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Abstract

:

The emission of greenhouse gases poses enormous pressure on current carbon emissions and carbon reduction. Accurate quantification of carbon emissions from coal-fired power plants is of great significance for achieving the dual carbon goal. To enable enterprises to better understand their carbon emissions, this study constructs a carbon emission model and carbon emission data accounting model for coal-fired power plants. Case data calculations and a carbon emission reduction analysis were conducted. The experiment showcases that the carbon sensitivity of the inner side of the boiler under control conditions is higher than that of the operating parameters controlled on the inner side of the steam turbine, with a maximum total value of 16.67 g/MJ; the annual average low calorific value of coal remains between 16,000 kJ/kg; the activity level of coal remains between 30,000 TJ; and the oxidation probability of coal char during combustion fluctuates, with a maximum of 99.8%. In the calculation of coal-fired carbon emissions, the fitting difference between the emissions of generator unit 1 and generator unit 2 is maintained within 2%. Overall, the CO2 emissions of power plants involved in the study are generally high. The model built through this study has well analyzed the carbon emissions of power plants. It is of great significance for the actual carbon emission reduction of coal-fired power plants.
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1. Introduction


“Double carbon” is the abbreviation of carbon peak and carbon neutral synthesis. In 2020, China explicitly proposed to achieve the dual carbon goal, that is, by 2025, the proportion of non-mineral energy consumption will be increased to 20%; the energy consumption per unit of gross domestic product (GDP) will be reduced by 13.5%; and the CO2 emission per unit of GDP will be reduced by 18%. By 2030, the proportion of non-mineral energy consumption will be 25% and the CO2 emission per unit of GDP will be reduced by 65% [1]. The “dual carbon” strategy advocates a green and low-carbon lifestyle, and accelerating emission reduction is an important measure to promote green technology innovation and enhance the international competitiveness of industry and economy [2,3]. Therefore, implementing reasonable carbon reduction methods under the dual carbon goals has become particularly important. An Y et al. [4] built a carbon emission reduction calculation model on the basis of data envelopment analysis for carbon emission potential and other related issues. Xue X et al. proposed technologies related to biomass hybrid combustion and CO2 capture and collection to achieve zero carbon emissions [5]. Cabernard L et al. [6] analyzed plastic production in countries around the world in recent years to reduce the burning of plastics in coal combustion [6]. In this context, this study constructs a calculation model and data accounting model for carbon emissions from a power plant. This is to enhance the knowledge base on carbon emissions and thus implement effective carbon reduction methods.




2. Literature Review


China is promoting the restructuring of industry and energy under the double carbon target, developing renewable energy. This is to achieve the harmonization of economic development and green transformation [7,8,9]. As the global climate is becoming persistently warmer, carbon emission reduction is becoming a significant measure to alleviate the human climate crisis [10,11,12]. Based on this, many scholars have studied this in detail. Cui et al. [13] compared carbon reduction measures in the US and China to provide an effective database for the implementation of carbon reduction. After analyzing policy interventions in the economic development of Hubei Province, Wu et al. [14] used a regression intermittency design for causal inference. This is to develop an effective carbon reduction strategy. Jiang et al. [15], through input–output analysis and energy consumption, construct a decomposition model to reduce China’s carbon emissions. Jia [16] analyzes the innovation mechanism of the dual carbon target based on relevant issues. That research provides assistance for the construction of response mechanisms in the overall development of the dual carbon target. Gao et al. [17] studied the energy equipment of a national industrial zone in a northern province. Aiming at the energy pollution problem in industrial parks, the study effectively cut down the carbon dioxide emissions from the energy infrastructure.



In addition, Yang et al. [18] analyzed the haze data of 31 provinces in China for the past 7 years. Their research proposes an effective strategy for decreasing pollution emissions in response to the current haze pollution problem. Ryabov [19] analyzed the biomass data in the face of social sustainability goals to propose a pre-treatment technology for the co-burning of coal carbon and biomass. The research provides assistance for carbon reduction. Booth M S [20] has proposed measures related to energy transfer to address the issue of countries around the world being overly reliant on Russian oil, providing recommendations for upper-level policies to implement carbon reduction. Designed to reduce energy loss, Yang et al. [21] analyzed carbon emissions in six regions of China by using data statistics methods. Their research provides constructive suggestions for implementing differentiated carbon emission reductions. Li et al. [22] developed a basic structure for a step-down model using first principles to help capture post-emission CO2.



