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Abstract

:

We propose an emission-intensity-based carbon-tax policy for the electric-power industry and investigate the impact of the policy on thermal generation self-scheduling in a deregulated electricity market. The carbon-tax policy is designed to take a variable tax rate that increases stepwise with the increase of generation emission intensity. By introducing a step function to express the variable tax rate, we formulate the generation self-scheduling problem under the proposed carbon-tax policy as a mixed integer nonlinear programming model. The objective function is to maximize total generation profits, which are determined by generation revenue and the levied carbon tax over the scheduling horizon. To solve the problem, a decomposition algorithm is developed where the variable tax rate is transformed into a pure integer linear formulation and the resulting problem is decomposed into multiple generation self-scheduling problems with a constant tax rate and emission-intensity constraints. Numerical results demonstrate that the proposed decomposition algorithm can solve the considered problem in a reasonable time and indicate that the proposed carbon-tax policy can enhance the incentive for generation companies to invest in low-carbon generation capacity.






Keywords:


generation self-scheduling; emission intensity; carbon tax; mixed integer linear programming












1. Introduction


Thermal-power generation is one of the main sources of carbon dioxide emissions. About 41 percent of global carbon dioxide emissions come from thermal-power generation. Since excessive emission of carbon dioxide leads to global warming and environmental deterioration, it is important to set up a reasonable policy to reduce carbon dioxide emissions from thermal-power generation for the sustainable development of the electric-power industry.



1.1. Literature Review


Three policies are generally implemented to reduce emissions from the electric power industry. The first policy is the emissions-cap policy that specifies a limit or cap on the total quantity of emissions over a certain time period. Related studies include an emission-constrained typical unit commitment problem [1], a tabu search and Benders decomposition based short term unit commitment solution approach [2], emission-constrained generation self-scheduling problems [3,4], the emission-constrained robust self-scheduling of a hydro-thermal generation company [5], a stochastic long-term security-constrained unit commitment formulation [6], and the stochastic self-scheduling of thermal units with emission constraints [7]. The second policy is the emissions-trading scheme (ETS) that allocates each emission entity a specified emission allowance, and allows emission entities to purchase or sell allocated allowances in the emissions-trading market. The ETS was first introduced in European Union [8] and then developed in many other countries. The effects of the ETS on generation scheduling were studied in [9]. Emissions-trading planning for a combined heat and power producer was investigated in [10]. The impacts of the ETS on the Nordic electricity market and electricity consumers were assessed in [11]. An agent-based model was established in [12] to study the potential impact of carbon-emissions trading on the power sector in China. Fuel switching in electricity production under the ETS was discussed in [13]. A computable general equilibrium model was established in [14] to analyze the impact of carbon-allowance allocation on the electric-power industry in China. A review of the carbon-trading market in China was presented in [15]. The third policy is the carbon-tax policy, under which generation companies are obliged to pay for their carbon dioxide emissions according to the carbon-tax rate and the quantity of their emissions. The carbon-tax policy was first implemented in Finland and gradually spread in many other countries, such as Sweden, Denmark, and Germany. A revenue and distributionally neutral approach was described in [16] to design a carbon tax to reduce greenhouse-gas emissions. The mitigation effects of carbon tax on carbon dioxide emissions are comprehensively estimated in [17]. A carbon tax generation self-scheduling model was presented and the effects of generation profits and emissions profiles under different carbon-tax scenarios are analyzed in [18]. Different evolutions of carbon dioxide taxes that might be applied to the national electricity sector in Portugal were studied in [19]. A choice experiment study of Chinese companies was summarized in [20] to measure the choice preferences of Chinese companies to carbon-tax policy. A bibliometric analysis of the carbon-tax literature from 1989 to 2014 was provided in [21].



