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Abstract

:

In order to combat climate change and control emissions in the aviation industry, it is necessary to research the aviation industry’s potential application of China’s Emissions Trading System (ETS), especially the carbon allowance allocation (CAA). On the basis of historical and benchmarking CAA schemes, considering the responsibility, capacity, and potential of firms, this study proposes the indicators CAA (ICAA) scheme. Moreover, considering firms’ costs, this study also proposes a multi-objective CAA (MCAA) scheme. Finally, the most effective scheme is reported. Results show that under ICAA and MCAA, caps are lower and basically consistent with the emissions reduction target of the “13th Five-Year Plan Work Program for Controlling GHG Emissions of Civil Aviation in China” and international goals. Different types of airlines gain different quotas according to their income and the number and age of their aircraft. The cost of reducing emissions in each scheme is less than 0.35% of their total costs. Under the ICAA-S, ICAA-P, and MCAA schemes, airlines can achieve a reduction in emissions of 19.7%, 20.9%, and 19.6%, respectively. Moreover, under MCAA, the difference in quotas between airlines is smaller. Therefore, of the schemes evaluated, MCAA is the most effective.
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1. Introduction


In 1990, the first Intergovernmental Panel on Climate Change (IPCC) report indicated that global climate change and greenhouse gas emissions posed an imminent threat [1]. In recent years, increased human activities have caused approximately 1.0 °C of global warming compared with the pre-industrial temperature. This increase in temperature has potential impacts on biodiversity and ecosystems, with associated risks to health, livelihoods, food security, water supply, human security, and economic growth [2]. Moreover, global warming and the recently increased frequency of extreme weather events have threatened the social and environmental sustainability of human beings. Therefore, to combat climate change and achieve sustainable development, many countries in the world have been implementing adaptation and mitigation options. The Emissions Trading System (ETS), also known as cap and trade, is a market-based approach to controlling pollution through the use of caps and providing economic incentives for reducing the emission of pollutants [3]. It was put forward in the Kyoto Protocol [4] for countries to cost-effectively reduce greenhouse gas (GHG) emissions, has aroused a widespread and heated discussion around the world. The ETS is also a mechanism to facilitate meeting the global target for GHG emissions reduction by allocating and trading within the restricted emissions space [5]. Thus, the primary task in carbon market construction has become solving the core problem of how to set caps and allocate allowances [6,7], which are related to the effectiveness of the total emissions space and participants sharing the responsibility of emissions reduction.



China has been the world’s largest emitter since 2007 [8], and the country bears responsibility for emissions reduction and is under pressure from international public opinion. In 2015, the Chinese government announced its Intended Nationally Determined Contributions, which specify that CO2 emissions will peak around the year, 2030, or as soon as possible, and carbon dioxide emissions have declined by 60% to 65% since 2005 [9]. On the basis of this emissions cap, on 19 December 2017, China’s Emissions Trading System (CETS) was officially launched to effectively reduce emissions. Firms in the CETS will receive (free allocation) and buy (auction) the emissions allowances (emissions permits) from the Chinese government, and they can ensure that their final emissions do not exceed their emission permits by trading permits. CETS, which has surpassed the EU ETS as the world’s largest carbon market [10], is in its initial phase and only covers the power industry; it will make progress to covering additional sectors in later stages [11]. Thus, it is necessary to conduct research on the ETS and its allowance allocation for other sectors, including the aviation sector.



The global aviation industry accounts for 7% of the emissions of the transportation industry, which is the second-ranking emitter among all sectors, and the International Civil Aviation Organization (ICAO) forecasts that aviation carbon emissions in 2050 will have increased by 3 to 7 times those in 2005 [12]. Moreover, carbon emissions in China’s aviation industry are increasing very quickly; its emissions in 2015 were 29.8 times those in 1971, and they have been gradually exceeding the emissions levels of the UK, Germany, and other European countries since 2010 (Figure S1) [13]. To control aviation carbon emissions and meet emissions-reducing goals (1. Improving fuel efficiency by an average of 1.5% annually to 2020; 2. Capping net emissions through carbon-neutral growth from 2020 (CNG2020); 3. Cutting net emissions in half by 2050, compared with 2005 [14]. In the 13th five-year plan period, the average carbon dioxide emissions will drop by more than 4% of those in the 12th five-year plan period [15].), many countries started to include the aviation industry in their ETS, such as the EU ETS, the ETS in New Zealand and South Korea, as well as some Chinese carbon market pilots, such as those in Shanghai, Guangdong, and Fujian [16]. Therefore, with the development of CETS, it is necessary to research the aviation industry within the CETS context to determine its cap and the participants sharing the responsibility of emissions reduction.