This study fully draws on previous studies and considers the principles of operational parameter controllability and the actual conditions of carbon accounting. It also analyzes the carbon emissions of a coal-fired power plant and constructs a data calculation model based on this. Through analysis of parameter sensitivity of carbon emissions, it provides support for proposing carbon-emission-related policies.




3. Carbon Emission Calculation Model Construction for Coal-Fired Power Plants


3.1. Calculation of Sensitivity Analysis of Carbon Emission Parameters


The carbon emission caused by coal power generation is the focus of carbon emission reduction [23,24,25]. Meanwhile, taking coal-fired power plants as an example, carbon and sulfur pollutants are inevitably generated during coal combustion, while the gas is mainly CO2. The main processes include coal–water conversion reaction, Fischer–Tropsch reaction, methanation reaction, and disproportionation reaction. In carbon emissions, parameters such as pressure and temperature can more or less affect the intensity of carbon emissions. Therefore, it is essential to ensure that the unit’s carbon dioxide emission rate reaches a low carbon level. Hence it is necessary to reduce the total amount of carbon emissions from coal-fired power plants and analyze the sensitivity of carbon emission intensity to changes in various parameters [26,27,28]. Carbon sensitivity refers to the sensitivity of a company’s business, assets, and strategies to carbon emissions and climate change risks. In addition, a coal-fired power generation system is formed by multiple subsystems such as boiler, pipeline, steam turbine, etc. Every subsystem has its own system effectiveness. Under different operating conditions, the effectiveness of every subsystem will convert. This results in changes in energy expenditure and carbon emission intensity of the whole system [29,30,31]. Therefore, the analysis of the sensitivity of carbon emission intensity to the changes of various parameters needs to be based on a two-layer relationship. Based on this, carbon sensitivity refers to the degree to which carbon emission intensity reacts to actual changes in various parameters. This is shown in Figure 1.



From Figure 1, when studying the sensitivity of carbon emission intensity to changes in various parameters, a two-stage relationship can be studied step-by-step. Firstly, analyze the carbon emission intensity when the overall efficiency of the system changes, and start from the efficiency changes of each subsystem to obtain the relationship between the carbon emission intensity changes of each subsystem and the relationships between each subsystem. Secondly, based on the analysis of consumption differences, the impact of working parameters and efficiency of each subsystem is studied. The difference between the two is that the former calculates the variation relationship based on efficiency, while the latter calculates the variation relationship based on specific parameters. By combining these two steps, the calculation formula between the changes in various parameters and the changes in carbon emission intensity can be obtained. The quantitative relationship between carbon emission intensity, overall efficiency of the power generation system, and efficiency of each subsystem is based on a certain quantitative relationship. Therefore, the relevant calculation of the yield of CO2 consumed per unit of standard coal is shown in Equation (1).


  W =  ω m  ×  O M  ×   44   12    



(1)







In Equation (1),  W  represents the CO2 generation factor;    ω m    represents the mass fraction of coal losses unit standard; and    O M    represents the carbon oxidation rate, %. Equation (1) reflects the linear relationship between carbon emission intensity and power supply coal loss, which is calculated as shown in Equation (2) [32].


   {       a  c p , n   =   122.8    γ  c p   ×  (  1 −  ζ  c p    )           γ  c p   =  γ a  ×  γ p  ×  γ i  ×  γ m  ×  γ g         



(2)







In Equation (2),    a  c p , n     represents coal loss in power supply; g/(kJ);    γ  c p     represents whole system efficiency, %;    γ a    represents boiler efficiency, %;    γ p    represents the piping efficiency, %;    γ i    represents the outright efficiency within turbine, %;    γ m    represents the mechanical related efficiency, %;    γ g    represents the generator efficiency, %; and    ζ  c p     represents the plant electricity consumption, %. The calculation equation of carbon emission intensity is shown in Equation (3).