The emissions-cap policy has the advantage of regulating the total quantity of emissions, but lacks impetus from market forces. The ETS has the advantages of broad participation, international equity, and controlling the total quantity of emissions [22], but has to face the impact of large uncertainties from emissions-trading platforms on policy efficiency [16]. Compared with the emissions-cap policy and the ETS, the carbon-tax policy not only provides a price signal to impel emitters to develop low-carbon technologies or cleaner energy sources [23], but can also be implemented without trading platforms; consequently, it is highly recommended by economists and organizations [17].




1.2. Work and Contribution of the Paper


A challenge of carbon-tax policy is how to determine the tax rate, which is the levied charge per unit quantity of emissions. If the tax rate is low, emissions cannot be effectively reduced. If the tax rate is high, both production and economic profits are badly hurt. In the previous literature, the tax rate is usually a designated constant [18,24,25]. However, the use of a constant tax rate does not take into account the difference in pollution levels between generation companies, and lacks flexibility in incentives to reduce emissions. It was indicated in [26] that changing the tax rate based on energy efficiency is more effective than applying the same tax rate to all manufacturers. It was suggested in [27] to allow the tax rate to vary among generation units.



Inspired by the idea in [26,27], we propose in this paper an emission intensity-based carbon tax policy in the context of the electric-power industry. Emission intensity is the quantity of emissions per unit power generation. It is an index to measure the pollution level of power generation. The higher emission intensity is, the more serious the pollution in power generation is. In order to improve controlling power-generation pollution, and impel generation companies to invest in low-carbon power generation, we provide different carbon-price signals for different power-generation levels. That is, we adjust the tax rate according to the pollution level of power generation. The more serious the pollution in power generation is, the higher the assigned tax rate is. Therefore, the tax rate is designed to stepwise increase as emission intensity of power generation increases. By introducing emission intensity, the proposed carbon-tax policy increases taxation on high pollution production while balancing generation contribution and environmental pollution in determining the tax rate.



To analyze the effect of the proposed carbon-tax policy, we investigate the impact of the policy on generation self-scheduling decisions. The generation self-scheduling problem plays an important role in the daily-operation planning of generation companies in the deregulated electricity market. A typical generation self-scheduling problem is deciding the operation of generation units according to electricity prices and the physical characteristics of generation units, with the objective of maximizing total profits [28,29]. Effective generation self-scheduling can promote the economic operation of generation companies. Under the proposed carbon-tax policy, generation companies need to not only adjust power output according to price signal, but also reduce emissions according to the carbon-tax policy, which brings a new challenge for generation self-scheduling decisions.



Our work is different from [26,27] in the following two aspects. First, the mechanisms for designing the tax rate are different. The tax rate was designed based on game theory in both [26] and [27], while it is designed by explicitly formulating the relation function between tax rate and emission intensity in our work. Second, the involved models are different. A simple numerical example was considered in [26], a simplified economic dispatch model omitting time-coupled unit-operation constraints was considered in [27], while an explicit generation self-scheduling model that includes conventional unit-operation constraints and decides not only economic dispatch but also unit commitment is considered in our work. A tax rate that varies based on the quantity of emissions was presented in [30]. Our work is different from [30] in that tax-rate variation in our work is emission intensity-based. Compared with [30], our work in determining tax rate takes into account not only generation emissions but also generation contribution. The major contributions of the paper can be summarized as follows:

	(1)

	
A carbon-tax policy with variable tax rate is proposed with regard to the electric-power industry. Tax rate is designed to increase stepwise with the increase of power-generation emission intensity, which can strengthen tax collection from high-pollution generation companies and balance electricity supply and environmental pollution in determining tax rate.




	(2)

	
The impact of the proposed carbon-tax policy is investigated by formulating the generation self-scheduling problem under the proposed carbon-tax policy as a mixed integer nonlinear programming (MINLP) model and developing a decomposition algorithm to solve the problem.




	(3)

	
Numerical experiments are carried out to test the performance of the proposed algorithm and discuss the effectiveness of the proposed carbon tax policy.









The remainder of this paper is organized as follows: Formulation of the generation self-scheduling problem under the proposed carbon-tax policy is described in Section 2. The solution approach to solving this problem is developed in Section 3. Numerical experiments and results are presented in Section 4. The conclusions of the paper are provided in Section 5.