In order to control carbon emissions and help governments allocate the burden to regions, countries, provinces, and firms, scholars have proposed many schemes. Some of them are based on equity by using indicators, such as population, emissions, energy, GDP, GDP per capita, historical cumulative emissions per capita, energy consumption intensity, and other indicators [17,18,19,20,21,22,23]. They have compared different allocation principles and attempted to achieve equitably. On the basis of multiple indicators that were built on the principles of equity, as reported by Rose et al. and Ringius et al. [17,18,19], Han et al. [23] proposed a cap-and-trade allocation scheme for the road transport sector. In this study, the principles of equity were used to select indicators that are fitting for the aviation industry and adjust the cap setting in an aim to develop our Indicators of Carbon Allowance Allocation (ICAA) scheme.



Specifically, for allowance allocation in the aviation industry, scholars considering the efficiency and costs of firms’ emissions reduction have evaluated allocation schemes and proposed a few strategies, most of which were based on specific routes in Europe, by adopting optimization methods, such as data envelopment analysis modeling, nonlinear programming, or multi-objective optimization models as well as other optimization methods. However, the proposed models’ hypotheses are usually too ideal, and the schemes are not universally applicable and are difficult to implement [5,24,25,26,27,28,29]. Morrell [24] focused on a method of allocating emissions permits in the EU context, and three UK airlines were selected for evaluating three main types of allocation: Grandfathering, auctioning, and benchmarking. Qiu et al. [29] investigated carbon emissions allowance allocations for air passenger transport and proposed a bi-level multi-objective model that was based on a specified route. Cadarso et al. [30] proposed a new methodology based on an input-output model for quantifying the impact of international freight transport on total pollution by sector and assigning responsibility to consumers in Spain. Leenders et al. [31] studied the allocation of CO2 emissions to a specific shipment in routing transportation in Europe. Chin et al. [32] proposed an alternative permit allocation method that was built on the Cournot model to simulate the aviation industry under the EU and augmented EU emissions trading schemes. Therefore, in this study, emissions reduction efficiency and firms’ costs were also considered to work out a multi-objective CAA scheme for China using an adjusted hypothesis, which ensures that this scheme is generalizable, easy to operate, and not based on a specific route.



Because of the many ETSs that cover the aviation industry and CETS plans to cover it, and given the core problem of how to set the cap and allocate the allowance in accordance with the effectiveness of the total emissions space and the participants sharing the responsibility of emissions reduction, this study’s aim is to work out an effective allowance allocation scheme to reduce emissions by using the results of previous studies. On the basis of historical and benchmarking CAA (HCAA and BCAA) schemes and the responsibility, capacity, and potential of firms, the indicators of CAA scheme were developed in this work. Moreover, on the basis of firms’ costs, the multi-objective CAA scheme was also established in this study. The different schemes were evaluated, and the most effective CAA scheme was selected. The remainder of this article is organized as follows. Section 2 discusses the research framework. Section 3 introduces the research method, and Section 4 presents the results. Section 5 draws the research conclusions and proposes policy recommendations.




2. Research Framework


Figure 1 shows the research framework for solving the allowance allocation problem for the aviation industry in China’s Emissions Trading System. Firstly, on the basis of the emissions of the aviation industry, its development, its emissions reduction targets, and the fact that many ETSs cover this sector, this paper examines the application of China’s ETS to the aviation industry, particularly carbon allowance allocation (CAA), with the aim of working out a fair and efficient carbon allowance allocation scheme. On the basis of historical and benchmarking CAA schemes and the responsibility, capacity and potential of firms, the indicators of CAA scheme were established. Also, on the basis of firms’ costs, a multi-objective CAA scheme was created. The accounting models, integrated weighting model, and multi-objective genetic algorithm were used to determine the results. The results are first discussed in terms of quotas, actual emissions, and emissions reduction in different firms under different schemes. Secondly, according to the classification of firms, the reasons that different types of firms gain a different number of quotas were analyzed. Finally, depending on whether the schemes help firms reduce their emissions effectively and share the reduction responsibility fairly, the most effective and fair CAA scheme was selected. Overall, this study proposes an effective and fair carbon allowance allocation scheme for the aviation industry in China.




3. Methodology


In this study, to calculate the quotas of firms in the aviation industry, traditional methods were used, namely, grandfathering and benchmarking. Then, on the basis of the responsibility, capacity, and potential of firms, the indicators of CAA method were established. On the basis of firms’ costs, a multi-objective CAA method was also created.



3.1. Accounting Model: Grandfathering


Grandfathering [3,33,34,35,36,37,38], i.e., firms’ historical emissions quotas in a base year or base period, involves quotas that are equal to the average of a firm’s historical emissions. In this scheme, the quotas in 2019 would be obtained according to the average values of the historical emissions from 2014 to 2016 for different firms, as shown in Equations (1) and (2):


    E i T  =  1 /   (  m −  t 0  + 1  )    ⋅   ∑  t =  t 0   m    E i t    ,   



(1)






    E i  2019   =  1 / 3  ⋅   ∑  t = 2014   2016     E i t    ,   



(2)




where EiT represents the result of the quota of firm i in year T and is determined by the average emissions value from t0 to m; and Ei2019 represents the result of the quota of firm i in 2019 and is determined by the average emissions value of the firm from 2014 to 2016.