   S  c  o 2    = W ×   122.8    γ  c p   ×  (  1 −  ζ  c p    )     



(3)







In Equation (3),    S  c  o 2      represents the carbon emission intensity, Kg. When    γ  c p     is changed and other indicators remain unchanged, the equation for calculating the amount of change in    S  c  o 2      is shown in Equation (4).


  Δ  S  c  o 2    =  S  c  o 2    −   S ′   c  o 2    =  (  W   122.8   1 −  ζ  c p      )   (      γ ′   c p   −  γ  c p       γ ′   c p    γ  c p      )  =  S  c  o 2     (      γ ′   c p   −  γ  c p       γ ′   c p      )  =  S  c  o 2    σ  γ  c p    



(4)







In Equation (4),   Δ  S  c  o 2      represents the variation of carbon emission intensity; and   σ  γ  c p     represents the change in efficiency compared to the overall system. The inverse relationship between    S  c  o 2      and    γ  c p     is demonstrated in Equation (4). In addition, the subsystems of the power generation system are analyzed and treated as a set of independent, linearly unrelated independent variables.



The efficiency of each subsystem increases over time and without any change in the efficiency of the other subsystems. Consequently, a mathematical correlation was applied to obtain a relationship amid the variation of efficiency of every subsystem and   σ  γ  c p     [33,34,35]. Furthermore, from this, a generic model between the relevant variables in each subsystem and    S  c  o 2      is derived. The equation is shown in Equation (5) [36].


   {      σ  γ  c p   = σ  γ a  = σ  γ p  = σ  γ i  = σ  γ m  = σ  γ g        Δ  S  c  o 2    =  S  c  o 2    × σ γ        



(5)







In Equation (5),   σ γ   represents the relative degree of change in the efficiency of any one subsystem. Equation (5) indicates that the variation of efficiency of the corresponding subsystem under different operating conditions is proportional to    S  c  o 2      and that the absolute magnitude of   Δ  S  c  o 2      reflects the carbon sensitivity of the operating parameters. Meanwhile, a positive or negative value of   Δ  S  c  o 2      indicates whether a change in the operating parameters will result in a decrease or an increase in    S  c  o 2     . The operating parameters of the generator set are classified as controllable or uncontrollable. Based on the correlation analysis of carbon sensitivity, a carbon sensitivity computational method will be built based on the variation of    ζ  c p     [37,38,39]. The carbon sensitivity calculation model includes boiler-side parameters, turbine-side parameters, plant power, and multiple parameters simultaneously. The carbon-sensitive model for boiler-side parameters includes flue gas temperature, flue gas content, and carbon content of fly ash, while turbine-side parameters include superheated steam pressure, temperature, and reheated steam parameters. In the smoke exhaust temperature model, if other parameters are set unchanged, the smoke exhaust temperature changes. At this time, the calculation equation of   Δ  S  c  o 2      is shown in Equation (6).


   {      Δ  S  c  o 2    =  S  c  o 2    × σ  γ a   (   τ  p y    )        σ  γ a   (   τ  p y    )  = −     q ′  2  −  q 2      γ ′  a    =    (   V  g y    c  p , g y   +  V   H 2  O    c  p ,  H 2  O    )  Δ  τ  p y       γ ′  a   Q r           



(6)







In Equation (6),   σ  γ a   (   τ  p y    )    represents the relative change in boiler efficiency for a change in    τ  p y    , %;    τ  p y     represents the boiler’s own exhaust temperature;    V  g y     represents the volume of dry flue gas practically generated when fuel is burning, m3/kg;    c  p , g y     represents constant pressure heat capacity of the average ratio of dry flue gas, kJ/(kg·K);    V   H 2  O     represents the bulk of water vapour actually produced during fuel combustion, m3/kg;    c  p ,  H 2  O     represents constant pressure heat capacity of the average ratio of vapour, kJ/(kg·K);    Q r    represents the boiler’s own heat input, kJ/kg;   Δ  τ  p y     represents the total change in exhaust temperature, K; and    q 2    indicates the heat loss from the exhaust smoke. When the oxygen content of exhaust gas changes and other parameters are not changed, the equation for calculating   Δ  S  c  o 2      at this point is shown in Equation (7).


