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To cope with the uncertainty brought by the large-scale integration of renewable energy under the goal of carbon neutrality, it is necessary to tap and utilize flexible and adjustable resources from both the source and the load side at the same time. Hence, a flexible low-carbon optimal scheduling method for distribution networks is proposed in this paper, which takes into account the participation of heat storage industrial loads in demand response. Firstly, the model of the gas turbine equipped with a flexible carbon capture device is established, and the non-convex constraint introduced by the adjustable flue gas diversion ratio is convexified. Then the model of the fused magnesium load, a representative of heat storage industrial loads, is established for its participation in demand response. The segment linearization and convexification methods are performed on the conditional productivity constraints of the fused magnesium load. On this basis, a mixed-integer linear programming model for flexible and low-carbon optimal dispatch of the distribution network is developed by using the stochastic optimization theory and solved by commercial solvers. The proposed method is verified to be able to ensure the economic operation of the distribution network while reducing carbon emissions and promoting renewable energy consumption.
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1 INTRODUCTION
As energy shortages and global warming issues have become increasingly severe, the major countries of the world have signed the Paris Agreement. Since the power industry is a major source of carbon emissions, these countries are vigorously promoting the deployment of renewable energy sources (RES) to relieve the pressure of decarbonization and achieve the anticipated emission reduction targets (Xu et al., 2023; Xu and Yi, 2023). However, the uncertainty, volatility, and anti-peak characteristics of the RES output pose a huge challenge to the stable operation of the system (Cheng et al., 2023; Tan et al., 2019). Since the distribution network is integrated with various types of distributed RES, how to ensure the continuity and reliability of power supply is a particularly evident challenge (Zhang et al., 2024; Zhang et al., 2023; Huang et al., 2020).
To address the challenges of integrating RES, gas turbines and demand response are becoming attractive measures (Zhang and Zhu, 2024; Condessa et al., 2023; de Chalendar et al., 2023). Gas turbines are an ideal choice as backup power sources for RES due to their high efficiency and relatively low carbon emissions. However, to achieve the emission reduction and the carbon neutrality targets, even gas turbines need further decarbonization. Gas turbines installed with flexible carbon capture technology (FCCGT) have high commercial maturity and do not require large-scale retrofits to the existing gas turbine, which is a promising technology to reduce carbon emissions (Fan et al., 2023). It is proposed in (Wilkes et al., 2021) that the quick-response capability of gas turbines is indispensable for providing system flexibility. When combined with post-combustion carbon capture technology, gas turbines offer critical support for the transition to a future low-carbon society. Integrating flexible combined-cycle gas turbines with carbon capture and storage technology is investigated and analyzed in (Chyong et al., 2023) for constructing low-carbon power systems. A laddered carbon trading-based operation model is proposed in (Gao et al., 2024) for an integrated electricity-gas system considering the complex combustion properties of hydrogen mixed gas turbine. In (Wang et al., 2022), the liquid storage carbon capture and power to gas technologies are applied to construct a coordinated heat and power operation model, which takes into account the carbon trading cost. Besides, due to the large thermal inertia of the heat storage industrial loads (HSIL), their operating power can be rapidly adjusted upward or downward with little impact on the production process, which play an important role in the demand-side management of the distribution network. Through demand response (DR) technology, HSIL can be flexibly dispatched within a certain range, which improves the matching degree of load demand and RES output and enhance the stability of the distribution system (Boldrini et al., 2024; Shao et al., 2021). Hence, exploiting the DR potential of HSIL helps balance the power supply and demand to enable the increase of RES integration, which indirectly contributes to carbon emission reduction (Wang J. et al., 2023). As one of the representative HSIL, magnesium load using an electric arc furnace (MLEAF) has a simple production process, but can provide significant regulation capability due to its thermal inertia. Therefore, modelling the DR participation of MLEAF with a low complexity has become a research focus in recent years. A novel adaptive Proportional-Integral-Derivative controller has been developed to regulate the melting current of MLEAF within desired parameters, resulting in significant energy savings (Wang W. et al., 2023). Based on a comprehensive analysis of the characteristics of electrical arc furnace, a refined model of MLEAF is developed in (Wang et al., 2024). Besides, a low-carbon dispatch method is proposed in (Zhao et al., 2024) to consider the demand regulation of MLEAF and the fluctuation of wind power generation, which achieves stable and reliable operation of the power system through the integration of thermal power plants and the introduction of battery energy storage systems.