3.2. Accounting Model: Benchmarking


In benchmarking [33,39,40], i.e., firms’ benchmarking method, the quotas are equal to the benchmarking firm’s emissions intensity multiplied by the annual intensity reduction factor and the tons and kilometers of the output of firms. The quota value is derived as follows:


    E i T  = B  M  ( T − 1 )   × C S C  F  ( T − 1 )   ×  T i T  ,   



(3)




where EiT represents the result of the quota of firm i in year T. BM(T − 1) represents the benchmarking of firms’ emissions intensity in year (T − 1), which is the best firm’ s carbon emissions intensity. CSCF(T − 1) represents the adjustment factor of carbon intensity and is determined by the “Civil Aviation Administration of China Energy Conservation and Emissions Reduction 13th Five-Year Plan". TiT represents the forecasted tons and kilometers of the output of firms i in year T and is estimated based on its historical average growth rate.




3.3. Integrated Weighting Model of Indicators


The integrated weighting model of indicators is a top-down model that relies on the fairness principle. Firstly, the cap—namely, the total of all quotas—should be worked out. According to the “Civil Aviation Administration of China Energy Conservation and Emissions Reduction 13th Five-Year Plan", the five-year average of carbon dioxide emissions is declining by more than 4% of that of the emissions from 2011 to 2015. Therefore, the reduction target is set to 5%, and the cap is set as follows:


   C A  P T  =   ∑ i n    (    95 % × 1  /   (  m −  t 0  + 1  )    ⋅   ∑  t =  t 0   m    E i t     )    .   



(4)







This equation means that the cap is equal to the sum of 95% of firms’ average emissions from 2014 to 2016. Secondly, indicators are selected from three dimensions: Capability, responsibility, and potential. Thirdly, four scenarios are generated by assigning different weights to the indicators. Finally, different scenarios are calculated separately.



3.3.1. Constructing an Indicator System for Allowance Allocation


On the basis of the fairness principle, indicators were selected from the dimensions of capability, responsibility, and potential. In terms of firms’ development capacity, this study focused on their income and number of aircraft. This means that the more capable a company is, the more responsibility it needs to bear; this is in line with the vertical principle, as demonstrated in previous studies [17,18,19]. In terms of firms’ responsibility, this study examined their cumulative carbon emissions and aviation fuel consumption. Therefore, the more companies emitted in the past, the more emissions they need to reduce; this is an application of the equality principle and the vertical principle, as demonstrated previously [17,18,19]. Concerning firms’ potential, practical indicators were selected that can predict a firm’s potential to reduce future emissions, by improving energy efficiency, adjusting their energy structure, and investing in science and technology [21,23]. Two indicators were applied, namely, energy consumption per ton and kilometer output and fuel consumption per flight hour (as shown in Table 1).




3.3.2. Setting Up Four Quota Scenarios by Different Weights


In terms of the weights allocated to the indicators of capacity, responsibility, or potential, the variation coefficient method was used, as shown by Equations (5) and (6):


   C  V j  =    σ   x  i j      /    x ¯   i j     ,   



(5)






    w j  =   C  V j   /    ∑  j = 1  n   C  V j      ,   



(6)




where CVj represents the variation coefficient of indicator j, σxij represents the standard deviation of the values of indicator j of firm i,      x ¯   i j     .presents the average of the values of indicator j of firm i, and wj represents the weight allocated to indicator j of capacity, responsibility, or potential.



Then, four quota scenarios were set up by different weights: The equal weight scenario, preferred capacity scenario, preferred responsibility scenario, and preferred potential scenario. The first scenario is the equal weight scenario, in which the weights are 33.33% on average. The second scenario is the preferred capacity scenario, in which the capacity indicators are assigned by 60%, and the rest are assigned by 20% each. The third scenario is the preferred responsibility scenario, in which the responsibility indicators are assigned by 60%, and the rest are assigned by 20% each. The fourth scenario is the preferred potential scenario, in which the potential indicators weigh 60%, and others weigh 20% (as shown in Table 2).




3.3.3. Integrated Weighting Model


From the different scenarios with different weights, the composite indicator was calculated on the basis of the firms’ sub-indicators in the different scenarios by using Equations (7)–(9), namely, the integrated weighting model, and the results of quotas were obtained:


        a  i j   ,  b  i j   ,  c  i j   =  x  i j    /  max ( x    j  ) ,   



(7)






    R i  =  W A  (  w  a 1   ×  a  i 1   +  w  a 2   ×  a  i 2   ) +  W B  (  w  b 1   ×  b  i 1   +  w  b 2   ×  b  i 2   ) +  W C  (  w  c 1   ×  c  i 1   +  w  c 2   ×  c  i 2   ) ,   



(8)






    E  F i      ( t + 1 )   =  E i    t  −  R i  × c a  p R  ,   



(9)




where Ri represents the composite quota indicator of firm i; WA is the weight of capacity; WB is the weight of responsibility; WC is the weight of potential; w(a,b,c)j represents the weight allocated to indicator j in scenario A, B, or C; aij is the standard values of firm i for indicator j of capacity; bij is the standard values of firm i for indicator j of responsibility, cij is the standard values of firm i for indicator j of potential; capR represents the cap of emissions reduction; Eit means the emissions of firm i in year t; and EFi(t+1) means the free allowance of firm i in year (t + 1).