      Δ  S  c  o 2    =  S  c  o 2    σ  γ a   (   θ   O 2     )        σ  γ a   (   θ   O 2     )  = −  L    γ ′  a     [    21   21 −  (  θ  (    O ′  2   )  − 0.5 θ  (  c o  )   )    −   21   21 −  (  θ  (   O 2   )  − 0.5 θ  (  C O  )   )     ]       



(7)







In Equation (7),   σ  γ a   (   θ   O 2     )    represents the relative change in boiler efficiency for a change in    θ   O 2     , %;    θ   O 2      represents the exhaust oxygen content;   θ  (  C O  )    represents the exhaust carbon monoxide content, %; and  L  represents the coefficient. The equation for  L  is shown in Equation (8).


   {      L =   S    (   V  g y  0   )   c  + 1.603 N  V  g y , c  0   d k     Q r          Δ t =  (   τ  p y   −  t 0   )        S =  c  p , g y   Δ t       N =  c  p ,  H 2  O   Δ t        



(8)







In Equation (8),  S ,·  Δ t   and  N  also represent coefficients;    V  g y , c  0    represents the theoretical air volume, m3/kg;    d k    represents the absolute humidity in the ambient air, kg/kg; and    t 0    represents the supply air temperature, °C. In the fly ash carbon content model, when the carbon content of the fly ash is varied and other parameters are determined to be constant, the equation for   Δ  S  c  o 2      is shown in Equation (9).


   {      Δ  S  c  o 2    =  S  c  o 2    σ  γ a   (   δ  f h    )        σ  γ a   (   δ  f h    )  = −     q ′  4  −  q 4      γ ′  a    = = −   337.27 δ  (   A  a r    )   δ  f h      Q r    γ ′  a     [     δ  f h     100 −  δ  f h     −     δ ′   f h     100 −   δ ′   f h      ]         



(9)







In Equation (9),    δ  f h     represents the total carbon content of the fly ash; and   δ  (   A  a r    )    represents the mass fraction of the basic ash received by the fuel, %. In a model with high vapour pressure, the other parameters remain constant as the superheated vapour pressure is changed. At this time, point   Δ  S  c  o 2      is calculated as illustrated in Equation (10).


   {          Δ  S  c  o 2    =  S  c  o 2    σ  γ i   (   p  g r    )         γ i  =  γ  r i    γ t            σ  γ i   (   p  g r    )  = σ  γ  r i    (   p  g r    )  =    (    h ′  1  −   h ′  2   )  −  (   h 1  −  h 2   )      h ′  1  −   h ′  2           



(10)







In Equation (10),    p  g r     represents the superheated steam pressure, %;    γ t    represents the ideal value of thermal efficiency, %;    γ  r i     represents the relative efficiency within the turbine;     h ′  1  −   h ′  2    represents the optimum SED (specific enthalpy drop, SED) of the high-pressure cylinder itself after the variation of    p  g r    , kJ/kg; and    h 1  −  h 2    represents the optimum SED of the high-pressure cylinder itself before change, kJ/kg. In the plant power model, when the internal quantity of electricity consumption in the plant is changed and other parameters are kept constant,   Δ  S  c  o 2      is calculated as shown in Equation (11).


    Δ  S  c  o 2    =  S  c  o 2    −   S ′   c  o 2      =  (  W   122.8    γ  C P      )    Δ  ζ  c p      (  1 −  ζ  c p    )   (  1 −   ζ ′   c p    )            = (  W   122.8    γ  C P      )    Δ  p  c y   p    (  p −  p  c y    )   (  p −   p ′   c y    )       



(11)







In Equation (11),  p  represents the generating load of the generating unit itself, MW; and    p  c y     represents the plant power of the generating unit, MW. Finally, in the multi-parameter simultaneous change model, the equation for   Δ  S  c  o 2      is shown in Equation (12).


  Δ  S  c  o 2    =   ∑  x = 1  n   Δ  S  c  o 2     ( x )    , n ≥ 2  



(12)







In Equation (12),   Δ  S  c  o 2     ( x )    represents the amount of change associated with the intensity of coal-fired electricity supply emissions when all parameters are changed.