2. Problem Description and Formulation


2.1. Parameteres and Decision Variables


The parameters and decision variables used in the formulation are defined as follows:



Parameters



	n
	Number of generation units.



	T
	Scheduling horizon.



	M
	Number of carbon-tax rate values.



	τiD/τiU
	Minimum down-time/up-time of generation unit i.



	RiD/RiU
	Ramp-down/ramp-up rate of generation unit i.



	SiD/SiU
	Shutdown/startup ramp rate of generation unit i.



	PiL/PiU
	Minimum/maximum power output of generation unit i.



	αih/βih
	Slope/intercept of the h-th segment line for the fuel-cost curve of generation unit i.



	Bi
	Startup cost of generation unit i.



	ri
	Emission coefficient of generation unit i.



	μ
	Emission intensity.



	ρ
	Carbon-tax rate.



	wm
	The m-th carbon-tax rate value.



	Qm
	Upper bound of emission intensity corresponding to the m-th carbon-tax rate value.



	λt
	Expected electricity price in hour t.



	ui0
	Binary parameter to indicate the initial on/off status of generation unit i.



	pi0
	Generation output of generation unit i in hour 0.



	σi
	Last hour of the periods during which the on/off status of generation unit i is determined by the initial status of the generation unit.








Decision Variables



	uit
	Binary decision variable to indicate on/off status of generation unit i in hour t.



	vit
	Binary decision variable to indicate if generation unit i is started up in hour t.



	pit
	Generation output of generation unit i in hour t.



	ϕit
	Fuel cost of generation unit i in hour t.



	δm
	Binary decision variable to indicate whether carbon-tax rate equals m-th carbon-tax rate value.









2.2. Description and Formulation of Carbon-Tax Policy


For the carbon tax policy, we consider M levels for the tax rate as illustrated in Figure 1. Each level corresponds to a tax-rate value and a range of emission intensity. Each tax rate value provides a carbon-tax signal for the corresponding emission-intensity range.



Tax rate is variable and equals a tax-rate value according to the range to which emission intensity belongs. The relationship between tax rate and emission intensity can be formulated by a step-up function as follows:


ρ={w1,μ≤Q1wm,Qm−1<μ≤Qm,  m=2,…,M−1wM,μ>QM−1



(1)




where 0≤w1≤w2≤⋯≤wM, and emission intensity μ over the scheduling horizon is determined by the ratio of the quantity of total emissions [1,9] to the total generation level as follows:


μ={∑i=1n∑t=1Triϕit/∑i=1n∑t=1Tpit, if ∑i=1n∑t=1Tpit>00, otherwise,



(2)




0<Q1<Q2<⋯<QM−1<QM, and QM is the upper bound of possible emission intensity. Expression (1) shows that tax rate increases stepwise as emission intensity increases. Particularly, when M = 1, the tax rate is constant. Therefore, the proposed carbon tax policy is a generalization of the typical carbon tax policy with a constant tax rate.




2.3. Generation Self-Scheduling Model under the Proposed Carbon-Tax Policy


To investigate the effect of the proposed carbon tax policy, we consider the generation self-scheduling problem under the proposed carbon-tax policy, which is described as follows. A generation company schedules a certain number of thermal generation units and sells the produced electricity at the market price. The objective is to maximize generation profits. The generation company is obliged to pay for generation emissions in accordance with the proposed carbon-tax policy. The scheduling of generation units needs to satisfy operating constraints such as minimum up-time and down-time constraints, generation-capacity constraints, and ramp-rate constraints.