3.4. Multi-Objective Model of Carbon Allowance Allocation


3.4.1. Conceptual Model of MCAA


The government allocates quotas according to firms’ historical emissions. When the actual emissions of the firms in the current period exceed their quotas, they enter the emissions trading system to purchase additional quota. In the ETS, the government aims to reduce emissions by minimizing the emissions intensity, but firms try to maximize their gains by increasing their income and reducing their costs, including carbon cost. Also, there are still some uncertain factors in the market, such as carbon price and other variables (Figure S2).




3.4.2. Model Objectives and Constraints


The government aims to reduce emissions by minimizing the emissions intensity, which in turn depends on the full performance of the airlines. However, firms try to maximize their gains, which are calculated by using Equations (10) and (11):


   min (   max  i       E i   /   T i    ) ,   



(10)






   max   ∑ i   (  p i   T i  −  C i  −  p c   E  t i   )   ,   



(11)




where Ei means the actual emissions of firm i; Ti indicates the total turnover of transportation of firm i, namely, in tons and kilometers; Pi represents the price per instance of transportation of firm i and is equal to the average of their historical price; Ci is the cost of firm i; Pc represents the carbon price, which is 30 RMB according to China’s ETS; and Eti is the emissions trading volume. There are some constraints on emissions, such as the cap, actual emissions, and emissions reduction.



The cap constraints are calculated by:


    E C  =   ∑ i    E  F i     +   ∑ i    E  t i     ,   



(12)




where Ec means the cap, namely, the total quota and is forecasted by using Equation (4); EFi is the free allowance volume of firm i. Therefore, the cap is equal to the total amount of all firms’ trading and free quotas.



The actual emissions and emissions reduction constraints are calculated by:


    {     E i  =  T i  ×  (     Q     f u e l     c  o 2     /   T i     )  ×  F     f u e l     c  o 2         E i     min   ≤  E  F i        E  F i   ≤  E i       E i     min    = 80 %  × min (  E i  T − 1   ,  E i  T − 2   ,  E i  T − 3   )      E  t i   =  E i  −  E  F i   =  E  t i     +  −  E  t i     −       E  t i     +  ×  E  t i     −  = 0     0 ≤  E  t i     −  ≤  E  F i   ,  E  t i     +  ≥ 0 ,      E i  ≥ 0 ,  E  F i   ≥ 0 ,  E  t i   ≥ 0     ,   



(13)




where     Q  f u e l   c  o 2       is the quantity of fuel that is emitting CO2, and     F  f u e l   c  o 2       is the emissions factor, which indicates the CO2 emissions of the fuel’s combustion;      E i  min     represents the minimum emissions of firm i, which is 80% of the minimum actual emissions in the past 3 years;      E  t i   +     is the amount of allowance that firm i purchases;      E  t i   −     is the amount of allowance that firm i sells. The above equations indicate that the free quota must not exceed the actual emissions and, in order to guarantee firms’ development, the free quota cannot be less than 80% of the historical average of the actual emissions. Finally, the quota sold by firms must not exceed the free quota gained (trading is limited to the aviation sector in the model).



Also, there are some constraints on firms’ transportation capacity in the aviation industry as follows. These include firms’ development and the speed of their development:


    {     T i  ≥  d i  min        T i  ≤  d i  max        d i  min   = min (  T i  T − 1   ,  T i  T − 2   ,  T i  T − 3   )      d i  max   = 120 % × max (  T i  T − 1   ,  T i  T − 2   ,  T i  T − 3   )     ,   



(14)




where     d i  min      is the minimum value of the total turnover of firm i in the past three years, and     d i  max      is 120% of the maximum value in the total turnover of firm i in the past three years and indicates that it helps them continue their development.



In addition, some non-negative constraints are:


    E i  ≥ 0 ,  E  F i   ≥ 0 ,  E  t i   ≥ 0 .   



