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Abstract

:

There is an increasingly urgent need to reduce carbon emissions. Devising effective carbon tax policies has become an important research topic. It is necessary to explore carbon reduction strategies based on the design of carbon tax elements. In this study, we explore the effect of a progressive carbon tax policy on carbon emission reductions using the logical deduction method. We apply experience-weighted attraction learning theory to construct an evolutionary game model for enterprises with different levels of energy consumption in an NW small-world network, and study their strategy choices when faced with a progressive carbon tax policy. The findings suggest that enterprises that adopt other energy consumption strategies gradually transform to a low energy consumption strategy, and that this trend eventually spreads to the entire system. With other conditions unchanged, the rate at which enterprises change to a low energy consumption strategy becomes faster as the discount coefficient, the network externality, and the expected adjustment factor increase. Conversely, the rate of change slows as the cost of converting to a low energy consumption strategy increases.
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1. Introduction


Climate change, as an ultimate common problem of human beings [1], is caused by anthropogenic emissions of greenhouse gases such as carbon dioxide (CO2) that have serious ecological and economic consequences [2]. When considering the means to eliminate or reduce pollution, economists prefer market means because they are more efficient in both static and dynamic aspects [3,4,5].



Carbon tax and cap-and-trade systems have recently been introduced as general market-based carbon reduction measures [6,7]. The former stipulates the price of carbon emission permits, while the latter sets the quota for carbon emission permits. Price-type approaches are more effective and efficient than the quantitative approaches when dealing with public issues such as global warming [8]. Wittneben [9] mentioned that the uncertainties of the cap-and-trade system are due to not only supply and demand adjusting constantly to new information, but also political bargaining; any miscalculation or misrepresentation of party emissions will have a significant effect on the overall system. This is not the case for a tax: if the policy environment changes, it can be adjusted over time and it will not fluctuate as greatly as it would in a cap-and-trade system. In addition, construction and maintenance of a cap-and trade system require huge cost inputs, which a carbon tax does not (it is not difficult for the government to add a new tax). The cost of a cap-and-trade system is also more uncertain than the cost of a carbon tax: if economic growth is greater than expected, setting an upper limit on total emissions will limit economic growth and increase costs [10]. Thus, the carbon tax is more concise and implies lower management and economic costs than the cap-and-trade system.



However, the traditional single tax rate means that firms with different emission indexes adopt the same tax rate. This means that there are still disadvantages in terms of fairness and efficiency. A progressive tax rate is different: enterprises that pay attention to environmental protection receive low tax rates, and enterprises with high emission indexes receive high tax rates. Compared with the traditional single tax rate, this design is much fairer. Moreover, such a design can help enterprises improve production technology and increase the utilization ratio of production factors, which will contribute to the promotion of production efficiency.



Furthermore, studies that provide domestic theoretical descriptions and modeling of carbon tax policies are always based on their overall production and operation, which are relatively macroscopic and start from a completely rational perspective. However, the implementation of carbon tax policies depends on the cooperation of enterprises. Managers of enterprises usually have limited rationality and cannot adjust immediately. The strategy selection in evolutionary game theory is just of limited rationality. In addition, the process by which enterprises make decisions and policy adjustments is a dynamic, evolutionary process. In recent years, evolutionary games in the NW small-world network have advanced in solving the dynamic evolution of real problems [11,12]. The NW small-world network (Appendix A) creates the environment and the evolutionary game acts as a tool; the combination can help us better explain the application of progressive carbon tax policy in practice. Therefore, in this study we propose a new model for setting progressive carbon tax rates. Under the policy, the carbon tax is closely related to carbon emissions. We construct a progressive model of social welfare maximization, and set some model parameters to calculate the total emissions, product price, pre-tax profit, after-tax profit and the environmental costs of enterprises in certain industries, and draw relevant conclusions. Then, we construct the evolutionary game model with enterprises with different levels of energy consumption under an NW small-world network, and use it to study enterprises’ consumption strategy choices under the progressive carbon tax policy. Using experience-weighted attraction (EWA) learning theory and the relevant parameter settings, this study describes and simulates the dynamic strategy selection game between enterprises under the benchmark parameters. It also analyzes the influence of different parameters (including the discount coefficient, conversion cost, network externality and expected adjustment factor) on the evolution results. The results and conclusions can serve as a useful guide for governments to devise relevant policies and for enterprises to make strategic decisions.




2. Literature Review


The negative effects of greenhouse gas emissions are increasingly severe, and therefore carbon emissions are receiving more attention [13,14,15]. Nowadays, the two most popular carbon emission reduction regulation approaches around the world are the carbon tax and cap-and-trade. Cap-and-trade has attracted much more attention because of the emergence and development of the European Union Emissions Trading System (EU ETS). The EU ETS limits the annual aggregate emissions of carbon dioxide (CO2) by allocating a certain amount of pollution permits to each participating emitter. As the typical representative of the cap-and-trade system, the EU ETS not only significantly affects carbon emissions, economic performance and innovation [16], but also plays an important role in the stock market by introducing a “carbon premium” [17]. These advantages of cap-and-trade are worthy of recognition, but there are still many economists who believe that its shortcomings are more obvious and so prefer a carbon tax over cap-and-trade. Wittneben [9] discusses seven differences between carbon tax and cap-and-trade, and concludes that carbon pricing can be more cost-effective than a quantity instrument like ‘cap-and-trade’. Indeed, carbon tax can provide continuous emission reduction incentives to potential emissions without limit, lower transaction costs, and avoid rent seeking and speculative possibility [18], which are just the problems that cap-and-trade systems like EU ETS easily encounter [9].