3.2. Carbon Emissions Data Accounting Model


Moreover, in addition to the need for a carbon-sensitive analysis, the corresponding accounting model needs to be constructed based on the appropriate accounting methods. The total emissions from the power plant are equivalent to the sum of mineral fuel burning, desulfurization process emissions, and electricity emissions after net procurement within the company boundary [40,41,42]. Therefore, the data accounting model incorporates emissions from fossil fuels, the desulphurisation process, and the use of electricity after net procurement. In the field of fossil fuel combustion emissions, research is conducted to determine the CO2 emissions of fossil fuels based on some relevant values. It is mainly according to the combustion amount of the fuel type, the actual calorific value of the lower fuel level, the carbon content in the unit calorific value, and the oxidation rate. The consumption of corporate minerals mainly includes coal combustion, auxiliary fuel, diesel for mobile equipment, and gasoline for mobile equipment. The relevant equation for their calculation is shown in Equation (13).


   {           E R  =  E  R M   +  E  R R   +  E  B C   +  E  B Q          E R    i  =  ∑  A  D i  E  F i          A  D i  = F  C i  N C  V i    10   − 6             E  F i  = C  C i  O  F i    44   12          



(13)







In Equation (13),    E R    indicates CO2 emissions from mineral fuel burning within the company boundary, m3;    E  R M     indicates CO2 emissions from the burning of coal fuels within the company boundary, m3;    E  R R     indicates CO2 emissions from the burning of auxiliary fuels within the company boundary, m3;    E  B C     indicates CO2 emissions from the burning of diesel fuels by mobile equipment, m3;    E  B Q     indicates CO2 emissions from the burning of gasoline fuels by mobile equipment, m3;    E R    i    indicates the CO2 emitted by burning the  i th kind of mineral fuel within the company boundary, m3;   A  D i    indicates the activity of the type  i  mineral fuel, TJ;   E  F i    indicates the emission factor associated with the type  i  mineral fuel, t·TJ−1;   F  C i    indicates the loss of the  i th mineral fuel, t;   N C  V i    indicates the average low heat content of the  i th mineral fuel, kJ·kg−1;   C  C i    indicates the carbon content of the  i th mineral fuel at a standard unit calorific value, t·TJ−1; and   O  F i    indicates the probability of carbon oxidation of the  i th mineral fuel, %. In coal-fired power plants, CO2 emissions need to be included by multiplying the carbon dioxide consumption method by the emission coefficient. The relevant calculation equation is shown in Equation (14).


   {       E S  =   ∑ k   C A  L k  E  F k          C A  L  k , y   =   ∑ m    B  k , m    I k          E  F k  = E  F  k , t   T R        



(14)







In Equation (14),    E S    refers to the CO2 emitted during the combustion of desulfurizer within the company boundary;   C A  L k    represents carbonate related loss in desulfurizer, t;   E  F k    represents the emission factor related to carbonate in the  k th desulfurizer, t·t−1;    B  k , m     represents the loss of desulfurizer in a certain month of the year, t;    I k    indicates the specific content of carbonate in desulfurizer;   E  F  k , t     represents the emission factor of complete conversion in the desulfurization, t·t−1; and   T R   indicates the probability of conversion, %. The CO2 emissions from the use of electricity after net procurement are obtained by multiplying the CO2 emissions from electricity by the average emission factor for electricity supply in the region’s grid. The relevant calculation equation is shown in Equation (15).


   E D  = A  D D  E  F D   



(15)







In Equation (15),    E D    represents the carbon dioxide emissions from the use of electricity after net procurement by companies;   A  D D    represents the total amount of electricity net procured by companies, MW·h; and   E  F D    represents the average emission factor of electricity supply in the region, t·MJ−1.