(15)







Finally, two decision variables were determined. The first is the allowance, which is decided by the government with the goal of minimizing the emissions and transportation turnover, i.e., tons and kilometers of the output is decided by airlines that want to ensure a reasonable or increasing amount of turnover and reduce the cost of emissions by upgrading their technology to maximize the benefits. The overall model is as follows, and the parameters and variables are described in Table S1:


     min (   max  i       E i   /   T i    ) , max   ∑ i   (  p i   T i  −  C i  −  p c   E  t i   )       s . t .  {     E C  =   ∑ i    E  F i     +   ∑ i    E  t i          E C  = 0.95 ×   ∑ i   A v e r a g e (  E i     T − 1    ,     E i     T − 2   ,    E i     T − 3   )        E i  =  T i  ×  (     Q     f u e l     c  o 2     /   T i     )  ×  F     f u e l     c  o 2         E i     min   ≤  E  F i        E  F i   ≤  E i       E i     min    = 80 %  × min (  E i  T − 1   ,  E i  T − 2   ,  E i  T − 3   )      E  t i   =  E i  −  E  F i   =  E  t i     +  −  E  t i     −       E  t i     +  ×  E  t i     −  = 0     0 ≤  E  t i     −  ≤  E  F i   ,  E  t i     +  ≥ 0 ,      T i  ≥  d i  min        T i  ≤  d i  max        d i  min   = min (  T i  T − 1   ,  T i  T − 2   ,  T i  T − 3   )      d i  max   = 120 % × max (  T i  T − 1   ,  T i  T − 2   ,  T i  T − 3   )      E i  ≥ 0 ,  E  F i   ≥ 0 ,  E  t i   ≥ 0         



(16)








3.4.3. Solution Algorithm


To solve the multi-objective problem, scholars have proposed different algorithms. To effectively prevent falling into a local optimum, a genetic algorithm is typically used to solve the problem. Genetic algorithms are based on the application of genetic iteration to search for the optimal solution [41,42]. Since 1985, when the United States held the first international conference on genetic algorithms, the algorithm has been continuously developed and applied to solve optimization and computing problems in the science, engineering, computer, and artificial intelligence areas [43,44,45,46]. Moreover, the genetic algorithm is also applied in the field of multi-objective optimization and has experienced relatively systematic development, and due to the complexity of the multi-objective optimization problem, this method has been continually improved [47,48,49,50]. The improved non-dominated sorting algorithm was selected and applied in this study (shown in Figure S3). This algorithm was used by Majumdar et al. [51] to solve a generalized assignment problem and applied by Xu et al. [28] to the power sector’s allowance allocation in China. It is most likely to generate a truly multi-objective optimization evolutionary algorithm using the concept of a Pareto optimality search for the non-inferior optimal solution set [52]. Thus, the selected algorithm helped us work out the Pareto optimal series solution.





3.5. Data Sources


On the basis of transportation volume and income, six airlines were selected for our empirical analysis. The selected airlines are China Eastern Airlines (CEA), China Southern Airlines (CSA), Air China (AC), Hainan Airlines (HA), Spring Airlines (SA), and Juneyao Airlines (JA). Four of them are state-owned firms, and two of them are private firms with the best development. The six airlines occupy 92% of the total transportation volume and 83% of the total income in the aviation industry.



The data sources for the airlines’ fuel consumption and airlines’ carbon emissions are from the Airlines Social Responsibility Report (2014–2016), China Civil Aviation Corporation Greenhouse Gas Emissions Accounting Method, and Reporting Guide. The income, cost, and number of aircraft of the airlines are from annual reports (2014–2016), while the tons and kilometers of output and the price of per instance of transportation are from the Civil Aviation Industry Development Statistics Bulletin (2014–2016) and civil aviation data are from statistics (2014–2016). The aviation emission reduction target is from Civil Aviation Energy Conservation and Emissions Reduction’s “13th Five-Year Plan” and some other institutions, such as IEA, ICAO, IATA, and CAAC.





4. Results and Discussions


4.1. Comprehensive Comparison and Classification Analysis of Firms’ Results


4.1.1. CSA Gains the Highest Quota, Followed by AC and CEA, While JA has the Lowest Quota


According to the results of the historical carbon allowance allocation scheme, CSA has the highest quota because of its high historical emissions, but, based on its actual emissions, it has the most responsibility for emissions reduction. The differences between the quota and the predicted actual emissions mean that CSA needs to reduce 433.7 million tons of emissions. JA obtains the lowest quota, and SA has the least responsibility for emissions reduction at a quota of 60.21 million tons. According to results of the BCAA scheme, the total quota would decrease by 21.48% compared with the actual emissions in 2019, which requires firms to take effective actions to improve their energy efficiency and promote emissions reduction while developing. Of the studied airlines, SA has weak transportation performance and slow development, and its quota is the most restrictive. It needs to reduce emissions by 35.16%. Because CSA has the newest and most efficient aircraft, it has the highest quota, but in terms of its actual emissions, it needs to further reduce emissions by 27.14%, followed by CEA and AC. HA obtained surplus quota, 8.4% of emissions, because of its rapid business development in recent years. JA’s development demand and relatively small scale require further improvement in its energy efficiency.



