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Abstract

:

The cost of environmental degradation has already had a dramatic impact on the Chinese economy. In order to curb these trends, the government of China has introduced stricter regulations. With this in mind, it is important to quantify the potential co-benefits of introducing air pollution and climate change mitigation policies. This study proposes relevant scenarios ranging from the current trends (baseline) to the introduction of different policies in the thermal power sector, including different carbon tax rates, technology innovation promotion, and technology cost reduction methods. We aim to comparatively evaluate the impact of the proposed policies within the thermal sector and within the entire socio-economic system. To this end, we used a dynamic input–output (I-O) model, into which high-efficiency technologies were incorporated as new thermal power industries in order to estimate policy impact during the time period 2010–2025. The results of this study demonstrated that the introduction of one or more of the following policies: carbon taxes, subsidies, technology innovation, and technology cost reduction, has no notable impact on the environment or the economy without the implementation of environment regulations. In contrast, the strong support of a government subsidy coupled with strict environmental regulations will promote technological innovation, for example through the natural gas combined cycle (NGCC) and the integrated coal gasification combined cycle (IGCC). Our study also showed that the reduction of air pollution and greenhouse gas emissions as well as energy consumption would curb economic development to a certain extent. Taking this into consideration, innovation must also be promoted in other economic sectors. This research provides a strong reference for policy-makers to identify effective polices under different types of environmental regulations.
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1. Introduction


China has been implementing stronger and integrated measures in an effort to reduce its Greenhouse gas (GHG) emissions since it became the largest CO2 emitter in the world in 2007 [1]. Additionally, air pollution has become a major problem in many cities across the country. Cities are now facing serious environmental threats, including acidification, bioaccumulation of toxic metals, and contamination of water streams [2,3]. One of the main challenges that China faces with regard to reducing its GHG and air pollution emissions is that it relies heavily on coal to meet energy demands. Coal usage accounts for 69% of the total energy consumption [4]. Electricity generation, being primarily coal-based, is the main contributor to GHG emissions, accounting for 44% of the total CO2 emissions [5]. Coal-fired power generation has also been associated with air pollution and a negative impact on health [3]. Thus, the main contributor of both types of emissions is the electric power sector.



In collaboration with the USA, China has announced its most significant international commitments regarding climate change efforts, in which it has committed to peak its CO2 emissions and coal consumption by 2030 and 2020, respectively. China has also committed to decrease its CO2 emissions per unit of GDP by 40–45% by 2020, as compared to data collected for 2005. Additionally, the government has introduced specific measures with regard to GHGs and air pollution, which has resulted in some progress thus far. With respect to GHG emission reductions, the target goal set by the government was a reduction in energy intensity by 20% in the 11th Five Year Plan (FYP), which will be achieved by shutting down small and inefficient coal power plants [6]. A reduction of carbon intensity by 17% between 2010 and 2015 was the target set by the government outlined in the 12th FYP [7]. Similarly, specific targets have also been set by the government aimed at reducing environmental pollution. With regard to SO2 emissions, the target goal set by the government in the 11th FYP was a reduction in SO2 emissions by 10%, as compared to 2005 [8]. The government expected to achieve these targets through the introduction of flue gas desulfurization devices and shutting down of small coal power plants. In the 12th FYP, the government set specific reduction targets for ambient concentrations of SO2, PM10, and NOx, of 10%, 10% and 8%, respectively, by 2015 as compared to the levels measured in 2010 [9]. While many of these targets have been met, there are still difficult challenges ahead. For example, in the 11th FYP the energy intensity target was nearly achieved, reaching 19.1% [10]. However, primary energy production grew by 31% and CO2 emissions increased by 34% [11]. In the case of air pollutants, while reduction targets have been achieved, the current level of pollution is still higher than in other developed nations [12].



Effective environmental policies can drive technology innovation, which in turn play a key role in achieving specific targets [13,14]. In an effort to improve energy efficiency and reduce air pollution, the link between policies and innovation in energy-intensive sectors has been the focus of a few published studies. Most of these studies are based on bottom-up models. Balash et al. [15] analyzed the impact of the potential command and control and market regulations on future electricity mix and generation, as well as CO2 and air pollution emission levels in the USA by using the market allocation (MARKAL) model. The results of the study illustrate that different regions have their own environmental regulation policy preference. The impact of CO2 emission targets and carbon tax on technology selection and demand in the power sector in Bangladesh was analyzed by Mondal et al. using the MARKAL model [16]. The results of this study suggest that the application of such measures will favor the adoption of cleaner fossil fuels and renewables in the near future [16]. In the case of China, there is extensive research that has focused on the impact of technology innovation on energy resource consumption and air emissions of the industrial sectors. For example, Zhang et al. [17] analyzed the potential co-benefits of energy efficiency and emission mitigation in the iron and steel industries in China. Through the use of greenhouse gas and air pollution interactions and synergies model (GAINS) [17], the study found that the introduction of end-of-pipe control options and the implementation of best available energy efficiency measures can help reduce GHG emissions and air pollutants. Cai et al. [18] forecasted fuel consumption and associated it with CO2 mitigation in China’s thermal electricity sector from 2000 to 2030 using the “long-range energy alternative planning system” (LEAP) model. The results of this study indicated that if structural adjustments and technical mitigation measures in China’s electricity sector are not implemented, energy consumption and CO2 emissions in this sector will rise rapidly [18]. Zhang et al. [19] estimated the potential amount of CO2 emissions and air pollutants from the electricity sector in China in 2030 based on government regulations and external costs associated with emissions from coal power plants using the LEAP model. This study indicated that the application of such measures will promote advanced coal technologies and help reduce emissions [19]. Yu et al. [20] designed a technology-based bottom-up model in order to estimate the performance of China’s coal-fired electricity industry on energy resource consumption and environmental emissions and found that technology innovation is the determining factor in decreasing resource use and environmental impacts from electricity production. The majority of published studies have only considered the impact of specific measures on individual sectors but neglected to analyze the interactions of different industrial sectors in the entire economy. Additionally, these studies were conducted at the national level and utilized a bottom-up approach.