Based on the above description, the generation self-scheduling problem under consideration can be formulated as follows:



(P)


max∑t=1Tλt∑i=1npit−∑i=1n∑t=1T(ϕit+Bivit)−ρ∑i=1n∑t=1Triϕit



(3)




subject to (1), (2), and:


uit=ui0,   ∀i,   t=1,…,σi



(4)






vit=0,   ∀i,   t=1,…,σi



(5)






uit−ui,t−1≤uik,   ∀i,   k=t+1,…,min{T,τiU+t−1},   t=σi+1,…,T



(6)






ui,t−1−uit≤1−uik,   ∀i,   k=t+1,…,min{T,τiD+t−1},   t=σi+1,…,T



(7)






uit−ui,t−1≤vit,   ∀i,   t=σi+1,…,T



(8)






uitPiL≤pit≤uitPiU,   ∀i,   ∀t



(9)






−RiDui,t+1−SiD(1−ui,t+1)≤pi,t+1−pit≤RiUuit+SiU(1−uit),   ∀i,   t=0,…,T−1



(10)






ϕit≥αihpit+βihuit,   ∀h,   ∀i,   ∀t



(11)






ϕit,pit≥0,   ∀i,   ∀t



(12)






uit,vit∈{0,1},   ∀i,   ∀t.



(13)







In formulation (P), function (3) represents generation profits, which consist of generation revenue, generation cost, and paid tax for generation emissions. Constraints (4) and (5) represent the impact of the initial statuses of generation units on the on/off statuses, and the start-up actions of generation units over the scheduling horizon, respectively [31,32]. Constraints (6) and (7) represent the minimum up-time and down-time requirements of generation units, respectively. Constraints (8) represent the relationship between the on/off statuses and the start-up actions of generation units. Constraints (9) represent the range of output power for the committed generation units. Constraints (10) define the ramp-rate limits to represent the relationship between output levels in adjacent hours. Constraints (11) represent the piecewise linear approximation of the quadratic fuel cost function. Constraints (12) and (13) provide the value fields of the decision variables.





3. Solution Methodology


Formulation (P) includes continuous variables, integer variables, a piecewise expression in the function (1), and a bilinear term in the objective function (3), which corresponds to an MINLP model and makes it impossible to directly solve the problem by using a commercial solver such as CPLEX. Therefore, it is necessary to develop an efficient algorithm to solve the problem. According to the characteristics of (P), we develop the following decomposition algorithm to solve the problem.



3.1. Reformulation of the Problem


First, by introducing binary variables δm, m=1,…,M, to indicate whether the tax rate equals the m-th value or not, we can obtain the integer linear formulation of the tax rate as follows:


ρ=∑m=1Mδmwm



(14)




where:


∑m=1Mδm=1



(15)






δm∑i=1n∑t=1Triϕit≤δmQm∑i=1n∑t=1Tpit,   m=1,…,M−1



(16a)






δm∑i=1n∑t=1Triϕit>δmQm−1∑i=1n∑t=1Tpit,   m=2,…,M



(16b)






δm∈{0,1},  ∀m.



(17)







Then, based on the above expressions, we can reformulate the considered generation self-scheduling problem as:



(P1)


max∑t=1Tλt∑i=1npit−∑i=1n∑t=1T(ϕit+Bivit)−∑m=1Mδmwm∑i=1n∑t=1Triϕit



(18)




subject to (4)–(13), and (15)–(17).



Finally, according to the formulation of the objective function (18), we replace constraints (16b) with:


δm∑i=1n∑t=1Triϕit≥δmQm−1∑i=1n∑t=1Tpit,  m=2,…,M



(19)




without changing the optimal solution of (P1).




3.2. Decomposition Algorithm


For an arbitrary m, we can obtain the following formulation by fixing δm=1 and δm′=0, m′≠m, in (P1):



(Pm)


max∑t=1Tλt∑i=1npit−∑i=1n∑t=1T(ϕit+Bivit)−wm∑i=1n∑t=1Triϕit



(20)




subject to constraints (4)–(13), and:


∑i=1n∑t=1Triϕit≤Qm∑i=1n∑t=1Tpit, if 1≤m≤M−1



(21a)






Qm−1∑i=1n∑t=1Tpit≤∑i=1n∑t=1Triϕit, if 2≤m≤M.