We now turn to research on carbon tax. Jaeger [19] finds that climate change affects productivity and that the optimal environmental tax should be determined by marginal private damage. Bruvoll and Larsen [20] propose that the slowdown of Norway’s carbon emissions growth from 1990 to 1999 was mainly caused by changes in energy intensity and energy structure, rather than the introduction of carbon tax, which was ineffective due to wide-ranging tax exemptions. Floros and Vlachou [21] apply a two-stage translog cost function to illustrate that a certain amount of carbon tax is beneficial to Greece’s emission reduction activities. Callan et al. [22] study the effects of carbon tax in the Republic of Ireland and conclude that if the tax revenue is used to increase social benefits, the income gap will narrow. Bureau [23] analyzes the impact of carbon tax on different income groups using panel data and finds that the tax is beneficial to the poor, regardless of whether it is in accordance with the number of households or the number of people. Wesseh and Lin [24] propose a set of optimal emissions fees that could be used to reduce the damage caused by industrial pollution, and their results suggest that constructed optimal pollution taxes range from as high as 2.9% per dollar of output for heavy manufacturing in high-income countries, to as low as 0.01% in the service sectors of low-income countries. Liu et al. [25] analyze Chinese companies’ preferred design options for a carbon tax policy. Most of these studies discuss the intensity of the carbon tax policy, the factors affecting the policy under a particular goal orientation, and the impact of the policy on the economy. However, little attention is given to the innovation of carbon tax policies from the perspective of the carbon tax rate.



Numerous studies have proposed the concept of progressive tax. Yates [26] points out the importance of progressive taxes for universal health problems. Chiroleu-Assouline and Fodha [27] reveal the consequences of different environmental tax policies and propose the idea of tax reforms, from regressive pollution taxes to progressive environmental taxes. Orsi [28] believes that one way to achieve sustainable development is to impose a progressive tax on consumer goods, especially those that have adverse effects on the environment. Therefore, progressive tax is an improvement on traditional tax policies, and on this basis we propose the concept of a progressive carbon tax and model it.



At the same time, research on evolutionary game theory has matured. The earliest result using evolutionary game theory was the explanation of group behavior in the Nash equilibrium, which was proposed by Nash in 1950. The evolutionary stable strategy was introduced in the 1970s [29,30]. Taylor and Jonker [31] put forward another important concept for evolutionary game theory, named replicator dynamics. Evolutionary game theory has since developed rapidly and has been applied in many disciplines. For example, Ji et al. [32] build on the supplier selection model and use an evolutionary game model to explore the cooperation trend between multiple stakeholders to establish long-term interest relationships for green procurement between stakeholders (suppliers and manufacturers). The application of evolutionary game theory as a tool is also being used more broadly. Nevertheless, the study of carbon tax is mainly based on the general equilibrium model [33,34,35], and evolutionary game theory is rarely applied. However, the application of evolutionary game theory can better explain how enterprises make decisions and how the enterprises in certain areas interact with each other in the implementation of the carbon tax policy.



We adopt the following research methods in this study. First, we establish a progressive carbon tax model based on carbon tax rates and carbon emissions and propose a social welfare maximization model to evaluate the utility of the carbon tax policy. We also introduce the NW small-world network theory and game theory and apply them to the field of carbon tax. A complex network system based on an NW small-world network is constructed and an experience-weighted attraction (EWA) learning model is selected to simulate and analyze the evolutionary game between different enterprises in the industrial cluster under the progressive carbon tax policy. With policy diffusion in certain conditions, we analyze how the enterprise discount coefficient, purchase price, network effects and expectation influence the application of the policy. The results provide a reference for the real application of carbon tax policies and enterprise strategies. In particular, this study proposes the concept of a progressive tax rate, and combines social welfare maximization, evolutionary game theory, EWA learning theory, and NW small-world network theory to elaborate the problem. The combination of multiple disciplines makes the research conclusions more generalizable.




3. Research Method and Model Construction


3.1. Progressive Carbon Tax and Social Welfare Maximization Models


3.1.1. A Model of Progressive Carbon Tax Policy


Assume that there are N companies in a certain traditional industry, each producing a single type of homogeneous product, and their outputs are     q i  , i = 1 , 2 , … , N   . Carbon dioxide emissions are mainly produced by burning fossil fuels to meet the energy needs for production. If company   i   needs     b i     energy to produce one unit of product, the energy that it needs to produce     q i     products is


     ∑   l = 1  L     b l   ^   w  il   =  b i   q i  ,   



(1)




where   l   represents the fuel type code,       b l   ^     represents the energy consumed per unit of fuel l, and     w  il      is the amount of fuel l consumed by company i.



Carbon dioxide emissions can be calculated using the emission index to convert energy consumption data. The average value of the CO2 emission index during production reflects the amount of emissions per unit of production. Therefore, the CO2 emission index     x i     during the production process of company i can be calculated as




    x i    =   total   carbon   dioxide   emission / total   output ,   



(2)





The emission factor varies for each company to reflect the differences in their production efficiency and levels of technology. The total CO2 emissions originating from fossil fuels are calculated as      ∑   l = 1  L   e  il    w  il     , where     e  il      represents the CO2 emissions when company i uses one unit of fuel l. Thus, the CO2 emission index of company i is


    x i  =       ∑   l = 1  L   e  il    w  il      q i    ,   



(3)







Policy-makers would prefer to develop a carbon tax that has a minimal effect on the economy while achieving the goal of reducing emissions in a given industry. It is assumed that the regulatory authorities set the target emission factor   β   for a particular industry, and when the level of CO2 emissions differs, different levels of tax should be imposed.



When the carbon emission index of company i is     x i    , the n-level progressive tax rate     α i     for this company is


    α i  =    {       r 1   ,    0 ≤  x i  <  β 1           r 2   ,     β 1  ≤  x i  <  β 2         r 3   ,     β 2  ≤  x i  <  β 3        …       r n   ,     x i  ≥  β  n − 1         ,   



(4)







Formula (4) shows that for the company’s production and operation activities, the carbon tax rate and the CO2 index are positively correlated; that is, the higher the CO2 index, the higher the tax burden on companies at the corresponding emission level.