Other studies have focused on the co-benefits of GHG emission and air pollution mitigation policies. Tang et al. [21] evaluated the potential co-benefits of CO2 mitigation policies on dust, NOx and SOx emissions in China’s cement industry. The results of the study suggest that co-benefits could be achieved when the CO2 reduction target is set between 2.3% and 5.5% [21]. Li et al. [22] used historical data to analyze the aggregate effect of actual air pollution regulation on CO2 mitigation in the manufacturing industry in China. Their findings showed that SO2 regulations would reduce the price of carbon permits. Zheng et al. [23] conducted an analysis of the air pollution reduction and climate change mitigation in the industry sector of the Yangtze River using the GAINS-China model. The results of this study showed that SO2 emissions would be under control by 2030 but NOx emission would continue growing, while PM2.5 showed different trends for the three study regions. Liu et al. [24] quantitatively evaluated and compared two categories of emission reduction instruments, carbon tax, and the mandatory application of end-of-pipe emission control measures, in China’s iron and steel sectors for CO2, SO2, and NOx using two soft-linked models. The results indicated that carbon tax can bring co-benefit for multi-pollutants to a certain level because the emission reduction rates are affected by the tax rates. However, their comparison was inconsistent because the technology was introduced in the iron and steel sector using the technology-based model but the carbon tax was applied in all of the sectors using the top-down Computable General Equilibrium Model (CGE) model. Zhou et al. [25] developed an integrated top-down model which incorporated new technology as a new industry and a carbon tax in the thermal power sector. This paper builds on the study by Zhou et al. [25] by incorporating different levels of a carbon tax rate and a technology reduction cost in the thermal power sector alone.



The purpose of this paper is to explore how carbon taxes, subsidies, and technology innovation promotion, both in isolation and combination, will impact the electricity mix, energy, environment, and economy under government environmental regulations. To address this question, we used a regional-dynamic input–output (I-O) model with detailed classified technologies in the thermal power sector to perform a policy comparative analysis.



The main advantage of the dynamic I-O model is that the data requirement is less than CGE [26]. Additional data requirement of CGE increases the uncertainty of simulation result, especially for research at a regional level. The I-O model can help us track the consequence of external shock better than CGE because the substitution relationship within different commodity and production factors leads to complicated response of the CGE model system to external shocks.



Additionally, GHG emission by energy sectors has basically technical aspects, namely, energy efficiency in terms of GHG emissions and air pollutants. Economically, the model developed in this paper allows us to simulate and analyze the substitution among alternative technologies available currently and in near future. In contrary to traditional I-O and CGE models, in our simulation model, several constraints on resources (e.g., a GHG upper limit, air pollutant upper limit, etc.) are built and it is possible for substitution to happen in the market if alternative technology exists and/or the economic situation changes.



In this study, our dynamic regional I-O model combined the advantages of top-down and bottom-up models. The model incorporated detailed high efficient technologies and highlighted the potential and prosperous new industries in electricity sector in the near future, which is the advantage of bottom-up model. This method could eliminate possible inconsistencies by coupling top-down and bottom-up models via a simulation that clarifies both technology selection and assessment of such prosperous technology in the near future in terms of index of GRP, which clarifies the significance of new technology for stakeholders in monetary terms.



The wide gaps among regions in terms of technology development and environmental regulations contribute to the significance of the studies at the regional level. Thus, we chose the municipality Chongqing as a case study because it has been identified as a strategically important city, acting as a gateway for the development of Western China. Chongqing is the only central municipality (the other three are Beijing, Shanghai, and Tianjin), and it is also the most populated Chinese municipality. It is also a major economic, financial, and manufacturing center as well as a transport hub in southwestern China. Rapid economic development, coupled with the use of traditional, inefficient, thermal power generation will have an environmental as well as a socio-economic impact on the city. This makes identifying the optimal policy measures at the economic–environmental–technological level for Chongqing an urgent and important matter.



The rest of the paper is organized as follows: climate change and pollution mitigation challenges are introduced in Section 2. The methodology is described in Section 3. The results and discussion are presented in Section 4. Finally, the conclusions drawn and the policy implications are highlighted in Section 5.




2. Climate Change and Pollution Mitigation Challenges


China has made significant improvements in addressing climate change and air pollution, however, the country still has a significant amount of work left to do. Currently, adaptation measures are still dispersed in terms of the institutional setting, organization, and management. For example, strong support for innovations in the energy sector has been proven to contribute to CO2 emission and air pollutant reductions [27,28,29]. This means that policies must be an integral part of the adaptation measures being made in order to capitalize on the co-benefits. While this approach could be more effective, many administrative and management barriers currently exist regarding the implementation of such policies in China [30].



Attaching a price to carbon emissions has been suggested as a way of reducing GHG and air pollutant emissions while simultaneously promoting innovation. The underlying principle is that by putting a price on carbon emissions, this will provide an economic incentive to find alternatives to reduce such emissions. The two main climate policies are carbon taxes and emission trading schemes (ETS). In regards to ETS, the government sets a cap on emissions and issues permits that allow organizations to achieve the target by trading these permits. In order to encourage participation, the government provides allowances to pollute or the opportunity to sell them to other firms. In regards to carbon tax, a cost is imposed on CO2 emissions. The main advantage of ETS is that setting a cap can actually result in the reduction of CO2 emissions. The challenges of ETS include determining the baseline amount, the reduction targets, and the allocation of permits. This suggests that the preparation and implementation process could be complicated and lengthy. It is also difficult to forecast the ideal price needed in order to achieve the reduction levels defined by the cap. The main advantages of a carbon tax include a much easier implementation process and the resulting increase in government revenue. The main disadvantage is that the level of reduction is determined by the resulting market forces because no cap is set, which could affect productivity and economic growth. In our current study, we chose the approach that was the most practical for our analysis. Considering that a carbon tax can directly raise revenue for the government, we selected this mechanism.