(21b)







Formulation (Pm) corresponds to a generation self-scheduling problem with a constant tax rate wm and emission-intensity constraints (21a) and (21b). It is a mixed integer linear programming (MILP) model and can be solved optimally by a commercial solver if the feasible domain determined by (4)–(13), (21a), and (21b) is not empty.



The above observation motivates us to enumerate all feasible δm to decompose (P1) into M subproblems (Pm) and develop the following algorithm:

	Step 0

	
Initialization: set u_bestit=p_bestit=0 for all i and all t, m=1, m_best=1, and f_best=Mf where Mf is a large-enough positive number.




	Step 1

	
Solve (Pm) by calling an MILP solver. If (Pm) can be optimally solved, denote the optimally objective function value as fm. If fm<f_best, update f_best, m_best, and {u_bestit,p_bestit, i=1,…,n, t=1,…,T} with fm, m, and the optimal unit commitment and economic dispatch decisions of (Pm), respectively.




	Step 2

	
If m = M, set



δm={1, if m=m_best0, otherwise



and stop. Otherwise, set m=m+1 and go to Step 1.









Using the above algorithm, we can obtain optimal objective function value f_best, and optimal unit commitment and economic dispatch decisions {u_bestit, p_bestit, i=1,…,n, t=1,…,T} for (P1).





4. Numerical Results


In this section, we present the numerical experiments in four parts. In the first part, we use test cases of different sizes to test the performance of the proposed algorithm. In the second part, we test the impact of tax-rate values on generation self-scheduling and provide a method to choose appropriate tax-rate values. In the third part, we test the effect of the proposed carbon-tax policy on emission reduction. In the fourth part, we compare the proposed carbon-tax policy with carbon-tax policy with a constant tax rate. The test cases are described as follows:



(1) In the first part of the experiments, the scheduling horizon is set to 24, 72, 120, and 168 h, respectively, and the number of generation units is set to 10, 40, 70, and 100, respectively. The combination of the two configurations forms 16 problem sizes. Under each problem size, ten test cases are randomly generated. For each test case, parameters for startup costs and emission coefficients are uniformly generated from the ranges provided in Table 1, in which ranges for startup costs are based on those for cool-start fuel costs in [33] and ranges for emission coefficients are based on data in [9]. Other unit parameters are uniformly generated from ranges provided in [33].



(2) In the remaining three parts of the experiments, the test is performed by using the ten sets of generation-unit data corresponding to the problem size of 10 generation units and 24 h in the first part of the experiments. To clearly show the impact of the proposed carbon-tax policy on generation self-scheduling, the initial status of each generation unit is modified so that the on/off statuses of the generation unit during the scheduling horizon are not affected by the initial status of the generation unit. For each set of generation-unit data, the scheduling horizon is set to 24, 72, 120, and 168 h, respectively. The combination of the generation-unit data and the scheduling horizon forms 40 test cases.



(3) The number of tax rate values can be set according to the actual requirement. If the number of tax rate values is too small, pollution levels cannot be well-distinguished. If the number of tax rate values is too large, it is inconvenient to implement carbon-tax policy. As a tradeoff between the two aspects, the number of tax rate values is set as five in the experiments. Based on the range of emission intensity, Qm is set to 0.1m and wm is set to mΔ, in which tax-rate increment Δ is set to 15 without loss of generality in the first part of the experiments; its value is discussed in the second part of the experiments. In practice, tax-rate value wm can be set in other form according to the requirements. We use Pennsylvania–New Jersey–Maryland (PJM) Interconnection Real Time data from 2005 to 2006 [34] to estimate electricity prices. The estimated price data for 168 h are presented in Figure 2. A ten-piece piecewise linear function is used to approximate each fuel cost function.



The solution algorithm is tested under the computing environment of 3.40 GHz Intel Core i7 CPU and 16.0 GB memory. The MILP involved is solved by calling CPLEX 12.5.



