereas we must try our best to implement low-carbon development. The path for low-carbon development of Hebei until 2050 is not static but dynamic. Therefore, it needs to be corrected in different stages and periods. This study provides some possible development paths by the developed scenarios for the energy system in Hebei and studied the influence of future energy policies and strategies on the path to low-carbon transformation.





6. Conclusions


Taking Hebei province as an example, this paper establishes a LEAP-Hebei model based on relevant policies and the current situation, simulating medium-term and long-term energy demand and carbon emissions in Hebei from 2015 to 2050 using a bottom-up method, taking into consideration the key factors that will affect energy policies in the future, such as GDP, population and urbanization. The following primary conclusions were reached:

	(1)

	
The energy consumption will reach 784.88 Mtce with an average annual growth rate of 2.58% and a corresponding CO2 emission of 2262.81 Mt by 2050 in the REF. The proposed policy schemes (ISO, TOS and LCD) produce lower energy consumption (23.38%, 34.78% and 45.82%, respectively) and lower CO2 emissions (18.75%, 50.53%, and 64.26%, respectively) by 2050 compared with the REF.




	(2)

	
Based on the constraints of fossil energy consumption, the reduction rate of energy consumption per unit GDP, the CO2 emission intensity, the demand for renewable energy development and the total CO2 emission, the LCD results are the closest to the required targets.




	(3)

	
Assurance of the increase in the proportion of clean energy, support for curtailing energy-intensive industries, technology innovation in Hebei and guarantee of transferred electricity source to Hebei will have a noticeable effect to support the low-carbon transition of energy system in Hebei under the framework of the coordinated development of Jing-Jin-Ji area. However, the cost control should be paid more attention in the short and medium term.









This study provides a valuable reference in further revolutionary change in the energy system. However, the problem is complex, and further analysis, especially from the resources and environment, is warranted.
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Figure 1. Location of Hebei Province. 
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Figure 2. Model framework used to assess the carbon emissions of the energy sector. In the LEAP-Hebe, four scenarios: a Reference Scenario (REF), Industrial Structure Optimization Scenario (ISO), Terminal Consumption Structure Optimization Scenario (TOS) and Low-carbon Development Scenario (LCD) were established; the boundary of the model included the energy extraction energy processing, energy conversion and end-use demand, and the energy-using sectors were generalized as agriculture, industry, construct, transport, commerce, service and household. The model was drove by the macroeconomic factors and the government policy guidance. 
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Figure 3. The energy consumption in each scenario in 2015–2050. 
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Figure 4. The proportion of the energy consumption in each sector. 
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Figure 5. The proportion of final energy use by fuel type. 
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Figure 6. Proportion of the electricity generation mix by 2050 in the four scenarios. 
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Figure 7. The trend of CO2 emission in 2015-2050 in the four scenarios. 
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Figure 8. The proportion of CO2 emissions in each sector. 
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Table 1. The designed proportion of the industry structure in the ISO in the model.
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Energy End-Use Sector

	
Structure Ratio [33,34]




	
2015

	
2020

	
2030

	
2040

	
2050






	
Primary Sector

	
0.12

	
0.09

	
0.06

	
0.04

	
0.03




	
Secondary Sector

	
0.48

	
0.46

	
0.40

	
0.36

	
0.33




	
Industrial Sector a

	
0.88

	
0.82

	
0.77

	
0.70

	
0.65




	
Construction Sector a

	
0.12

	
0.18

	
0.23

	
0.30

	
0.35




	
Tertiary Sector b

	
0.40

	
0.45

	
0.54

	
0.60

	
0.65




	
Transportation Sector c

	
0.23

	
0.18

	
0.15

	
0.12

	
0.08




	
Commercial Sector c

	
0.24

	
0.21

	
0.18

	
0.12

	
0.09




	
Service Sector c

	
0.53

	
0.61

	
0.67

	
0.76

	
0.83








a Percentage of the sub-industries refers to the proportion of Secondary Industry; b the tertiary sector in this study refers to the transportation, commercial and service sectors. The transportation sector includes the transport, storage and post industries, the commercial sector stands for the wholesale, retail, accommodation and catering industries, and all the rest of the tertiary industry are defined as the service sectors in this paper; c percentage of the sub-industries refers to the proportion of Tertiary Industry.
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