3. Materials and Methods


A novel dynamic I-O model, developed by Zhou et al. with respect to thermal electricity sectors [25], was used in this study in order to evaluate the proposed policy. Our hypothesis was that when fossil fuel is utilized under mandatory air pollution reduction, the introduction of advanced fossil fuel energy technology and its resulting reductions in cost resulting from the implementation of a carbon tax and a subsidy could be beneficial in terms of economic growth, energy efficiency, and the reduction of GHG emissions and air pollutants. In this study, the model was applied in order to evaluate these polices in isolation, as well as in combination. This section explains how the proposed policy and the associated key assumptions were incorporated into our model.



3.1. Dynamic I-O Model


3.1.1. Economic Indicator GRP


The objective function of this model is to maximize the sum of the discounted GDP (see Formula (1)) from 2010 to 2025, subject to all of the constraints. This can be formulated as follows:


   M a x     ∑   t = 1   11      (   1  1 + ρ    )    t − 1   G R P  ( t )     (  ρ = 0.05  )    



(1)






   G R P  ( t )  =   ∑   i = 1  4     V i   X i   ( t )    



(2)




where GRP(t) is the gross regional product in terms of t (en: endogenous variable); Xi(t) is the production of each industry i in terms of t (en); and    ρ    is the social discount rate. Vi is the value-added rate of industry i (ex: exogenous). The objective function is subject to the following constraints. Subscript i represents the industries shown in Table A1.



While social discount rate plays a decisive role in the analysis of climate policy, this topic is still under dispute [31,32]. Depending on the discount rate, human mitigation activates could be affected in the long or short term. In our study, we used static discount rate of 5% to emphasize that the social cost resulting from climate changes becomes huge compared to the economic benefits in the near future. The value of 5% is within the range of values adopted in previous studies: Cline et al. used a value of 1.95% [33] and Nordhaus et al. used a value of 5.5% [32].




3.1.2. Energy Consumption


The energy consumption in this model is defined by the seven primary types of energy used in Chongqing (coal, coke, gasoline, kerosene, diesel, oil, and natural gas) and the secondary energy electricity. All of the energy units are converted to tons of coal equivalents (TCE).



The total energy consumption    E D  ( t )     is divided into industry consumption EDi(t) and household consumption     (  E  D c   ( t )   )     (see Formula (3)).    E  D i   ( t )     is a vector of the demand of the seven energy types in the industry i and    E  X i     is a vector of the energy consumption intensity in industry i (see Formula (4)). Similarly,    E  D c   ( t )     is the household energy demand and    E  X c     is a scalar of the energy consumption intensity (see Formula (5)). The energy consumption intensities    E  X i     and    E  X c     are calculated based on the energy consumption and the industry production in 2010, respectively [34].       X i   ˜   ( t )     is a diagonalized matrix using the production vector Xi(t); and     X c   ( t )     is a vector of household consumption.


   E D  ( t )  =   ∑  1 4  E  D i   ( t )  + E  D c   ( t )    



(3)






   E  D i   ( t )  = E  X i  ·    X i   ˜   ( t )      



(4)






   E  D c   ( t )  = E  X c  ·  X c   ( t )    



(5)








3.1.3. Model Dynamics


The model is dynamically driven by the capital stock and the annual capital through industry investment (see Formula (6)):


    K i   (  t + 1  )  =  (  l −  δ i   )     K i   ˜   ( t )  + Δ  K i   ( t )    



(6)







    K i   (  t + 1  )     is the capital stock in year t + 1 in industry i (i = 1, 2, 3, e);     δ i     is the capital depreciation coefficient; and    Δ  K i   ( t )     is the capital formation provided by industry i.   l   is a row vector for summation.




3.1.4. Air Pollution and GHG Emissions


The GHG and air pollutants emissions (    W  g a s    ( t )    ) in this model are defined as the total amount of emission-related energy consumption by industry and household.


    W  g a s    ( t )  =   ∑  1 4  E  D i T   ( t )  · E E n  g i  g a s   + E  D c T  · E E n  g c  g a s      (  g a s = G H G ,   S  O 2  ,   N  O x  ,   P  M  10   , P  M  2.5    )    



(7)




where     W  g a s    ( t )     is a vector of five elements denoted by the amount of emission of four kinds of air pollutants and GHGs, as shown in Formula (7).    E E n  g i  g a s      and    E E n  g c  g a s      are gas emission coefficient matrices of industry and households, cited from the Greenhouse Gas Inventories of the IPCC [35], that correspond to the seven types of energy consumed in the ith industry and household.




3.1.5. Regional Government Environmental Regulation Constraints


The central and local Chinese governments implement development plans every five years in order to improve the quality of the environment in China. Based on the plan provided by the central government and the environmental situation of Chongqing, the Chongqing government plans to reduce its air pollution emissions by 10% every five years. In this study we used the regulations set by the government and analyzed their impact using integrated evaluation models. We incorporated this regulation into our model by providing a constraint on the amount of emissions in 2015, 2020, and 2025, and keeping the amount of emissions in other years unconstrained, which could be helpful in the optimization of energy utilization and the maximization of economic development.



In addition, the constraints set on SO2 and NOx emissions will indirectly curb PM10, PM2.5, and GHG emissions. This assumption is based on the identified strong synergies between air quality and climate relevant measures that would allow for improvements in the cost-efficiency of air pollution policies [36].