3.1.2. Social Welfare Maximization Model


Assuming that the environmental cost of company i’s production activities is    g  (   x i   )    , under the progressive carbon tax policy,    g  (   x i   )     is


   g (  x i  ) =    {       r 1   q i   x i  ,     0 ≤  x i  <  β 1           r 1   q i   β 1  +  r 2   q i  (  x i  −  β 1  ) ,      β 1  ≤  x i  <  β 2         r 1   q i   β 1  +  r 2   q i  (  β 2  −  β 1  ) +  r 3   q i  (  x i  −  β 2  ) ,      β 2  ≤  x i  <  β 3       …       r 1   q i   β 1  +  r 2   q i  (  β 2  −  β 1  ) +  r 3   q i  (  β 3  −  β 2  ) + … +  r n   q i  (  x i  −  β  n − 1   ) ,      x i  ≥  β  n − 1         ,   



(5)







Formula (5) indicates that under the progressive carbon tax policy, the environmental costs are also progressive. The higher the level of emissions, the higher the environmental cost of the enterprise’s production and operation activities.



Assuming that the number of products produced by company i is qi and its production capacity limit is     d i    , then the enterprise production cost function is the quadratic function     C i   (   q i   )  =  c i   q i  +  t i   q i 2     (    c i     and     t i     are known constants).



Assume that the fuel cost of company i is      ∑   l = 1  L   h  il    w  il     , where     h  il      is the unit cost of fuel l and     w  il      is the amount of fuel l consumed by company i.



The producer surplus maximization model of company i is


   max    {    pq  i    −   (  c i   q i  +  t i   q i 2    +     ∑   l = 1  L   h l   w  il   )   −   g  (   x i   )   }  ,   



(6)






   s . t . {     (7)   q i  ≤  d i     (8)     ∑   l = 1  L      b l   ^   w  il   =  b i   q i     (9)   x i  =     ∑   l = 1  L   e  il    w  il      q i       (10)   q i  ,  w  il   ,  x i  ≥ 0 ,   l = 1 , 2 , … , L         











Function (6) maximizes the surplus of company i and depicts its profit structure;      pq  i     is the income from selling products to consumers;    (  c i   q i  +  t i   q i 2  +   ∑   l = 1  L   h l   w  il   )    is the sum of the production cost and the fuel cost; and    g  (   x i   )     is the environmental cost. Constraint condition (7) ensures that the number of products produced is under the production capacity. Constraint condition (8) is the energy conservation formula. Constraint condition (9) indicates the CO2 emission factor. Constraint condition (10) is a non-negative constraint to guarantee the non-negativity of the parameters.



Assuming the environmental cost    g  (   x i   )  =  θ i    , then     θ i     is


    θ i  = max    {  r 1   q i   x i  ,  r 1   q i   β 1  +  r 2   q i  (  x i  −  β 1  ) , … ,  r 1   q i   β 1  +  r 2   q i  (  β 2  −  β 1  ) + … +  r n   q i  (  x i  −   β  n − 1   ) }  = max    {  r 1    ∑   l = 1  L   e il   w  il   , (  r 1  −  r 2  )  q i   β 1  +  r 2    ∑   l = 1  L   e il   w  il   , … , (  r 1  −  r 2  )  q i   β 1  + (  r 2  −   r 3  )  q i   β 2  + … + (  r  n − 1   −  r n  )  q i   β  n − 1   +  r n    ∑   l = 1  L   e il   w  il   } ,    



(11)







The producer surplus maximization model can be rewritten as


    [    PS  i   ]    : max  {    pq  i  − (  c i   q i  +  t i   q i 2  +   ∑   l = 1  L   h l   w  il   ) −  θ i   }    



(12)






   s . t . {     (13)    q i  ≤  d i     (14)      ∑   l = 1  L      b l   ^   w  il   =  b i   q i     (15)    q i  ,  w  il   ,  θ i  ≥ 0 ,    l = 1 , 2 , … , L      (16)    θ i  ≥  r 1     ∑   l = 1  L    e  il    w  il      (17)    θ i  ≥  (   r 1  −  r 2   )   q i   β 1  +  r 2     ∑   l = 1  L    e  il    w  il         …    (18)    θ i  ≥  (   r 1  −  r 2   )   q i   β 1  +  (   r 2  −  r 3   )   q i   β 2  + … +  (   r  n − 1   −  r n   )   q i   β  n − 1   +  r n     ∑   l = 1  L    e l   w  il         











Constraints (16)–(18) ensure that the environmental cost of the enterprise is non-negative under the progressive carbon tax policy.



The consumer surplus is the difference between the expected price and the actual price paid by the consumer. The consumer surplus can be calculated using the demand function integral minus the price paid to the enterprise [36,37]. In a perfectly competitive market environment, the inverse demand function is    p = γ −   δ q  d    , where   γ   is the intercept,   δ   is the slope of the inverse demand function, and     q d     is the total market demand for products.



The consumer surplus is


    [  CS  ]  =   ∫  0   q  d *      (  γ −   δ q  d   )    dq  d  −   pq  d  ,   



(19)







The market clearing condition is


    q d  −   ∑   i = 1  N   q i  ≤ 0 ,   



(20)







Market clearing means that the price of the commodity has enough flexibility to meet the demand and adjust the balance of the market supply. In a perfectly competitive market, Pareto optimality is achieved when the market clearing condition is satisfied, which maximizes the social efficiency. A change in the production level reduces the total social efficiency, which reduces the producer surplus. In such a market, it is helpful to study the utility of the carbon tax policy through the social welfare maximization model.



The market clearing condition is used to ensure that all industrial requirements are met. In a market equilibrium model where consumers and producers are perfectly competitive price-takers, social welfare can be represented by the consumer surplus and producer surplus models (detailed analysis is provided in Appendix B), constrained by consumers, producers and market clearing conditions [37].