The ICAA scheme was applied to different scenarios, and the results are in terms of firms’ capacity, responsibility, and potential. Although CSA needs to take the most responsibility for emissions reduction, it obtains the highest quota—between 20.2 million tons and 20.4 million tons—because of its high emissions. CSA is followed by AC, CEA, and HA. SA and JA obtained lower quotas, which amounted to less than 2 million tons. This study compared the quotas with the actual emissions, and the result shows that the quotas of the six airlines are lower than the actual emissions; an average reduction of 20% is achieved, and the total emissions are reduced by 15%. Comparing the quotas obtained for the airlines in the four scenarios reveals that large-scale airlines, such as CEA, CSA, and AC, have lower quotas in the preferred capability and responsibility scenarios, in which the emissions constraints are tighter.



The MCAA results show that CSA has the highest quota, i.e., 20.11 million tons, followed by AC, CEA, HA, and JA, the latter of which has the lowest quota, i.e., 1.64 million tons. A comparison between the quotas and actual emissions shows that the average quota is lower than 20% of the actual emissions. CEA has the largest reduction in emissions. JA has the lowest quota, but has the highest proportion of emissions reductions. Also, a difference exists between the solution value, which was worked out on the basis of airlines’ emissions constraints and profit-making goals, and the actual predicted value of output in tons and kilometers. HA is tightly constrained and needs to reduce 22.17 million tons and kilometers or technologically upgrade to meet emissions constraints at the same volume level.



Overall, under the different schemes, CSA gains the highest quota, followed by AC and CEA, while JA has the lowest quota. Under the individual schemes, CEA and SA gain higher quotas under HCAA, CEA has a lower quota under MCAA, and SA has a lower quota under BCAA. AC and CSA have lower quotas under BCAA, CSA has a higher quota under ICAA-P, and SA has a higher quota under MCAA. JA and HA have higher quotas under BCAA and have lower quotas under ICAA-P (Figure 2).




4.1.2. Categories of Six Airlines


The firms were classified as shown in Figure S2. Firstly, four of them are state-owned firms and two of them are private firms. Secondly, according to their income and aircraft, AC, CSA, and CEA are bigger airlines, among which CSA is the biggest, with an income of 114.8 RMB billion and 702 aircraft in 2016, followed by AC and CEA. Thirdly, according to the average growth rate of income, HA, SA, and JA are considered the faster-developing firms. HA is the fastest growing, with a 30% growth rate, followed by JA and SA. Finally, in terms of the average age of the aircraft, HA, SA, and JA are also considered younger firms, among which JA is the youngest, with an average aircraft age of 3.84 years, followed by SA and HA.




4.1.3. Analysis of Reasons for Different Types of Firms Gaining Different Quotas


On the basis of the firms’ classification, this paper further analyzed why different types of firms gain different quotas. In addition to greater caps, firms gain higher quotas according to their type and the scheme used (HCAA or BCAA). Because of state-owned firms’ transportation strategy in China, they consume more energy and generate high emissions, whereas private firms have lower historical emissions and aim to grow their business.



According to their scale, their speed of development, and the age of their aircraft, it was found that under BCAA, ICAA-S/C/R, or MCAA, smaller, faster, and younger airlines gain higher quotas because of their faster development, lower historical emissions, younger aircraft, and lower overall and carbon costs. HA, SA, and JA have made many efforts to remedy inefficient development and reduce emissions. For example, HA eliminated old aircraft and built a young and efficient fleet to optimize aircraft performance (reduced weight, renovated wings, and adjusted center of gravity) and upgrade aircraft flight emissions reduction technology and ground reduction measures. SA, the low-cost airline with a single aircraft (A320), renovated aircraft wings, included a water washing engine, used a ground moving source instead of an APU (aircraft engine auxiliary power unit), and reduced aircraft weight. JA has a young fleet of unified aircraft (A320 and B737), as well as professional management and operation.



The larger, slower, and older firms are the opposite, but because of their technology upgrades and energy efficiency, they gain more under ICAA-P. AC, CSA, and CEA have made many efforts toward aircraft and operational optimization and fuel-saving measures. For example, CEA renovated aircraft wings and transmitters, included a water washing engine, used a ground moving source instead of an APU, retired old aircrafts, employed big data in the management of their operation, and applied energy monitoring platform settings. AC introduced the new B787-9 energy-saving aircraft and reduced aircraft weight, implemented aircraft and ground fuel savings, and introduced new energy-efficient vehicles on the ground. CSA has reduced the average age of aircraft by replacing or selling old aircraft and introducing a new generation of “green” aircraft (B787-9, B737-max, and A320neo), optimized route, aircraft performance, and planning (adjusted center of gravity and reduced weight), and implements accurate delivery.





4.2. Quotas Results Achieve National and International Emissions-Reducing Goals


This section, using the Quota results, discusses whether the airlines achieved the emissions-reducing goals. Figure 3 indicates that, under the emissions constraints of different quotas schemes, the aviation industry can effectively cut emissions by 18% and achieve national and international emissions-reducing goals. Further, emissions are reduced the most under ICAA-P, with an average reduction of 20%, followed by MCAA, ICAA-S, and so on. Comparing the percentage of actual emissions reduction with those estimated under different schemes, it is seen that CSA, SA, JA, and AC have smaller emissions reduction burdens because they have already started to take measures to reduce their emissions. Also, HA’s emissions are still growing quickly and need more attention (Figure 3).