3.1.6. Technology Innovation and Its Cost Reduction


In our study, the concept of innovation refers to the adoption of advanced technology. For rapidly developing economies like in China, the technologies needed for compliance already exist when the quality of environment is deteriorating or when the decision to regulate it is made. The premise is that the environmental regulations will influence the rate and the direction of adoption of innovation. The challenge is how such regulations can bend the direction of innovation towards more environmentally friendly ones and how such intervention can be done in a manner that generates the least cost to society. In our study, we assume that technology innovation is driven by imposing government-regulated targets regarding air pollution (SO2 and NOx), and maximizing economic growth (GRP). The reduction of air pollution is achieved by improvements in energy utilization efficiency in the thermal electricity sector. Additionally, advanced technologies have a higher efficiency as compared to traditional technologies, because they consumes less coal or natural gas to generate one unit of electricity. The total electricity supply S(t) is divided into hydropower Sh and seven sub-sectors according to the types of fossil-fuel technologies (see Formula (8)). These include the conventional technology type subcritical (SUB) technology Ssub(t), which is less energy-efficient (resulting in a higher level of pollutants, and accounts for more than 70% of the coal power generation in China [37]), and advanced technologies (see Table A1) such as Supercritical (SC) Technology Power Supply (Ssc(t), en), Ultra-Supercritical Technology (USC) Power Supply Susc(t), Integrated coal Gasification Combined Cycle (IGCC) Power Supply Sc(t), IGCC and Carbon Capture and Storage (IGCC-CCS) Power Supply Scs(t), Natural Gas Combined Cycle (NGCC) Power Supply Sn(t), and NGCC-CCS Power Supply Sns(t) (see Formula (9)). Electricity demand D(t) is determined by each of the industrial economic activities Di(t) and government and household activities Dc(t) (see Formula (10)). To maintain the electricity flow balance, the annual electricity supply is equal to electricity demand.


   S  ( t )  = D  ( t )    



(8)






   D  ( t )  =   ∑   i = 1  4   D i   ( t )  +  D c   ( t )    



(9)






   S  ( t )  =  S h  +  S  s u b    ( t )  +  S  s c    ( t )  +  S  u s c    ( t )  +  S c   ( t )  +  S  c s    ( t )  +  S n   ( t )  +  S  n s    ( t )    



(10)







In our model, the assumption was made that each electricity technology represented one industry. Advanced technologies (or new industries) were incorporated into this study through the addition of six industries into columns in the original I-O table. The structure of each new column was calculated based on the structure of the conventional electricity technology industry and their relationship is shown in Table A2 [38]. These technology options are provided by the International Energy Agency (IEA) technology roadmap [39]. The technologies are endogenously adopted as substitutes for the low-efficiency technology. Many factors affect this substitution, such as government regulation level, carbon tax/subsidy level, and technology features (cost, energy efficiency, and emission efficiency). The comprehensive model ensures that the optimum combination of power generation technologies is used based on the regional economic, energy, and environmental conditions.



Additionally, the published I-O tables do not provide detailed information about disaggregating the electricity sectors. The core of disaggregating the electricity sector is as follows: we assume all the disaggregated electricity sectors are in one sector in the I-O table, producing electricity and always keeping consistent with the original I-O table calibration. Within the electricity sector, there are several electricity technology options with which disaggregated electricity sectors diversified. Therefore, the fundamental work of the disaggregating electricity sector is to reset the share of input from all the sectors into disaggregated electricity sectors by keeping the consistency of the aggregated electricity sector with the original I-O data. The principle of the reset is based on the characteristics of the technologies (technology data). In our study, the technology data are obtained from IEA technology roadmap [39]. However, we must accept the reality that economic data of technologies are still unknown because they have not yet been sold in the market. Our paper primarily focuses on fossil energy technological efficiency with respect to conversion into electricity, namely, a greater production of electricity while emitting lower amounts of GHGs and air pollutants. The efficiency is mainly determined by the chemical and physical formula and will keep stable in the future market. We assume that economic aspect of the new technologies predicted and forecasted by IEA [38,39] are reliable enough for the simulation by allowing admissible level of estimation error. In addition, numerous similar disaggregating works using dynamic I-O models in different sectors have been published [40,41,42,43,44,45,46,47,48,49,50].




3.1.7. Carbon Taxes and Subsidies


Carbon taxes and subsidies were the two proposed economic policies used in this study. A carbon tax is imposed on the GHG emissions due to fossil fuel consumption in the electricity sector. The revenue of the carbon tax     T i c   ( t )     was used as part of the subsidy, which is paid by the government in order to promote highly efficient thermal technology.



In Formula (11), the left side is the gross sales by the industry in the market and the right side represents the total cost of each industry, including intermediate input (from the first item to the third one), industrial value added (from the fourth item to the sixth one) and the carbon tax (the seventh item).