The social welfare maximization model is


     [  SW  ]  :   max  {    γ q  d  −   δ   (  q d  )  2   2  −   ∑   i = 1  N  (  c i   q i  +  t i   q i 2  ) −   ∑   i = 1  N    ∑   l = 1  L   h l   w  il   −   ∑   i = 1  N   θ i   }     



(21)






   s . t . {     (22)    q i  ≤  d i  ,    i = 1 , 2 , … , N    (23)      ∑   l = 1  L      b l   ^   w  il   =  b i   q i  ,    i = 1 , 2 , … , N    (24)    q i  ,  w  il   ,  θ i  ≥ 0 ,    i = 1 , 2 , … , N ,    l = 1 , 2 , … , L    (25)    θ i  ≥  r 1     ∑   l = 1  L    e  il    w  il   ,    i = 1 , 2 , … , N    (26)    θ i  ≥  (   r 1  −  r 2   )   q i   β 1  +  r 2     ∑   l = 1  L    e  il    w  il   ,    i = 1 , 2 , … , N         …    (27)    θ i  ≥  (   r 1  −  r 2   )   q i   β 1  +  (   r 2  −  r 3   )   q i   β 2  + … +  (   r  n − 1   −  r n   )   q i   β  n − 1   +  r n     ∑   l = 1  L    e l   w  il   ,    i = 1 , 2 , … , N    (28)    q d  ≤    ∑   i = 1  N    q i        













3.2. Evolutionary Model of Traditional Industrial Clusters Based on a Progressive Carbon Tax Policy in a NW Small-World Network


3.2.1. Evolutionary Game Learning Model


This model uses EWA learning theory [38]. The strategy game between enterprises is established and the formula for updating empirical weight Mt is


    M t  =   ρ M   t − 1   + 1 ,   



(29)




where   ρ   is the discount factor of experience, which reflects the learning speed of the enterprises.     A  ij  t    , the attractiveness index of strategy j for individual i in period t, is calculated as


    A  ij  t  =    M  t − 1     φ A   ij   t − 1   +  [  μ +  (  1 − μ  )  I  (  j ,  s i  t − 1    )   ]   π i   (  j ,  s  − i   t − 1    )     M t    ,   



(30)




where φ is the discount factor of the past attraction index, reflecting that the strategic attractiveness decays during the game. The EWA learning model controls for the growth of the attractiveness index through the parameters   ρ   and φ, which reflect the participants’ learning speed.    I  (  j ,  s  i   t − 1    )     is an indicative function, and     s  i   t − 1      is the practical strategy of individual i. When    j =  s  i   t − 1     ,    I  (  j ,  s  i   t − 1    )     = 1. μ is the discount factor for the income of the non-choice strategy, where a higher value of μ shows that the enterprise pays more attention to the strategy.     π i   (  j ,  s  − i   t − 1    )     indicates the benefit that individual i gains by selecting strategy j when other individuals select strategies     π i   (  j ,  s  − i   t − 1    )     during period t. Based on the study by Xian and Mei [39], we set the expected earnings as     π i   (  j ,  s  − i   t − 1    )    , the numerical value of which depends on how individual i expects his game opponent to behave in period t. In the EWA learning model, the attraction index     A  ij  t     of each strategy determines the probability that strategy j is chosen: the greater the attractiveness index, the higher the probability. Let     e  ik  t     be the number or proportion of opponents of individual i in state k in period t. In each period, individual i adjusts his expectation for the behavior of his opponent according to the actual situation. The adaptive expectation adjustment equation is


    e  ik  t  −  e  ik   t − 1   = ξ  (   q  ik   t − 1   −  e  ik   t − 1    )  ,   



(31)




where     q  ik   t − 1      is the number or proportion of game opponents of individual i in state k in period t − 1, and   ξ   is the expected adjustment factor, with larger values indicating faster adjustment. The equation can be rewritten as


    e  ik  t  =  (  1 − ξ  )   e  ik   t − 1   +   ξ q   ik   t − 1   ,   



(32)







In the EWA model, every strategy has its own appeal index that determines the probability that it is randomly chosen. The higher the appeal index, the more likely it is that the strategy will be chosen. A logit decision model is applied to calculate the probability that strategy j will be chosen by individual i in period t,


    P  ij  t  =   exp  (    α A   ij  t   )      ∑   k = 1  n  exp  (    α A   ik  t   )    ,   



(33)




where   α   is the sensitivity of the attractiveness index in strategic decision-making, which is used to judge the rationality of decision-makers.




3.2.2. The Basic Premise of the Traditional Industrial Cluster Evolution Model



Premise 1.

In the real economy, there is an area in which all enterprises manufacture homogeneous products. There is market competition and a strategy game among them. There are no enterprises producing homogeneous products in the surrounding area, so the strategy game only exists within the region. The progressive carbon tax system is implemented in this region.





Premise 2.

All enterprise agents have limited rationality; under normal circumstances, enterprises base their decisions on the expected returns, but sometimes they make mistakes, which is consistent with the reality.





Premise 3.

Ignoring other factors, it is assumed that the cooperative game among enterprises has only three levels of energy consumption: high, medium and low. We do not take into consideration the specific energy differences at a certain level of energy consumption.








3.2.3. The Expected Earnings Setting in the Evolutionary Game


Set up enterprise i in period t and choose the strategy     s i t  = j   ,


   j = {     1     take a high energy consumption strategy     2     take a medium energy consumption strategy     3     take a low energy consumption strategy     ,   



(34)




the high, medium and low energy consumption strategies refer to the characteristics of the production equipment.



The expected return function is


    U  ij  t  =  r j  +   δ V   ij  t  −   δ g   ij  t  ,   



(35)




where     r j     represents the expected earnings foreign to the network externalities when selecting plan j, and     r 1  <  r 2  <  r 3    .     V  ij  t     represents the expected return when enterprise i takes strategy j in period t;   δ  . is the discount factor, representing the importance of the enterprise’s future earnings; and     g  ij  t     is the expected environmental cost when enterprise i takes strategy j in period t.



When the enterprise takes strategy j in period t, it is expected to obtain the return     θ j     (   b  jk    e  ik  t   )     1 β      , which is compatible with strategy k.