4.1. Performance of Proposed Algorithm


To test the performance of the proposed algorithm, the MILP approach in which (P1) is transformed into an MILP model by using the method in [35] is also used to solve the test cases. The computation time and the number of cases that can be solved optimally are reported in Table 2, in which each computation time is the average of solvable test cases in the same problem size. If no test cases in a problem size can be solved optimally, the average computation time is not reported for that problem size. The number of cases that can be solved optimally in the same problem size is denoted by N. From Table 2, we can obtain the following observations:



(1) For the MILP approach, the computation time increases exponentially as the problem size increases. All cases can be solved optimally for the problem in small sizes corresponding to 10 × 24, 40 × 24, 10 × 72, 10 × 120 and 10 × 168. Only partial cases can be solved optimally for the problem in medium sizes corresponding to 70 × 24, 100 × 24, 40 × 72, 70 × 72, 100 × 72, 40 × 120, 70 × 120, and 40 × 168. CPLEX is out of memory for all cases for the problem in large sizes corresponding to 100 × 120, 70 × 168, and 100 × 168. The average number of cases that can be solved optimally in the same problem size is 5.



(2) Compared with the MILP approach, the proposed algorithm requires a shorter computation time. All the cases in all problem sizes can be solved optimally by the proposed algorithm. The average computation time is 55.77 s, and the longest computation time is 288.06 s.



The above observations indicate that the proposed algorithm is more effective than the MILP approach for solving the considered problem and can solve the considered test cases in a reasonable time.




4.2. Impact of Tax-Rate Values on Generation Self-Scheduling


To analyze the impact of the tax-rate values, wm, m=1,…,5, on generation self-scheduling, we test the model under different wm settings by allowing tax-rate increment Δ to vary within {0, 5, 10, 15, …, 75}. For each tax-rate increment, test cases are solved and four indices are obtained in the optimal solution of each test case, including total profits, total generation level, the quantity of total emissions, and emission intensity over the scheduling horizon. The variations of the four indices, along with the increase of the tax-rate increment, are shown in Figure 3, in which each point depicts the average of the ten test cases in the same problem size. From Figure 3, it can be observed that the four indices show different sensitivity to the change of tax-rate increment as follows:



(1) As tax-rate increment increases, total profits decrease and the sensitivity of the total profits to the tax-rate-increment change gradually decreases.



(2) As tax-rate increment increases, total generation level, the quantity of total emissions, and emission intensity decrease. The decrease rates of the three indices present oscillating behavior when tax-rate increment increases from 0 to 25, and relatively stable behavior when the tax rate increment increases from 25 to 75.



(3) Because emission intensity is the ratio of total emissions quantity to total generation level, the decrease of emission intensity with the increase of tax-rate increment indicates that the quantity of total emissions is more sensitive to the increase of tax-rate increment than total generation level.



Based on the above observations, we design the following method to choose an appropriate tax-rate increment. Note that a reduction in emission intensity is at the expense of generation profits. To evaluate profit loss in reducing unit emission intensity, we define the ratio of profits-reduction percentage to emission intensity reduction percentage as follows:


θΔ=(Prof0−ProfΔ)/Prof0(μ0−μΔ)/μ0,








in which Prof0 and μ0 are total profits and emission intensity under no carbon-tax policy (corresponding to Δ=0), respectively, and ProfΔ and μΔ are total profits and emission intensity corresponding to a nonzero tax-rate increment Δ, respectively, in which Δ∈ {5, 10, 15, …, 75}. The variation of θΔ with the increase of tax-rate increment Δ is presented in Figure 4, in which each point depicts the average of all test cases. From Figure 4, it can be observed that θΔ presents obvious decline behavior when tax-rate increment increases from 5 to 15, reaches the first local minimum value at Δ=15, presents oscillating behavior when tax-rate increment is larger than 15, and reaches the minimum at Δ=25. The difference between θ15 and θ25 is small. To balance between emission intensity and generation profits, tax-rate increment is set to 15 for the test cases. Correspondingly, tax-rate value wm is set to 15m, m=1,…,5, which is used in the following experiments.