       P i   ( t )     X i   ˜   ( t )  +  r  s u b      X i   ˜   ( t )            ≤  P 1   ( t )   A  1 i      X i   ˜   ( t )  +  P e   ( t )   A  e i      X i   ˜   ( t )  +  P 3   ( t )   A  3 i      X i   ˜   ( t )  +  P 4   ( t )   A  4 i      X i   ˜   ( t )            +  Y i h   ( t )  +  δ i     X i   ˜   ( t )  +  τ i     X i   ˜   ( t )  +  T i c   ( t )       



(11)






    S  u b s i d y    ( t )  =  r  s u b   ∗ (  S  s c    ( t )  +  S  u s c    ( t )  +  S c   ( t )  +  S  c s    ( t )  +  S n   ( t )  +  S  n s    ( t )  )   



(12)






    T i c   ( t )  =  r c   ( t )  ∗  W i  c o 2    ( t )    



(13)




where     P i   ( t )     is the endogenous price rate vector of the sectors in industry i (i = 1, e, 3 and 4);     S  u b s i d y    ( t )     is the subsidy from government for the promotion of technology innovation (see Formula (12)); and     r  s u b      is the endogenous subsidy rate for all of the advanced technology.     Y i h   ( t )     is the endogenous vector of the household income of each sector in industry i;     δ i     is the exogenous vector of depreciation rate of each sector in industry i;     T i c   ( t )     in Formula (13) is the carbon tax based on the relative amount of carbon emission from a given sector;     W i  c o 2    ( t )     is the amount of GHG emission from industry i; and     r c   ( t )     is the endogenous carbon tax rate. In this study,     r c   ( t )     has two alternative upper boundaries: 70 CNY/ton and 110 CNY/ton;     τ i     is the exogenous indirect tax rate vector of each sector in industry i.





3.2. Data Setting


In this study, we used official social-economic data, the I-O table, energy data, and air pollution and GHG emission data from the Chongqing Statistical Yearbook—2010 [34]. These data are well consistent with each other, which improves the robustness of data for model specification and calibration for validation. Additionally, the total GHGs, air pollutant emission amounts, GRP and industrial production calculated based on the I-O model of the base year are almost equal to official data from the Chongqing City Government.



The socio-economic data of the target area are set as follows: “2010 input–output extended table of Chongqing” of the Chongqing Statistical Yearbook-2010 [34] was used to calculate the input coefficients between economic entities, indirect tax rate, income rate, capital depreciation rate, and the value added rate. This table also includes household and government consumption, investment, net exports, and sectoral production, which are used to validate the robustness of model parameters. The income, savings, and expenditure of household and government in Chongqing Statistical Yearbook—2010 were used to calculate the expenditure rate and saving rate.



The energy and environment data were also set. First, industry and household energy consumption in Chongqing Statistical Yearbook—2010 and sectoral production in I-O table of Chongqing in 2010 were used to calculate all types of energy consumption intensity of all the economic entities. Second, air pollution and the GHG emission coefficient of each type of energy in IPCC [35] and energy consumption amount of each economic entity were used to calculate air pollution and GHG emission amount.




3.3. Scenario Design


The scenarios were constructed in order to compare the impact of the different combination of policy options; a total of 12 scenarios were proposed and are shown in Table 1.



The scenario design was based on four main policy combinations. Firstly, there are mandatory environmental targets for the reduction of SO2 and NOx emissions (10% every five years or our assumed 5% for the same period of time). Secondly, there was the promotion of advanced technological innovation and technology cost reduction (10%); here the cost reduction means that the intermediate input into the advanced technology industry decreased by 10%. The items in value added increased by 10%, respectively. Thirdly, different levels of carbon tax (carbon tax of 70 CNY/ton or 110 CNY/ton) were used. Finally, subsidies from the government for advanced technology innovation were used. The potential tax rates are based on the Chinese pilot city carbon pricing survey [51]. The promotion of advanced technology innovation means that the government provides strong support, through subsidies, for the adoption and eventual development of new technological innovations. Advanced technologies are endogenously adopted as substitutes for low-efficiency technologies.



The proposed scenarios include the Baseline (Base) and the R1_Base scenario, which was designed to meet the government regulated target under the technology level set in the baseline. Base was also used as the reference for quantifying the impact of a proposed policy in the 11 other scenarios. R0_T1(2)_C1(2)S were used in order to evaluate the impact of technology innovation or carbon tax or subsidy. R1_T1(2)_C1(2)S were used in order to quantify the impact of the combination of all of the proposed policies. We also compared the effect of each policy individually.





4. Results and Discussion


Based on the results of the simulation, the integrated assessment system can estimate the impact of the proposed policy options in different scenarios. Simultaneously, we will be able to identify the contributions of different combinations of policies through the analysis of the results regarding improvements in economic development, environmental preservation, and energy savings, which are important indicators affected by the implication of such policies.



4.1. Impact Analysis of Proposed Policies on Economy and Environment


Table 2 shows total changes from the baseline scenario driven by proposed policies from 2010 to 2025 in terms of GRP, GHGs, and air pollutants. Technology cost reduction, carbon tax, or subsidies alone only have a minor impact on the economy (less than 0.2%) and environment (less than 0.1% in all mentioned air emissions) for both the regulations included (see Group 0, 2 and 3) and excluded scenarios (see Group 1). A carbon tax rate of 70 CNY/ton or 110 CNY/ton or a technology cost reduction also only has a minor impact on the economy (less than 0.1%) and environment (less than 0.1% in all mentioned air emissions).



Without any regulation (see Group 1), the combination of the proposed policies has a minor impact on the economy (0.26–0.37%), environmental GHG emissions (0.10–0.13%) and air pollution (SO2: 0.28–0.30%; NOx: −0.40–−0.36%; PM10: 0.42–0.46%; PM2.5: 0.25–0.28%). In contrast to this, the addition of environmental regulations (see Group 2 and 3), or the combination of the proposed policies has a larger positive (around 20%) impact on the economy when compared with the R1_Base (see Group 0). Environmental regulations of 10% (5%) significantly curb total economic development by −42.5 to −22.54% (−15.83 to −15.79%).



In our current study, the results indicate that the introduction of policy options that combine a carbon tax and a subsidy system along with government regulations will result in positive socio-economic and environmental implications. This study demonstrates that the introduction of a carbon tax alone has no obvious impact on the promotion of technological innovation, economic growth, and energy conservation. Evaluation of the results for the different scenarios indicates that a government subsidy, partially funded by carbon tax revenues, for technological innovation in the power sector will help reduce both air pollution and GHG emissions, to a certain extent. In this regard, we must also promote innovation in other economic sectors. Another important finding is that strict government regulations may reduce CO2 air pollutant emissions; however, they will also slow economic growth. The potential economic benefit of reducing air pollution and GHG emissions in terms of an improved quality of life and environmental conservation may offset lower GRP growth [52].