    θ j     is the network effect parameter for strategy j, and the higher the value, the larger the network effect; β is the network effect index, which is exogenously given as β > 1 to ensure that the second order derivative of the network effect earning function is less than zero.     b  jk      is the compatibility coefficient of strategy j and strategy k, where the higher the value, the greater the revenue. Assuming that the same strategies are fully compatible, that is, the compatibility coefficient is 1, and different strategies are partially compatible, then the compatibility coefficient matrix between the three strategies can be written as


   B =  (   b  jk    )  =  [     1     b  12        b  13          b  21      1     b  23          b  31           b   32      1     ]  ,   



(36)




and     b  12   =  b  21   >  b  13   =  b  31   ,     b   23   =  b  32   >  b  13   =  b  31     .       e   ik  t     indicates the number of agents that enterprise i expects to adopt strategy k in its neighborhood in period t. Enterprise i adjusts its expectations each period according to the actual situation. The adaptive expectation adjustment equation is


    e  ik  t  =  (  1 − ξ  )   e  ik   t − 1   +   ξ q   ik   t − 1   ,   



(37)




where     q  ik   t − 1      is the number of enterprises adopting strategy k in period t  −  1 in the neighborhood of enterprise i, and   ξ   is the expectation adjustment factor.



In period t, enterprise i is expected to obtain the network externality return     V  ij  t     if it adopts strategy j, which is the sum of the compatibility gains of enterprise i and all of the other enterprises in its neighborhood:


    V  ij  t  =   ∑   k = 1  3  θ    (   b  jk    e  ik  t   )     1 β    ,   



(38)







    p   s i  t − 1   j      is the purchase cost when enterprise i takes strategy     s i  t − 1      in period t − 1, and takes strategy j in period t. It is assumed that there is no purchase cost when the same strategy is chosen, whereas there are certain purchase costs when a different strategy from that in the previous period is chosen. Therefore, under different conditions, the purchase cost can be written in matrix form


   P =  (   p  lj    )  =  [     0     p 2       p 3         p 1     0     p 3         p 1       p 2     0     ]  ,   



(39)




where     p 1  <  p 2  <  p 3    .     g  ij  t     is the expectation of the environmental cost when enterprise i takes strategy j in period t.




3.2.4. The Evolution Mechanism of Enterprises under the Progressive Carbon Tax Policy


In the first stage, each enterprise adjusts its probability of achieving every state after adopting a high, medium, or low energy consumption strategy, using the adaptive expectation adjustment method based on the environmental cost of the progressive carbon tax policy. The expected return when adopting the different strategies can then be calculated.



In the second stage, the method of adaptive expectation is used to adjust the number of enterprises in the neighborhood that will adopt the three energy consumption strategies, and the corresponding network externalities are calculated.



In the third stage, according to the EWA model, the attractiveness index and the probability of being chosen are updated for each of the three strategies, and the company acts according to the probability.



From the evolutionary analysis, we obtain the number of enterprises adopting each of the three strategies under the progressive carbon tax policy. We also obtain the evolutionary results for enterprises’ choices of different energy consumption strategies. Then, we study how the evolution results are affected by different parameter settings, allowing us to provide some suggestions for the application of the progressive carbon tax policy in real life.






4. Numerical Simulation and Results


4.1. The Solution of the Progressive Carbon Tax and Social Welfare Maximization Model


In the model solution, we consider enterprises with high, medium and low levels of energy consumption. These refer to the characteristics of the production equipment, which represent the difference in energy consumption     b i     for a unit product. The higher the value of     b i    , the higher the energy consumption of enterprise i. In addition, the higher the energy consumption of enterprise i, the lower the marginal cost of production, which is consistent with the actual operation of enterprises. We assume that companies can use coal, petroleum coke and natural gas as fuel. We use data sources from Natural Resources Canada (NRCan) and the US Environmental Protection Agency (EPA). According to the 2007 report by the International Energy Agency, we choose the ceramic industry to determine the average energy consumption     b i     per ton of clay production and the ratio of clay to finished ceramics. The parameters for fuel and production process are shown in Table 1 and Table 2.



For the inverse demand function,   γ   and   δ   are set to 376 and 0.0376, and     β 1     and     β 2     are set to 0.3 and 0.4 (Appendix C). When the price is 0, the market demand is 10,000 tons, which is higher than the production capacity limit of the enterprise. The reduction in carbon emissions at different levels can be achieved by adjusting the value of the rate r.



The progressive tax rate is divided into three levels to solve the model. Set the zero level tax rate as     r 1  = 0   , the first level tax rate as     R 1  =  r 2    , and the second level tax rate as     R 2  =  r 3     and     R 2  >  R 1    .     R 1     ranges from 0 to 50 and     R 2     from     R 1     to 50. Now, we can solve the emission indices and calculate the emissions for high, medium and low energy consumption enterprises, as shown in Figure 1, Figure 2 and Figure 3. (This part is solved by Matlab.).



The emission index and emissions are at their lowest levels when     R 2  ≥ 27    and     R 1  ≤  R 2     for high energy consumption enterprises (Figure 1), when     R 1  ≥ 27    and     R 2  ≥ 27    for medium energy consuming enterprises (Figure 2), and    27 ≤  R 1  ≤  R 2     for low-energy enterprises (Figure 3). We consider     R 1  =  R 2  = 27    to calculate the emission factors, emissions, environmental costs, pre-tax profits, and after-tax profits of the three types of enterprises, as shown in Table 3.



Table 3 shows that high energy consumption enterprises have the highest emission factors, emissions, and environmental costs, and the lowest pre-tax and after-tax profits, while low energy consumption enterprises have the lowest emission index, emissions and environmental costs and the highest pre-tax and after-tax profits.