4.3. Effect of Proposed Carbon Tax Policy on Emission Reduction


To test the effect of the proposed carbon-tax policy on emission reduction, we compare the quantity of total emissions and emission intensity under the proposed carbon-tax policy with those under no carbon-tax policy, respectively. The quantity of total emissions and emission intensity under the proposed carbon-tax policy are reported in columns 4 and 5 of Table 3, respectively, and those under no carbon-tax policy are reported in Table 4. From the results, we can make the following observations:



(1) For the quantity of total emissions, the average value under the proposed carbon-tax policy is 170,037.51 t, whereas the average value under no carbon-tax policy is 230,946.30 t. The ratio between the two quantities is 0.74. The results show that the quantity of total emissions is reduced by 26% by adopting the proposed carbon-tax policy.



(2) For emission intensity, the average value under the proposed carbon-tax policy is 0.26, whereas the average value under no carbon-tax policy is 0.31. The ratio between the two emission intensities is 0.84. The results show that the quantity of emissions per unit power generation is reduced by 16% by adopting the proposed carbon-tax policy.



The above observations indicate the effectiveness of the proposed carbon-tax policy in reducing total generation emissions and the pollution level of power generation.




4.4. Comparison between Proposed Carbon-Tax Policy and Carbon-Tax Policy with a Constant Tax Rate


To show the difference between the proposed carbon-tax policy and carbon-tax policy with a constant tax rate, we make the following comparisons. First, we compare the optimal solutions under the two carbon-tax policies without changing the test-case parameter setting. Second, we adjust value ranges for emission coefficients and compare the sensitivities of the optimal solutions to the change of emission coefficients under the two carbon-tax policies. For the carbon-tax policy with a constant tax rate, five constant tax rates are considered, with values set from w1 to w5, respectively.



4.4.1. Comparison between Two Carbon-Tax Policies without Changing Parameter Setting


The optimal solution under each carbon-tax policy is presented by the same indices used in Section 4.2. The results under the proposed carbon-tax policy are reported in Table 3, and those under the carbon-tax policy with a constant tax rate corresponding to different settings of the constant tax rate are reported in Table 5.



From Table 3 and Table 5, we can make the following observations:



(1) Average emission intensity under the proposed carbon-tax policy is 0.26, which indicates that the average tax rate corresponding to the proposed carbon-tax policy is equal to w3. Compared with the carbon-tax policy with a constant tax rate of no more than w3 (w1, w2, or w3), the proposed carbon-tax policy corresponds to lower generation profits and generation level, but much-reduced emission quantity and intensity.



(2) Compared with the carbon-tax policy with relatively large constant tax rate w4, the proposed carbon-tax policy corresponds to a lower generation level, and emission quantity and intensity, but higher generation profits.



(3) Compared with the carbon-tax policy with the largest constant tax rate w5, the proposed carbon-tax policy is corresponding to higher generation level and quantity of emissions, but an equal emission intensity and much-increased generation profits.



The above comparison indicates the superiority of the proposed carbon-tax policy over the carbon-tax policy with a constant tax rate in comprehensive consideration of generation profits, generation level, emission quantity, and emission intensity.




4.4.2. Comparison between Two Carbon-Tax Policies under Different Emission-Coefficient Settings


Emission coefficients are important parameters that determine the pollution level of power generation. To show how significantly the optimal solution changes as emission coefficients increase, we test the generation self-scheduling model corresponding to each carbon-tax policy under different value range settings for emission coefficients. In the test, eight sets of value ranges for emission coefficients are considered and provided in Table 6 in increasing order, in which each set of value ranges is denoted by Rj, j=1,…,8. Results for tax-rate value, emission intensity, and total generation profits in the optimal solution corresponding to different carbon-tax policies under different value-range settings for emission coefficients are depicted in Figure 5, in which each point depicts the average over all test cases. From Figure 5, we can make the following observations:



(1) Compared with the carbon-tax policy with a constant tax rate, the proposed carbon-tax policy provides a tax rate that can be adaptively adjusted according to the change of emission coefficients and increases in a stepwise manner as emission coefficients increase. The result indicates that the proposed carbon-tax policy provides more flexibility than the carbon-tax policy with a constant tax rate.