Based on the above findings, we focused on the Baseline scenario and scenarios including regulation coupled with a lower cost policy that included a 70 CNY/ton carbon tax and a technology cost with a 10% reduction (Base, R1_Base, R1_T2_C1S and R2_T2_C1S) to perform a more detailed analysis. R1_Base (see Group 0) and R1_T2_C1S (see Group 2) ranked the highest and lowest in terms of cost (   = Δ GRP / Δ GHG   ), respectively, among the scenarios that included the government environmental regulation of a 10% SO2 and NOx reduction every five years. R2_T2_C1S (See Group 3) is the lower cost scenario under the 5% proposed environmental regulation.




4.2. Impact on Energy Consumption


The total energy consumption and the coal consumption in Chongqing city are shown in Figure 1. The total energy and coal consumption grew rapidly in the Baseline scenario but decreased in the scenarios in which regulation was included. A huge gap in total energy (coal) between the Baseline and the other three scenarios, R1_Base, R1_T2_C1S and R2_T2_C1S, was widened by 59,800,000 (40,900,000) TCE, 51,700,000 (35,900,000) TCE and 44,100,000 (43,500,000) TCE, respectively. This result indicated that the introduction of strict government regulation without any technology innovation led to a greatly reduced consumption of energy. Technology innovation promoted by a carbon tax and a subsidy mitigated the reduction in energy consumption drastically in R1_T2_C1S. Additionally, less strict regulation also mitigated the reduction of energy consumption in R2_T2_C1S. Coal consumption was shown to have similar trends as energy consumption (Figure 1b). The data in Figure 1b also show that, under the proposed scenarios, coal consumption will peak around the year 2020. This is a notable result because it aligns with the country’s development strategy plan [53]. The results also demonstrate that the introduction of regulations coupled with strong support for innovation and a carbon tax will lessen the dependence on coal and incentivize the adoption of cleaner fuel. This will help decrease the dependence on coal as a primary energy source. This is a significant outcome because Chongqing could be locked in a coal-fired power generation structure if no measure is taken; in other words, it will be very difficult to change the coal-based energy supply and its associated environmental impacts in the near future.




4.3. Impact on Technology Innovation in the Thermal Power Sector


Which and when each form of technology was adopted under different levels of government environmental regulations is shown in Figure 2. In the Baseline scenario, no proposed policy was incorporated and subcritical coal power generation dominated the electric power grid by 151 TWh in 2025 (Figure 2a). The addition of environmental regulations dramatically curbed the energy consumption as well as the coal power generation (Figure 2b–d). The coal power generation was reduced to 34 TWh, 60 TWh and 77 TWh in 2025, respectively. There were peak points shown in 2014, 2019, and 2024, which were the years before the air pollution reduction target year.



The results showed that the introduction of environmental regulations with a carbon tax, and a subsidy associated for technology innovation can help diversify the portfolio of power technology sources. Notably, the proposed regulations could help leapfrog coal-based power technologies from subcritical to IGCC. At the same time, the adoption of NGCC technology can greatly contribute to the mitigation of air pollution and help China diversify its power source structure, rescuing China from an unsustainable “lock in coal power” [54] and help the country move towards multi-resource power. NGCC technology will be popular in the coming years because of its clean energy source: natural gas and shale gas. The predicted popularity of the technology is included in China’s Five Year Development Plan. Therefore, we must promote a gradual adoption of innovation first, followed by stricter regulations (Figure 2c,d). This approach simultaneously induces environmental protection and economic growth. The mechanism would work as follows: in each industry, the policy makers can first introduce a relatively flexible pollution emission target as an incentive for existing industries to modernize their technology, and encourage new industries to adopt the newer alternatives. Then, economic development and an increasing demand for electricity will allow policy makers to introduce stricter regulations.



The simulation result is based on the characteristics of the industry structure of Chongqing from the 2010 I-O table, which is also available for other regions and countries. Therefore, the optimal technology selection method can be validated externally. This type of approach should be applied to other industrial sectors as well. In other words, highly efficient technology innovation and customer consumption behaviors are promoted in the future for all of the economic entities. The results give policy-makers a scientific assessment of the role of different technologies in the energy sector, in cooperation with development of the industry, at a macroeconomic level.




4.4. Optimal Carbon Taxes and Subsidies for Technology Innovation


According to our results, the scenarios which include environmental regulations coupled with technology innovation, a subsidy, and carbon tax schemes seem to be the most viable options in terms of GRP growth and emission reductions (Table 1). In order to identify the detailed contribution to the promotion of technology innovation, we analyzed the policy that included a carbon tax and a subsidy in two technology innovation scenarios. Figure 3a shows the carbon tax revenue in two scenarios, Figure 3b shows the subsidy for technology innovation. The carbon tax (subsidy) was 210,508 (42,600,000) CNY and 179,682 (25,800,000) CNY in R2_T2_C1S and R1_T2_C1S, respectively. There was a huge gap between a carbon tax and a subsidy in the timeframe used. In this study, we assumed that the carbon tax revenue is used to partially subsidize technology innovation in the energy sector. Comparing the total carbon tax revenue with the total subsidy from the government in the two scenarios in Figure 3a,b, it can be observed that carbon tax revenue plays a very small role in the government subsidy support for technology innovation. We assume that the reason for this is due to the fact that the carbon tax is only applied in the electricity sector. If the carbon tax is applied to the entire economy, the resulting revenue would be much greater and would be capable of supporting technology innovation in a few specific sectors. In this regard, carbon tax may incentivize the industry to adopt clean technology for further development and increases in government revenue would be used as a subsidy for more efficient and cleaner technology (Figure 3a,b). Specifically, the carbon tax revenue is determined by the carbon tax price and the amount of GHG emissions. Subcritical technology power supply, abbreviated to SUB (IGCC) took a share of the optimal total carbon tax revenue at 60% (32%) and 72% (23%) in scenarios R1_T2_C1S and R2_T2_C1S, respectively (Figure 3c).