4. Example Data Calculation and Carbon Reduction Analysis


4.1. Sensitivity Analysis of Controllable Operating Parameters for Coal-Fired Power Supply Carbon Emissions


To verify the practical effect of the calculation and accounting model, this study first analyzed the parameter sensitivity of coal-fired power generation. In the experiment, the researchers took a coal-fired power plant in the Inner Mongolia Autonomous Region of China as the analysis object. The research content mainly included the CO2 emitted during the coal combustion process, the CO2 emitted during the desulfurization project, and the CO2 emitted during the power procurement and use of the plant. Meanwhile, its boiler type is a natural circulation single furnace with a capacity of 1025 t/h; the total power is 600 MW; and the emission limits for smoke, SO2, and NOx shall not exceed 5, 35, and 50 mg/m3, respectively. In addition, the research criteria mainly follow the laws and regulations related to carbon emission reduction issued by the National Development and Reform Commission. In the sensitivity analysis under controllable parameters, the carbon sensitivity calculation model constructed was applied to different load factors for analysis. Due to the consideration of practical stability and the need for realistic conditions, the study only considered three stable operating conditions: 60%, 75%, and 90% load factors. At the same time, to more clearly see the common range of changes in various controllable operating parameters in actual operation, a separate analysis was conducted on the 90% load factor. The results are demonstrated in Figure 2.



Figure 2a shows the carbon sensitivity data corresponding to the changes in subsystem indicators under various operating conditions; Figure 2b shows the carbon sensitivity data of controllable operating parameters on the boiler side under various operating conditions, while Figure 2c shows the carbon sensitivity data of controllable operating parameters at 90% load factor. In Figure 2c, the horizontal axis numbers 1 to 7, respectively, represent the degree of decline in exhaust gas temperature—10 K; the degree of decrease in exhaust smoke oxygen content—1%; the degree of decrease in carbon content in fly ash—1%; the degree of increase in temperature during steam superheat—1 K; the degree of increase in pressure during steam superheat—0.1 MPa; the degree of increase in temperature during steam reheat—1 K; and the degree of increase in pressure during steam reheat—0.1 MPa, respectively. Figure 2a indicates that as the load on the generating unit raises the function efficiency of the unit, the absolute efficiency within the unit increases. The power consumption of the power plant reduces. In addition, for every 1% increase in load factor, the value of   Δ  S  c  o 2      will decrease by 4.644 g/MJ evenly. Figure 2b illustrates that the sensitivity of   Δ  S  c  o 2      to boiler efficiency, outright turbine efficiency, and power consumption reduces as the load factor increases. For every 1 MW reduction in plant power consumption at 60% load factor,   Δ  S  c  o 2      decreases by 29.77 g/MJ. Figure 2a,b comprehensively demonstrate that factory electricity has higher carbon sensitivity under low operating conditions.



From Figure 2c, the carbon sensitivity of the parameters increases as the value of   Δ  S  c  o 2      increases. In the practical operation, the carbon sensitivity of the controllable operating parameters at the boiler side is higher than that of the turbine-side control operating parameters within the variation range of each control operating parameter. Among the boiler-side parameters, changes in flue gas temperature have the greatest effect on   Δ  S  c  o 2     ; among the turbine-side parameters, the carbon sensitivity of the superheated steam parameters is higher than that of the reheated steam parameters.



On this basis, the research analyzed the data of the steam turbine side and the boiler side under the operating conditions of 60%, 75%, and 90% load factors. The results are shown in Figure 3. From Figure 3a, the carbon sensitivity of the controlled operating parameters at the boiler end increases with increasing load factor. The value of   Δ  S  c  o 2      is the largest for all operating conditions due to changes in flue gas temperature, while the change in   Δ  S  c  o 2      is the largest for different load factors due to changes in oxygen content in the flue gas. From Figure 3b, the change in superheated steam pressure due to an increase in load factor causes   Δ  S  c  o 2      to decrease. Furthermore, it is always at its maximum. Changes in superheated steam pressure, reheated steam pressure, and reheated steam temperature have little effect on   Δ  S  c  o 2     . This indicates that the carbon sensitivity of plant electricity consumption is relatively high under low operating conditions.




4.2. Calculation of Coal Combustion Emission Factors


An emission factor is an indicator of the amount of greenhouse gas emissions per unit level of activity, which reflects typical emissions for a given operating condition. A single coal-fired power plant consists mainly of the carbon content per unit calorific value of fossil fuels, oxidation rates, desulphuriser emission factors, and annual average emission factors for the regional grid. This study began by collecting the last four years of coal combustion activity levels for this coal-fired power plant. It is indicated in Figure 4. From Figure 4a, due to the proposal to achieve the dual carbon goals and implement carbon reduction strategies, the total coal consumption in the past four years has remained roughly between 1.8 million tons and 2 million tons, with a decreasing trend. Figure 4b indicates that the annual average low heat value of coal combustion has remained between 16,000 kJ/kg and the activity level of coal combustion has remained between 30,000 TJ. Taken together, the overall activity level of coal combustion tends to decrease as time moves forward, indicating decreasing coal consumption.