The emissions constraints in different quota schemes help airlines achieve international emission reduction targets for different time points, for example, cutting net emissions in half compared with the levels in 2005. Figure 4 shows that under ICAA and MCAA, the aviation industry can achieve its emissions-reducing goals earlier (2027), and under HCAA and BCAA, it needs more time. Under different quotas schemes, the smaller, faster, and younger firms, such as HA, SA, and JA, need more time to achieve emissions-reducing goals and CSA, AC, and CEA can achieve emissions-reducing goals earlier because of their scale and efficiency (Figure 4).




4.3. A More Effective Quota Allocation Scheme


Finally, considering whether the discussed schemes help firms reduce emissions effectively and share the reduction responsibility fairly, this paper compares the quota allocation schemes and presents the most effective one (Figure 5).



In Figure 5, the blue bars indicate the average emissions reduction percentage for a scheme. The gray and yellow bars show the emissions reduction targets of China and the world, respectively, and the differences between the gray, yellow, and blue bars indicate that all schemes achieve carbon emissions constraint targets, but they do so differently. ICAA-S, ICAA-P, and MCAA have higher average emissions reduction ratios, i.e., 19.74%, 20.94%, and 19.60%, respectively. Thus, the three schemes are more effective in reducing emissions. Then, the green bars show their actual emissions reduction ratios, and the differences between the blue bars and green bars indicate the potential for reducing emissions effectively. If the difference is large, then it is harder to meet the constraints of the schemes. It is found that the ICAA-P and ICAA-S schemes are harder to carry out. Also, the orange bars, which indicate the standard deviation of the emissions reduction percentage among the airlines, show the distribution of emissions reduction responsibilities. Under MCAA, the difference in quotas between airlines is small at only 6.96%. Therefore, the multi-objective solution is considered to be the better one of the three.



In addition, in terms of the costs to reduce emissions under different schemes (Figure 6), it is seen that the percentage of the cost to reduce emissions is less than 0.35% of all costs, which is very little expense. The ICAA-P scheme costs the most, followed by ICAA-R/S/C, MCAA, BCAA, and HCAA. Only under MCAA and BCAA will CEA and CSA (larger firms) share the cost with HA, SA, and JA (small and fast-developing firms). Under the other schemes, HA, SA, and JA bear more costs. Under the MCAA scheme, when the carbon price goes up by 33.33% (from 30 RMB to 120 RMB), the profits of the airlines decrease from 0.81% to 0.86%; when the carbon costs increase by 100%, the profits of the airlines decrease by 3.33%; when carbon costs increase by 200%, the loss of firms’ profits is 5.97%; and when carbon costs increase by 300%, the loss of firms’ profits is 7.81% (Figure S5). Although the increase in carbon costs does cause a decline in firms’ profits, firms can achieve emissions reduction, and the loss caused due to the increased carbon price is small and increases slowly. Besides, firms can compensate for their loss by upgrading their technology and improving their energy efficiency. Therefore, the MCAA scheme is attractive and persuasive for firms. Overall, the multi-objective CAA scheme is considered the most effective scheme of those considered.



To summarize, from the above comprehensive comparison, the classification analysis of the results, and the effect and costs of the different schemes, it is concluded that the proposed multi-objective CAA scheme is the scheme that most effectively helps firms reduce emissions and share the reduction responsibility fairly. MCAA focuses more on the cost and development of firms. In the future, it can be applied to research on the allowance allocation of firms in other industries by adjusting the parameters to fit their characteristics and achieve the same objectives, namely, minimizing the emissions intensity and maximizing gains. These are the goals that cater to the demand of CETS, which plans to cover more industries and determine their allocation schemes.





5. Conclusions and Policy Implications


5.1. Conclusions


This paper, as one of the preliminary studies on this issue, proposes an effective initial carbon allowance allocation scheme that is based on the allocation principle and method of fairness and efficiency for the aviation industry, although it can be applied to other industries in the future. A goal of this study is to examine several schemes and determine whether they help firms reduce emissions effectively, share the reduction responsibility fairly, and minimize costs to reduce emissions. According to the comparison of the results, different types of airlines gain different quotas under different schemes on the basis of their performances. Also, all schemes achieve national and international emissions-reducing goals at a lower cost. Among the schemes examined, MCAA is the most effective.



Taking all allocation schemes together, CSA obtained the highest quota (1864.79 (BCAA)–2036.03 (ICAA-P)), followed by AC, CEA, and HA, while JA obtained the lowest quotas (149.09 (ICAA-P)–187.19 (BCAA)).