Two extreme points were also observed in the years 2019 and 2024 (Figure 3a). These points represented the response of the carbon tax to the strict environmental regulation target in 2020 and 2025 coupled with the objection of the maximization of the GRP. The detailed explanation is that in order to maximize the GRP, the amount of emissions will be maximized and the subsidy will also be as large as possible before the final target year, especially in the years 2019 and 2024. The carbon tax is negative for the GRP, which is why the carbon tax will become 0 in 2019 and 2024. In other words, a carbon tax will not be implemented in 2019 and 2024. In the model, we assumed that carbon tax is endogenous with an upper boundary of 70 CNY/ton or 110 CNY/ton. Therefore, it could be 0 in order to achieve the target for both the reduction of air pollution and maximizing the GRP.



The IGCC and NGCC were promoted as priorities through strong governmental support and a small part of carbon tax revenue (Figure 2c,d and Figure 3b,d). The subsidy distribution share in IGCC (NGCC) was 60% (40%) in both scenarios. This distribution was decided by the interaction of all the activities of a sector and the trade-off between the economy and the environment. Furthermore, we found that in terms of GHGs, the reduction costs of IGCC (NGCC) were 2800 (1800) and 1600 (1100) CNY/ton based on the calculation of the total investment cost divided by the total reduction amount due to the substitution of SUB by IGCC or NGCC in the research period. The functions of a carbon tax and a subsidy for new technology are different; as a result, subsidies should be financed by the general budget as well as from revenue generated from a carbon tax.





5. Conclusions


In this study, a dynamic integrated top-down I-O model was used to comparatively evaluate the impact of the proposed policies on the thermal sector and within the whole socio-economic system. The introduction of government regulation without strong support for technology innovation could negatively affect economic growth in a significant manner. Carbon tax revenue in the thermal sector was shown to have a limited contribution to the promotion of technology innovation as compared to with a subsidy. The introduction of the proposed integrated policies could positively affect the adoption of electric power technologies, which will be beneficial in terms of reducing GHG emissions and air pollution. It will also help achieve both emission reduction targets and promote healthy economic growth through the potential shift from low efficient and highly pollutant sub critical power generation to the cleaner IGCC and NGCC technologies. The cost of IGCC carbon reduction is higher than that of NGCC, although both of their GHG reduction costs are quite high. The proposed scenarios will decrease China’s dependence on coal and incentivize the adoption of cleaner natural gas. This is a very important finding because it will help the transition from coal use to the use of cleaner sources and peak coal consumption by the year 2020. Our results also suggest that the introduction and adoption of CCS options are still premature because they are relatively expensive technologies. Our study demonstrated that the proposed policies could provide a powerful incentive to achieve emission reduction of CO2 and air pollutants and promote the diversification of the power supply. Since the environmental benefit of innovation in the power sector alone could limit the study, other economic sectors must be included. The policy-makers can first introduce a relatively flexible pollution emission target as an incentive for existing industries to modernize their technology, and encourage new industries to adopt the newer alternatives. Then, economic development and an increasing demand for electricity will allow policy-makers to introduce stricter regulations.
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Table A1. Classification of industrial sectors in the comprehensive model.
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i

	
Industry

	
Sector






	
1

	
Usual Goods and Services

	
Agriculture, Forestry, Animal Husbandry and Fishery




	
Transport and Postal Services




	
Waste Treatment




	
Other Industries




	
e

	
Conventional Energy Industries

	
Hydropower and Subcritical (SUB) Technology Power Supply




	
Production and Supply of Gas




	
2

	
Energy-Intensive Industries

	
Mining and Washing of Coal




	
Manufacture of Raw Chemical Materials and Products




	
Manufacture of Non-Metallic Mineral Products




	
Smelting and Pressing of Ferrous Metals




	
3

	
Advanced Technology Options (High-Efficiency, Low-Emission Coal–Natural Gas-Fired Power Generation)

	
Natural Gas Combined Cycle (NGCC)




	
NGCC and Carbon Capture and Storage (NGCC-CCS)




	
IGCC-CCS Technology Power Supply




	
Integrated Coal Gasification Combined Cycle (IGCC)




	
Ultra-Supercritical (USC) Technology Power Supply




	
Supercritical (SC) Technology Power Supply
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Table A2. Parameters for fossil fuel-based electric power generation technologies [38].
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Capital Costs ($2010 per kW)

	
O & M Costs ($2010 per kW)

	
Efficiency (Gross, LHV)






	