(2) For each carbon-tax policy, emission intensity increases as emission coefficients increase. Compared with each carbon-tax policy with a constant tax rate, the proposed carbon-tax policy corresponds to the smallest average increase of emission intensity. The results indicate that the proposed carbon-tax policy can slow down the rise of emission intensity caused by the increase of emission coefficients.



(3) For each carbon-tax policy, total generation profits increase with the decrease of emission coefficients. As emission coefficients decrease, the proposed carbon-tax policy corresponds to a larger increase in total generation profits compared with the carbon-tax policy with a constant tax rate that is equal to the tax rate value of the proposed carbon-tax policy. The results indicate that the proposed carbon-tax policy can provide more economic incentives for generation companies to develop emission-reduction technologies or cleaner energy sources, compared with a carbon-tax policy with a constant tax rate.






5. Conclusions


In this paper, we propose a rate-variable carbon-tax policy and analyze the impact of the policy on generation self-scheduling of a generation company. The tax rate is designed to change along with emission-intensity variation, which is more flexible for emission reduction and distinguishes the proposed carbon-tax policy from existing carbon-tax policies. The variable tax rate is expressed by a step function, and the generation self-scheduling problem under the proposed carbon-tax policy is formulated as an MINLP model. A decomposition algorithm where multiple MILP procedures are implemented is developed to solve the problem. Computational results indicate that the decomposition algorithm is more effective than the MILP approach. It is also observed from numerical results that the proposed carbon-tax policy is effective in emission reduction and has more advantages than a carbon-tax policy with a constant tax rate in: (1) comprehensive consideration of generation profits, generation output, emission quantity s, and emission intensity; (2) slowing down the rise of emission intensity; and (3) stimulating generation companies to invest in low-carbon electricity-generation methods.



Our research provides new advice for policy makers to establish an effective emission-reduction mechanism for the electric-power industry. Modeling the generation self-scheduling problem under the proposed carbon-tax policy provides a theoretical framework for the implementation of carbon-tax policy. However, no uncertainties on electricity market are considered in the model, which is still a practical limitation of our research.



Besides addressing this limitation, future research can focus on: (1) analyzing the proposed policy under a generation-expansion planning framework to assess the impact of the proposed policy on investment in renewable energies and clean-generation techniques, and (2) studying environmental policies in other energy-intensive industries.
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Figure 1. Tax rate with M levels. 






Figure 1. Tax rate with M levels.



[image: Energies 12 00777 g001]







[image: Energies 12 00777 g002 550]





Figure 2. Estimated electricity price data for 168 hours ($/MWh). 
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Figure 3. Variations of total generation profits, total generation level, the quantity of total emissions, and emission intensity with the increase of tax-rate increment. 
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Figure 4. Variation of θΔ with the increase of tax-rate increment. 
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Figure 5. Variations of tax-rate value, emission intensity, and total generation profits with the increase of emission coefficients. Curves 1, 2, 3, 4, and 5 depict the results corresponding to the carbon-tax policy with constant tax rate w1, w2, w3, w4, and w5, respectively; Curve 6 depicts the results corresponding to the proposed carbon-tax policy. 
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Table 1. Value ranges for startup costs and emission coefficients.
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	Parameter (Unit)
	Value Range





	Bi ($)
	



	If PiU<600
	(4PiU, 6PiU)



	If PiU≥600
	(2PiU, 4PiU)



	ri (t/$)
	



	If PiU<600
	(0.05, 0.09)



	If PiU≥600
	(0.005, 0.04)
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Table 2. The computation time and the number of cases that can be solved optimally for the MILP approach and the proposed algorithm.
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No.

	
Size (n × T)