Because state-owned firms have a transportation strategy that translates to high energy consumption, under HCAA and BCAA, they need more allowance. Because private firms have lower historical emissions and operate to ensure their development, they also gain more allowance. According to firms’ scale, speed of development, and age of their aircraft, under ICAA-C/R and MCAA, smaller, faster-developing, and younger firms gain more allowance because of lower historical emissions, faster development, younger aircraft, and lower costs, including carbon cost. On the contrary, the larger, slower-developing, and older firms have less allowance under ICAA-C/R, and they gain more allowance under ICAA-P because of technological upgrading and energy efficiency.



Under the emissions constraints of different quota schemes, the aviation industry can cut emissions effectively by 18%, and achieve the national “13th Five-Year Plan” and international emission-reducing goals, namely, a 4% reduction in emissions (relative to 2011–2015), carbon-neutral growth, and cutting net emissions in half compared with the levels in 2005. Comparing the emissions-reducing results, under the ICAA-S, ICAA-P, and MCAA schemes, airlines can reduce more emissions to achieve 19.7%, 20.9%, and 19.6% in emissions reduction, respectively. Under MCAA, the difference in quotas between airlines is smaller.



The percentage of the cost to reduce emissions is less than 0.35% of all costs, and the ICAA-P scheme requires the most cost, followed by ICAA-R/S/C, MCAA, BCAA, and HCAA. Only under MCAA and BCAA will CEA and CSA (larger firms) share the cost with HA, SA, and JA (small and fast-developing firms). Under other schemes, HA, SA, and JA bear more cost. In terms of the firms’ cost for emissions reduction, to prevent airlines from passing the carbon costs to consumers (in the form of higher ticket prices), it might make sense for the government to pay attention to the normal price. Also, under the MCAA scheme, when carbon costs increase by 300%, the loss of firms’ profits is only 7.81%, meaning that firms can achieve emissions reduction and that the losses caused by increased carbon costs are small and increase slowly.




5.2. Policy Implications


The MCAA and ICAA schemes can better help us achieve the national “13th Five-Year Plan” and international emissions-reducing goals—a 4% reduction in emissions, carbon-neutral growth, and cutting net emissions in half compared with those in 2005—in the aviation industry. The percentage of the cost to reduce emissions is less than 0.35% of all costs. In terms of the firms’ cost for emissions reduction, to prevent the airlines from passing the carbon cost to consumers (in the form of higher ticket prices), it might make sense for the government to pay attention to the normal price.



The allocation principle of helping firms reduce emissions effectively and share reduction responsibility fairly was used to guide our scheme designs and select the better scheme among HCAA, BCAA, ICAA, and MCAA for the aviation sector. The most effective quota allocation scheme was determined to be the MCAA scheme, as it can help firms reduce emissions effectively, share the reduction responsibility fairly, and minimize the losses of firms, with a higher average emissions reduction percentage, i.e., 19.60%, and a smaller difference between the distributed emissions reduction responsibilities, i.e., 0.07.



Under different allocation methods, the quota results differed, and the most suitable allocation method for emissions reduction and firms’ development was selected. The HCAA scheme benefits firms with high historical emissions. The BCAA scheme is adopted to control the total emissions effectively, but it is affected by the scale of the growth of firms. Under the ICAA and MCAA schemes, quotas are associated with stronger emissions reduction constraints. The ICAA-C scheme will help some small-scale and fast-growing firms to obtain high quotas for their development; the ICAA-P and MCAA schemes are favorable for large-scale or highly energy-efficient firms aiming to effectively promote their technology upgrades and emissions reduction.
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Figure 1. The framework of carbon allowance allocation for the aviation industry. 
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Figure 2. Comparison of quotas obtained by the six airlines under different allocation schemes. 
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Figure 3. The emissions reduction percentages under different schemes. 
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Figure 4. The time to achieve international emissions-reducing goals under different schemes. 
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Figure 5. The average emissions reduction ratio and distribution of allowance under different schemes. 
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Figure 6. The ratio of costs to reduce emissions under different schemes. 
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Table 1. Indicators’ system for allowance allocation.
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Dimension

	
Indicator

	
Explanation






	
Capacity

	
Income

	
The more capable a company is, the more responsibility it has to bear (vertical).




	
Number of aircraft




	
Responsibility

	
Cumulative carbon emissions

	
The more companies emitted in the past, the more emissions they need to reduce (equality).




	
Aviation fuel consumption




	
Potential

	
Energy consumption per ton and kilometer output

	
The less energy-efficient a firm is, the more potential it has to reduce emissions.
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Table 2. Weights of indicators under four decision preference cases.
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	Four Preference Cases
	Equal Weight
	Preferred Capacity
	Preferred Responsibility
	Preferred Potential





	Capacity (A)
	0.33
	0.6
	0.2
	0.2



	Responsibility (B)
	0.33
	0.2
	0.6
	0.2



	Potential (C)
	0.33
	0.2
	0.2
	0.6



	Capacity + Responsibility + Potential (A + B + C)
	1
	1
	1
	1
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