	
2010

	
2020

	
2035

	
2010

	
2020

	
2035

	
2010

	
2020

	
2035




	
Steam Coal-SUB

	
600

	
600

	
600

	
21

	
21

	
21

	
37%

	
37%

	
37%




	
Steam Coal-SUP

	
700

	
700

	
700

	
28

	
28

	
28

	
42%

	
42%

	
42%




	
Steam Coal-USC

	
800

	
800

	
800

	
32

	
32

	
32

	
46%

	
48%

	
50%




	
IGCC

	
1100

	
1100

	
900

	
50

	
50

	
41

	
47%

	
49%

	
51%




	
IGCC-CCS

	
1800

	
1800

	
1600

	
81

	
81

	
72

	
38%

	
40%

	
44%




	
NGCC

	
550

	
550

	
550

	
18

	
18

	
18

	
57%

	
59%

	
61%




	
NGCC-CCS

	
1000

	
1000

	
1000

	
33

	
33

	
33

	
49%

	
51%

	
54%








Note: O & M: operation and maintenance; SUB: subcritical; SC: supercritical; USC: ultra-supercritical; IGCC: integrated gasification combined cycle; NGCC: natural gas combined cycle; USC-CCS: ultra-supercritical with CCS; IGCC-CCS: integrated gasification combined cycle with CCS; NGCC-CCS: natural gas combined cycle with CCS; LHV: lower heating value.
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Figure 1. Energy consumption changes in four selected scenarios. (a) Total energy consumption by the unified seven fuel sources in the study area; (b) Coal consumption trends in four scenarios and total energy consumption in coal share from 2010 to 2025. TCE: tons of coal equivalents. 
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Figure 2. Technologies adoption and their production in four scenarios. (a) Baseline scenario without proposed policy; (b) 10% government air pollutant emission reduction target included scenario; (c) 10% government air pollutant emission reduction target, 10% technology cost reduction, 70 CNY/ton tax and subsidy included scenario; (d) 5% government air pollutant emission reduction target, 10% technology cost reduction, 70 CNY/ton tax and subsidy included scenario. 
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Figure 3. Optimal carbon tax and subsidy. (a) optimal carbon tax in the electricity sector for two regulation-incorporated scenarios; (b) subsidy for high efficient electricity; (c) share of total carbon tax revenue levied on the thermoelectric sectors from 2010 to 2025; (d) total subsidy distribution share. IGCC: integrated coal gasification combined cycle; NGCC: natural gas combined cycle; SUB: subcritical technology power supply. 
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Table 1. Proposed policy and assumption in each scenario.
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	Scenarios
	Government Regulation
	Technology Innovation
	Carbon Tax and Subsidy





	Base
	No
	No
	no



	R1_Base
	Yes
	No
	no



	R1_T1_C1S
	Yes (10%)
	Yes
	70 CNY/ton tax



	R1_T1_C2S
	Yes (10%)
	Yes
	110 CNY/ton tax



	R1_T2_C1S
	Yes (10%)
	Cost reduction of 10%
	70 CNY/ton tax



	R1_T2_C2S
	Yes (10%)
	Cost reduction of 10%
	110 CNY/ton tax



	R2_T2_C1S
	Yes (5%)
	Cost reduction of 10%
	70 CNY/ton tax



	R2_T2_C2S
	Yes (5%)
	Cost reduction of 10%
	110 CNY/ton tax



	R0_T1_C1S
	No
	Yes
	70 CNY/ton tax



	R0_T1_C2S
	No
	Yes
	110 CNY/ton tax



	R0_T2_C1S
	No
	Cost reduction of 10%
	70 CNY/ton tax



	R0_T2_C2S
	No
	Cost 10% reduction
	110 CNY/ton tax







Note: R denotes regulation; T represents technology, and CS is carbon tax and subsidy. Base: baseline situation without any proposed policy; R0: no government regulation; R1: government regulation with 10% reduction of SOx and NOx for each five-year period; R2: government regulation with 5% reduction of SOx and NOx for each five-year period; T1: technology innovation; T2: technology innovation association with 10% technology cost reduction; C1S: maximum carbon tax rate 70 CNY/ton and subsidy; and C2S: maximum carbon tax rate 110 CNY/ton and subsidy.
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Table 2. Total economic and environmental change compared with the baseline during the research period (2010–2025).
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GRP

	
GHG

	
SO2

	
NOx

	
PM10

	
PM2.5






	
Group 0

	
R1_Base

	
−42.50%

	
−32.86%

	
−35.84%

	
−41.29%

	
−33.44%

	
−34.97%




	
Group 1

	
R0_T1_C1S

	
0.26%

	
0.10%

	
0.28%

	
−0.40%

	
0.42%

	
0.25%




	
R0_T1_C2S

	
0.37%

	
0.13%

	
0.30%

	
−0.36%

	
0.46%

	
0.28%




	
R0_T2_C1S

	
0.26%

	
0.10%

	
0.28%

	
−0.40%

	
0.42%

	
0.25%




	
R0_T2_C2S

	
0.37%

	
0.13%

	
0.30%

	
−0.36%

	
0.46%

	
0.28%




	
Group 2

	
R1_T1_C1S

	
−22.64%

	
−30.76%

	
−37.88%

	
−41.13%

	
−30.68%

	
−34.74%




	
R1_T1_C2S

	
−22.54%

	
−30.76%

	
−37.88%

	
−41.14%

	
−30.66%

	
−34.73%




	
R1_T2_C1S

	
−22.56%

	
−30.74%

	
−37.87%

	
−41.12%

	
−30.66%

	
−34.73%




	
R1_T2_C2S

	
−22.61%

	
−30.77%

	
−37.89%

	
−41.15%

	
−30.68%

	
−34.75%




	
Group 3

	
R2_T2_C1S

	
−15.79%

	
−26.62%

	
−33.64%

	
−36.42%

	
−26.17%

	
−30.41%




	
R2_T2_C2S

	
−15.83%

	
−26.61%

	
−33.63%

	
−36.42%

	
−26.15%

	
−30.40%








Note: Group 0 is the baseline associated with strict environmental regulation. Group 1–3 is varied by regulation. R0: no government regulation; R1: 10% reduction of SOx and NOx in each five-year period; R2: government regulation 5% reduction of SOx and NOx in each five-year period; T1: technology innovation; T2: technology innovation association with 10% technology cost reduction; C1S: maximum carbon tax rate 70 CNY/ton and subsidy; and C2S: maximum carbon tax rate 110 CNY/ton and subsidy.
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