4.2. Evolution of Enterprises under the Progressive Carbon Tax Policy


4.2.1. Parameter Initialization Settings


An NW small-world network is used to establish a multiple-agent system to analyze the adoption of different energy consumption strategies in the industrial cluster under the progressive carbon tax policy over time. The game is evolutionary and circulates T times after the parameter initialization. Considering that the traditional industrial cluster contains a large number of enterprises, we set the total number of nodes in the network as N = 1000; half the number of neighboring nodes for each node in the nearest neighbor coupling network as K = 3; the random border probability as p = 0.01; the discount factor of the past attraction index as    φ = 0.1   ; the past experience of the discount factor as    ρ = 0.05   ; the discount factor of the non-choice strategy as    μ = 1   ; the sensitive factors in strategic decision-making as    α   = 1   ; the evolutionary length as T = 30; the network effect parameter as    θ = 3   ; and the prices of the three strategies as     p 1  = 1   ,     p 2  = 4    and     p 3  = 8   . The compatibility coefficients are     b  12   =  b  21   = 0.5   ,     b  13   =  b  31   = 0.2    and     b  23   =  b  32   = 0.5   . The expected earnings are unrelated to the network externalities of the three energy consumption strategies,     r 1  = 5   ,     r 2  = 8   , and     r 3  = 13   . The environmental costs of the three energy consumption strategies are     g 1  = 3   ,     g 2  = 1   , and     g 3  = 0   . As the emission coefficient, environmental cost and profits were calculated above, we do not calculate them again here. Instead, the profits before tax and environmental costs of the three strategies are replaced by simple numbers. The discount coefficient of enterprises is    δ =   0.5   , the network effect index is β = 2, the expected adjustment factor is ξ = 0.5 and the initial experience weight is     M 1  = 1   .




4.2.2. Evolution among Enterprises under the Benchmark Parameters


We assume that the initial proportions of enterprises adopting the three energy consumption strategies are 0.5, 0.3, and 0.2, respectively. In the Matlab simulation tests, the results for the number of enterprises adopting the three strategies in the system are shown in Figure 4. In the initial situation, the high energy consumption strategy has the most adopters but the number sharply decreases to zero during the evolution; the number of enterprises that adopt the medium energy consumption strategy increases at first, then decreases to zero; and the number of enterprises that adopt the low energy consumption strategy gradually increases to all those in the system. Although converting from a higher to a lower energy consumption strategy involves extra costs, the lower consumption strategy enjoys higher profits and lower environmental costs. Thus, all of the enterprises in the industrial cluster gradually change to the low energy consumption strategy. The network externalities also facilitate the evolution of the industrial cluster. Under the influence of straight network externalities caused by the link preferences of the NW small-world network, when some of the enterprises in the network adopt a strategy, it will improve neighboring enterprises’ income expectation for the strategy, thus driving them to adopt it faster and facilitating the rapid evolution of the industrial cluster toward the strategy. Therefore, as the number of enterprises adopting the low energy consumption strategy increases, it raises the income expectation not only of the enterprise but also of the network externalities, thus attracting more enterprises to adopt the low energy consumption strategy.




4.2.3. The Influence of Parameter Values


The following analyses examine how the parameter values affect the evolution of the industrial cluster. Keeping the other parameters at their baseline values, we change the discount coefficient of enterprises   δ  , the price of the low energy consumption strategy     p 3    , the network effect parameter   θ  , and the expected adjustment factor ξ, respectively, to explore how the industrial cluster evolves.




	(1)

	
Assuming that other parameters remain unchanged, Figure 5 and Figure 6 show the evolution results when the discount coefficient of enterprises is δ = 0.1 and δ = 0.9, respectively. Figure 5 illustrates that when δ = 0.1, the general evolutionary trend of the system remains unchanged, but the evolution is slower than with the baseline parameter (δ = 0.5). Figure 6 illustrates that when δ = 0.9, there is a “boom” phenomenon that diffuses the low energy consumption strategy to the whole system.









From Figure 4, Figure 5 and Figure 6, we conclude that while other parameters remain unchanged, the greater the discount coefficient of enterprises, the faster they change from the high to the low energy consumption strategy. The reason for this is that enterprises attach more weight to their future earnings, so there is greater emphasis on how the environmental costs arising from production activities affect profits. Thus, the government should make efforts to publicize the economic advantages of the low energy consumption strategy, so that enterprises can pay more attention to the higher profit and lower environmental cost of the low energy consumption strategy. In this way, high and medium energy consumption enterprises will place more emphasis on future earnings and speed up the transition to a low energy consumption strategy.








	(2)

	
Assuming that other parameters remain unchanged and only the price of the low energy consumption strategy     p 3     changes, Figure 7 and Figure 8 show the evolutionary result when     p 3    = 6    and     p 3    = 12   , respectively. Figure 7 illustrates that when     p 3    = 6   , the low energy consumption strategy is diffused much faster, and even the number of enterprises adopting the medium energy consumption strategy does not increase during the process of evolution. Figure 8 illustrates that when the price of the low energy consumption strategy is high, enterprises with a high energy consumption strategy initially convert to the medium energy consumption strategy, and the low energy strategy cannot spread across the system.









Comparing Figure 4, Figure 7 and Figure 8, we conclude that the lower the cost of converting to the low energy consumption strategy, the higher the diffusion speed. When the conversion cost reaches a certain value, the low energy consumption strategy will not spread to the entire system. Thus, the government can provide subsidies to the enterprises that are implementing transformation to the low energy consumption strategy. For example, the government can subsidize enterprises that buy new environmentally-friendly production equipment to replace their old equipment. This can encourage high and medium energy consumption enterprises to transfer to low energy consumption strategy more quickly.




	(3)

	
Figure 9 shows the system evolutionary result when the network effect parameter   θ   is changed to    θ = 1   , and Figure 10 when    θ = 10   . Figure 9 illustrates that when the network externalities are small, the evolutionary trend is similar to that with the baseline parameter, but the speed is slower. Figure 10 illustrates that when the network externalities are large, the low energy consumption strategy eventually spreads to the whole system, but there is a period during which the medium energy consumption strategy dominates.









Combining Figure 4, Figure 9 and Figure 10, we conclude that large network externalities are beneficial to the diffusion speed of the strategy. Figure 10 illustrates that the medium energy consumption strategy has an initial advantage because of its higher initial network externalities, while the low energy consumption strategy gradually takes over from the medium energy consumption strategy because of its higher profit and lower environmental costs. The government can moderately help establish more low energy startups, thereby enhancing the externalities of low energy consumption programs, and then attracting more high energy consumption and medium energy consumption enterprises to adopt low energy consumption programs.