On this basis, the study analyzed the level of electricity activities used in the desulfurization of coal-fired power plants and after net procurement in coal-fired emissions. The results are illustrated in Figure 5. From Figure 5a, the annual consumption of FGD during the last four years has remained between 30,000 and 40,000 tonnes. It has a decreasing trend in the first three years and a surge in 2021 to 49,303.26 t. The overall FGD activity level, however, has trended roughly in line with the annual consumption, and its internal carbonate content has remained at 90%. Figure 5b demonstrates that the net purchase of electricity over the last four years was highest in 2020 at 7,690,932 MJ.



Meanwhile, the carbon content per unit calorific value of fossil fuels and the probability of carbon oxidation in the coal combustion emission factors are showcased in Table 1.



In the table, the carbon content per unit calorific value of fossil fuels shows a gradual increase, reaching a maximum value of 28.2 t/TJ in 2021. In addition, the oxidation probability of burning coal carbon fluctuates, with the highest occurring in 2019 at 99.8% and overall above 99%, showing a high oxidation level. Combining Figure 5 and Table 1, the emission factor data for coal combustion can be derived and the results are shown in Figure 6. Figure 6a illustrates that the average carbon oxidation rate for the last four years of coal combustion was similarly above 99%, with a maximum of 99.82%; and from Figure 6b, the annual average carbon content per unit calorific value averaged around 26.5 t/TJ. The combined emission factors obtained show an increasing trend, with a maximum of 102.80 t/TJ.




4.3. Calculation of Carbon Emissions from Coal Combustion


For coal-fired carbon emissions, a combination of Figure 4 and Figure 6 allows for the calculation of their CO2. Based on the empirical fitting method, various factors of CO2 emissions for the two coal-fired power units were analyzed for the period 2018–2021. The results for one of these units, generator unit 1, are indicated in Table 2.



The carbon oxidation rate in Table 2 refers to the rate at which carbon in the fuel is oxidized to carbon dioxide during the combustion process. Table 2 shows that the annual consumption of raw coal fluctuates, reaching a maximum of 2,062,479 tonnes in 2021. Meanwhile, the carbon emissions from coal combustion show a year-on-year increase, maintaining a total of over 2.8 million tonnes, with a maximum of 3.64 million tonnes. In addition, the results for generator unit 2 are seen in Table 3.



From Table 3, the annual average oxidation probability of burning carbon from raw coal fluctuates, with an average of 98.951%; the carbon emissions from coal combustion fluctuate, reaching a minimum of 2,867,789 tonnes in 2021. By combining Table 2 and Table 3, according to the empirical fit approach the difference between the two emission fits remains within 2%. This indicates that the experimental results are highly accurate. The plant’s carbon emissions are increasing, which puts a huge strain on the atmosphere and therefore requires the necessary carbon reduction.




4.4. Carbon Reduction Analysis


Based on the data in Table 1, Table 2 and Table 3 and Figure 6, the probability of carbon oxidation is the only uncertainty, given the source of coal combustion and the total amount of electricity generated by the coal-fired plant throughout the year. Based on the equation related to the carbon oxidation rate, the relationship between the carbon content of the fly ash and the coal consumption of the electricity supply can be obtained. This can implement an effective carbon emission method. The results are shown in Figure 7. From Figure 7, in 2018, the energy supply power was over 12.24 million MJ, and the coal consumption for power supply was 332.71 g/MJ. When the coal consumption for power supply is reduced by 1.584 g/MJ, it can effectively save 2500 tons of raw coal and reduce 4300 tons of carbon dioxide, resulting in an overall carbon reduction of over 8000 tons. Therefore, reducing the carbon content in fly ash to reduce electricity consumption is an important direction for carbon reduction.





5. Conclusions


To better understand the company’s carbon emissions, a carbon emission calculation model and carbon emission data accounting model for coal-fired power plants were studied and constructed, and case data calculations and a carbon emission reduction analysis were conducted. The experimental results show that in the carbon emission parameter sensitivity experiment, the efficiency of the inner side of the boiler is higher than the absolute internal efficiency of the steam turbine at different load rates. At a load rate of 60%, for every 1 MW reduction in factory power consumption,   Δ  S  c  o 2      will decrease by 29.77 g/MJ. In addition, the emission factor of coal-fired power has averaged 100.806 t/TJ in the past four years and is gradually increasing, reaching a maximum of 102.80 t/TJ. In the coal-fired carbon emission experiment, the fitting degree between the carbon emissions of unit 1 and unit 2 was less than 2%, indicating the accuracy of the experimental data. Finally, in the carbon emission reduction analysis experiment, taking 2018 as an example, for every 1.58 g/MJ reduction in coal consumption while maintaining the same power supply, 4300 tons of carbon dioxide can be reduced. Overall, under low load conditions, power plants exhibit a high level of carbon sensitivity, indicating significant potential for carbon dioxide reduction. At the same time, reducing the carbon content in fly ash can reduce electricity consumption and achieve carbon emissions reduction. However, the data collected in the study are measured in years, which can affect the accuracy of the results, so data could be collected in months in the future.
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Figure 1. Specific contents of the two-level relationship. 
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Figure 2. Carbon sensitivity analysis results under different load factors. 
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Figure 3. Data results of steam turbine side and boiler side under different working conditions. 
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Figure 4. The level of coal-fired activity of the coal-fired power plant in recent four years. 
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Figure 5. Activity level of electricity used in the desulfurization process and after net procurement of coal-fired power plants. 
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Figure 6. Emission factor results of coal combustion. 
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Figure 7. Result of relationship between carbon content in fly ash and coal consumption for power supply. 
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Table 1. Carbon content per unit calorific value and carbon oxidation probability of fossil fuels.
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	Particular Year
	2018
	2019
	2020
	2021





	Annual average carbon content per unit calorific value of coal (t/TJ)
	26.3
	27.8
	28.1
	28.2



	Annual production of boiler residue/t
	3548.5
	2686.7
	2248.2
	2548.1



	The average carbon content level of residue in the boiler/%
	0.8
	0.5
	1.1
	1.2



	Annual fly ash production/t
	31,936.3
	24,181.1
	20,234.0
	22,931.4



	Average carbon content of fly ash/%
	0.4
	0.5
	0.9
	1.0



	Efficiency of dust collectors/%
	99.9
	99.9
	99.9
	99.9



	Probability of oxidation of coal carbon during combustion/%
	99.6
	99.8
	99.7
	99.5
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Table 2. CO2 emission results of generator unit 1.






Table 2. CO2 emission results of generator unit 1.





	Particular Year
	2018
	2019
	2020
	2021





	Annual average low calorific value of raw coal (kJ/kg−1)
	16,500
	17,501
	18,059
	17,972



	Average annual carbon oxidation rate of coal combustion (%)
	99.108
	99.115
	98.916
	98.514



	Annual consumption of raw coal (t)
	1,757,100
	1,713,170
	1,756,620
	2,062,479



	Annual average carbon content per unit calorific value of coal (tC/GJ−1)
	0.026
	0.025
	0.027
	0.028



	Carbon dioxide emissions from coal-fired combustion (t)
	2,830,149
	2,920,996
	3,102,600
	3,641,598
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Table 3. CO2 emission results of generator unit 2.
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	Particular Year
	2018
	2019
	2020
	2021





	Low calorific value of raw coal Grandma General (kJ/kg)
	16,560
	17,710
	18,100
	18,260



	Average annual carbon oxidation rate of coal combustion (%)
	99.000
	98.870
	99.065
	98.869



	Annual consumption of raw coal (t)
	2,097,960
	1,850,813
	1,986,599
	1,595,100



	Annual average carbon content per unit calorific value of coal (tC/GJ)
	0.026
	0.025
	0.027
	0.028



	CO2 emissions from coal combustion (t)
	3,387,300
	3,181,330
	3,525,659
	2,867,789
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