	(4)

	
With other parameters unchanged, the expected adjustment factor ξ is set respectively to 0.1 and 0.9. The evolutionary results are shown in Figure 11 and Figure 12. Comparing these two figures with Figure 4, we conclude that the larger the expected adjustment factor, the higher the diffusion speed of the low energy consumption strategy. When the enterprises have a certain expectation for a standard, the faster adjustment quickly reduces the initially large number of enterprises adopting the high energy consumption strategy. The government should increase the publicity for successful examples of the transition to low energy consumption strategy, thereby making those high energy/medium energy enterprises become more confident in the transition to low energy consumption strategy, rather than let them think that it is a “difficult” process which requires significant time and money to complete.












5. Conclusions and Discussion


Given the lack of studies exploring innovative carbon tax policies, we propose a progressive carbon tax policy and build a social welfare maximization model on this basis. We solve and analyze the model to calculate the environmental costs of high, medium and low energy consumption enterprises, their pre-tax profits, after-tax profits, and other indicators. We analyze the strategy selections of enterprises in the industrial cluster using mathematical modeling, evolutionary game theory, EWA learning theory, NW small-world network theory and Matlab modeling and simulation methods.



The main conclusions are as follows.




	(1)

	
Under the progressive carbon tax system, enterprises initially adopt different energy consumption strategies and gradually switch to the low energy consumption strategy, which eventually spreads to the entire system. There are two reasons for this result. First, the low consumption strategy has higher profits and lower environmental costs, so the benefits cover the cost of transitioning from a high to a low energy consumption strategy. Second, due to the influence of network externalities, when a business entity chooses a low consumption strategy, neighboring enterprises increase their expected income from adopting a low energy consumption strategy, thus driving the agents in the neighborhood to adopt the strategy faster.




	(2)

	
With other conditions remaining unchanged, the greater the discount coefficient of enterprises, the faster they will change to a low energy consumption strategy. Because companies pay more attention to future earnings, they pay more attention to how the environmental costs arising from production activities affect their profits.




	(3)

	
The higher the cost of converting, the longer it takes for enterprises to change to a low energy consumption strategy. When the conversion cost is higher than a certain value, the low energy consumption strategy will not spread to the entire system because the cost is higher than the expected benefit. In this case, enterprises that previously adopted the high energy consumption strategy will change to the medium energy consumption strategy.




	(4)

	
The network externality effect is positively associated with the diffusion speed of the low energy consumption strategy. When the network externality effect is large (but not too large), the advantages of the low energy consumption strategy gradually rise and the strategy quickly spreads to the whole system because of its higher profit and lower environmental costs.




	(5)

	
The greater the expectation adjustment factor, the faster the diffusion speed of the low consumption strategy. This is due to the rapid reduction in the number of enterprises that initially adopt the high energy consumption strategy when the expectation adjustment speed is faster.









Therefore, the low energy consumption strategy becomes the norm within the industrial cluster because the lower environmental costs enable enterprises to maximize their profits. For enterprises, this situation should speed up the development of technological innovations for low energy consumption to achieve carbon emission reductions, which also maximizes their own interests. For the government, the formulation of relevant policies should take full account of the effects of multiple factors on social welfare. Carbon tax policy-related indicators should be adjusted to maximize social welfare to achieve emission reduction targets that minimize the policy’s limitations on economic growth while simultaneously maximizing its benefits.



With respect to the process of the game between enterprises, this paper mainly considers the expected revenue function constructed by combining economics with NW small-world network theory in the process of enterprise strategy selection. The influences of specific layers in enterprises’ operations (such as production and inventory) on strategy selection are worthy of further study. Although the models are also suitable for the analysis of other traditional industries, it will be necessary to use long-term and multi-industry data to conduct more empirical analysis in the future.
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Appendix A


An introduction to the NW small-world network model:




	(1)

	
To learn about the NW small-world network, let us start with the WS small-world network. The first small-world network model (WS small-world network model) was proposed by Watts and Strogatz [40]. Ordinarily, the connection topology is assumed to be either completely regular or completely random. However, many biological, technological, and social networks lie somewhere between these two extremes. Thus, they explored simple models of networks that can be tuned through this middle ground: regular networks ‘rewired’ to introduce increasing amounts of disorder. These systems can be highly clustered, like regular lattices, yet have small characteristic path lengths, like random graphs.




	(2)

	
However, there is an obvious disadvantage of the WS small-world network: the process of random reconnection may destroy network’s connectivity, which means that isolated nodes may appear. Thus, Newman and Watts [41] developed the NW small-world network model in 1999 to improve the initial WS model. They pointed out that the NW small-world network model not only is more suitable for simulation analysis of the evolutionary game between individuals in the real world than the traditional regular or random networks, but also overcomes the disadvantage of the WS small-world network model.










Appendix B


For the producer surplus maximization model:
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Figure A1. Supply curve. 






Figure A1. Supply curve.
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This diagram is just a brief sketch. Regardless of whether the supply curve is linear or nonlinear, the total quantity supplied is a function of the price. The gray shaded area represents producer surplus.



For the consumer surplus maximization model:
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Figure A2. Demand curve. 






Figure A2. Demand curve.
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This diagram is also just a brief sketch. Regardless of whether the demand curve is linear or nonlinear, the total quantity demanded is also a function of the price. The gray shaded area represents a consumer surplus.



At first sight, each seems to try to optimize its own profit (for firms) or wellbeing (for consumers, usually called utility). However, a market acts as if it maximizes a single objective function, i.e., social welfare [37]. There is a concept of optimality, due to the economist Vilfredo Pareto, that can be applied to economic situations (e.g., production decisions, consumption decisions, and the prices at which things trade) with many different agents: Pareto optimality, also known as Pareto efficiency. Although each producer tries to pursue the maximization of its own interests, these interests (producer surplus) closely relate to the market price (this can be seen in Formula (6)), which is determined by consumers and producers together. Therefore, in the energy market, it is not scientific to choose the energy-consumption strategy through only the producer surplus maximization model. Producers are placed in the market, so their optimal choices are limited by the consumers and the market, which is also the best choice that producers can achieve in the game with consumers. For the social welfare maximization model:
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Figure A3. Social welfare maximization. 






Figure A3. Social welfare maximization.
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This diagram is just a brief sketch.    (  p 0  ,     q  0  )    is the equilibrium in the market. A is consumers’ surplus and B is producers’ surplus. At this point, social welfare is maximized.



We want to explore the emission indexes and emissions of enterprises with different energy consumption levels in the market. According to what we have analyzed, solving these problems by only a producer surplus model is not scientific. We should put them in the whole market to solve, following Gabriel et al. [37]. We begin by giving the producer surplus and consumer surplus formulas, then according to the model that Gabriel et al. [37] have mentioned in their book (i.e., in which social welfare maximization is the sum of producer surplus and consumer surplus), we derive the social welfare maximization model to calculate and compare the emission levels of different energy-consumption enterprises in the market, this result is more realistic. So our final model which is used to calculate and compare the emission levels of different energy-consumption enterprises is the social welfare maximization model (Formulas (21)–(28)).




Appendix C


According to Formula (4), when the carbon emission index of company i is smaller than     β 1    , its carbon tax rate is r1. When the carbon emission index of company i is larger than     β 1    , its carbon tax rate is r2.     β 2     is similar. We assume that A is a high energy-consumption company, B is a medium energy-consumption company, and C is a low energy-consumption company. Therefore,     x A  ≤  β 1  ≤  x B  ≤  β 2  ≤  x C     should be satisfied (    x A    ,     x B    , and     x C     respectively represent carbon emission index of company A, B and C). For     x A    , we know that     x i  =     ∑   l = 1  L   e  il    w  il      q i    =   ∑   l = 1  L   e  il    w  il     ×      b i      ∑   l = 1  L     b l   ^   w  il       . Combined with the values in Table 1 and Table 2, we calculated by adjusting the proportion of three fuels used that     x A     ranges from 0.5 to 0.6 (We keep only one decimal point). Similarly, we found that     x B     ranges from 0.3 to 0.4, and     x C     ranges from 0.2 to 0.3. Thus, if     x A  ≤  β 1  ≤  x B  ≤  β 2  ≤  x C     is is satisfied,    max (  x A  ) ≤  β 1  ≤ min  (   x B   )     and    max (  x B  ) ≤  β 2  ≤ min  (   x C   )     should be satisfied. Therefore, we set     β 1  = 0.3    and     β 2  = 0.4   .



We set in the paper when the price is 0, the market demand is 10,000. According to the inverse demand function    p = γ −   δ q  d    , we can get    0 = γ − δ   ×   10000   , that is,    δ =  γ  10000     . We assume when the market is in equilibrium, the price is 188 and the market demand is 5000. Then, when we put the equilibrium (p = 188, qd = 5000) into the inverse demand curve, we can get    γ = 367    and    δ = 0.0367   . To be clear, the equilibrium (p = 188, qd = 5000) is what we set. Of course other values could also be taken, but would not affect the final relationship of the individual [37].



Just as Gabriel et al. [37] pointed out, the social welfare maximization model and the small-world network model are universal for the traditional manufacturing industries related to carbon emissions (because different parameters can be used to simulate different industries).
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Figure 1. Changes in the emission index and emissions of enterprises with high energy consumption. (a) The change of emission index of enterprises with high energy consumption. (b) The change of emission of enterprises with high energy consumption. 
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Figure 2. Changes in the emission index and emissions of enterprises with medium energy consumption. (a) The change of emission index of enterprises with medium energy consumption. (b) The change of emission of enterprises with medium energy consumption. 
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Figure 3. Changes in the emission index and emissions of enterprises with low energy consumption. (a) The change of emission index of enterprises with low energy consumption. (b) The change of emission of enterprises with low energy consumption. 
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Figure 4. Evolution of the number of enterprises adopting the three energy consumption strategies under standard parameters. 
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Figure 5. Evolutionary result when the discount coefficient of enterprises δ = 0.1. 
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Figure 6. Evolutionary result when the discount coefficient of enterprises δ = 0.9. 
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Figure 7. Evolutionary result when the price of the low energy consumption strategy is     p 3    = 6   . 
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Figure 8. Evolutionary result when the price of the low energy consumption strategy is     p 3    = 12   . 
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Figure 9. Evolutionary result when the network effect parameter    θ = 1   . 
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Figure 10. Evolutionary result when the network effect parameter    θ = 10   . 
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Figure 11. Evolutionary result when the expected adjustment factor ξ = 0.1. 
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Figure 12. Evolutionary result when the expected adjustment factor ξ = 0.9. 
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Table 1. Fuel parameters.






Table 1. Fuel parameters.





	Type of Fuel
	Variable Cost (VC)
	Energy
	Emission Factor





	wil
	hl (US $/t 100 m3)
	(GJ/t·100 m3)
	el (t CO2/t·100 m3)



	coal
	100
	32.1
	2.457



	petroleum coke
	50
	23.3
	2.53



	natural gas
	11
	3.72
	0.29
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Table 2. Enterprise parameters.






Table 2. Enterprise parameters.





	
Enterprise

	
Cost of Production

	
Limit of Production Capacity

	
Energy




	
ci ($/t)

	
ti

	
di

	
bi (GJ/t)






	
A

	
22

	
0.001

	
3000

	
6




	
B

	
26

	
0.001

	
3000

	
4.5




	
C

	
29

	
0.001

	
3000

	
3
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Table 3. Carbon emissions and income statements for three enterprises with different levels of energy consumption.






Table 3. Carbon emissions and income statements for three enterprises with different levels of energy consumption.













	
	Emission Index
	Emissions
	Environmental Cost
	Pre-Tax Profit
	After-Tax Profit





	High energy consumption enterprise
	0.4677
	1253.6
	12,138
	19,320.5
	7182.5



	Medium energy consumption enterprise
	0.3508
	1052.4
	4115.3
	33,973.3
	29,858



	Low energy consumption enterprise
	0.3000
	900
	0
	52,534
	52,534
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