However, there are still many challenges about how to effectively integrate FCCGT and the DR capacity of HSIL to relieve the distribution network dispatch pressure:
1) The uncertainty and anti-peak characteristics of RES output place higher requirements on the response speed and flexibility of the distribution network. If the RES output is low during load peaks, it will inevitably lead to an increase in FCCGT and carbon emissions, requiring the capture and processing of more CO2. In this case, the power consumption of the carbon capture (CC) device of FCCGT increases accordingly, bringing extra load to the load peaks. This phenomenon is called “peak-on-peak,” which severely damages the power balance of the distribution network.
2) The large-scale utilization of flexible resources from both the supply and demand sides increases the complexity of the distribution network optimal dispatch model. Unreasonable modeling methods and solving algorithms not only fail to improve the economic efficiency of the dispatch plan but may even threaten the safety of distribution network operation and load power supply (Qi et al., 2023; Gabrielli et al., 2022). For example, the HSIL equipment’s working temperature has impacts on the production output and quality, so the changes in temperature need strict limits. If these impacts and limits are ignored in the DR model, the actual response willingness of HSIL may be much lower than expected, which brings greater pressure in turn to the distribution network operation (Wang et al., 2024; Yue et al., 2024).
To solve the problems above, a flexible low-carbon optimal dispatch model is proposed for the distribution network in this paper, which contains the models of FCCGT and a representative HSIL, i.e., MLEAF. The contributions of this model are listed below:
1) The model of FCCGT with storage tanks is constructed, where the non-linear constraints related to the adjustable flue gas diversion ratio is convexified by the McCormick envelope method.
2) The model for the DR participation of MLEAF is proposed, where 0-1 auxiliary variables are introduced to construct the piece-wise function-based production output constraints and the resulting bilinear terms are convexified.
3) Based on the models of FCCGT and MLEAF, a mixed-integer linear stochastic optimization model is established with typical forecast error scenarios of RES and load to realize the low-carbon dispatch of the distribution network, which can be solved by commercial solvers such as CPLEX.
The rest of the paper is organized as follows. In Section 2, the operation mechanism is analyzed and the linearized model is constructed for FCCGT. In Section 3, the DR model of MLEAF is established where the production output constraints are convexified. Then the flexible low-carbon optimal dispatch model of the distribution network is detailed with its objective function and constraints in Section 4. Numerical tests are performed on a modified IEEE 33-bus system and the results are discussed in Section 5. The conclusions are summarized in Section 6.
2 FCCGT OPERATION MECHANISM AND MATHEMATICAL MODEL
2.1 FCCGT structure and operation mode
Based on the combustion process, CC technologies can be classified into oxy-fuel combustion, pre-combustion capture, and post-combustion capture. Based on the operating modes, they can be divided into slipstream mode, storage mode, and integrated flexible operation mode.
Considering the commercial and technological maturity, the post-combustion capture technology with integrated flexible operation mode is adopted by FCCGT, which is realized by installing a flue gas bypass system and a solvent storage tank on the gas turbine (Song et al., 2024). The operation process of FCCGT is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Integrated flexible operation process of FCCGT.
FCCGT controls the flue gas bypass system to feed a certain proportion of the flue gas generated by the gas turbine into the absorption tower. In this tower, the flue gas reacts with an ethanolamine (MEA) solution to obtain a CO2-rich solution, which is stored in the rich solution storage tank. The rich solution pump is then adjusted to control the rich solution fed to the regeneration tower, where the rich solution is heated with extracted steam to cause counter-reaction to separate CO2 from the MEA. The separated CO2 is partially used as feedstock of a power-to-gas facility to produce methane for the natural gas network, while the remaining CO2 is compressed for storage. The regenerated lean MEA solution is pumped back into the lean solution storage tank and recirculated to the absorption tower for reuse. This integrated flexible operation allows FCCGT to efficiently capture and utilize the CO2 generated by the gas turbine.
Compared to gas turbines equipped with traditional CC device, the unique features of FCCGT are:
1. Flexible and controllable flue gas diversion ratio: By adjusting the flue gas bypass system, the proportion of flue gas entering the CC device can be controlled, allowing a balance between operating costs and carbon emissions.
2. Flexible carbon capture based on solution storage tanks: The CC amount is decoupled with the CC power consumption, which leads to a wider range of net power output of FCCGT. Such CO2 processing flexibility serves as a supplementary resource to promote the consumption of RES power and contribute to the power balance of the distribution network.
Due to these distinctive features, a targeted model needs to be established for FCCGT.
2.2 The mathematical model of FCCGT
According to Figure 1, the model reflecting the power output and real-time CC amount of FCCGT is expressed as follows:
[image: image]
where t is the index of time. [image: image] is the total power output of FCCGT. [image: image] is the net power delivered to the distribution network by FCCGT. [image: image] is the CC power consumption of the CC device. χ is the consumed power for capturing unit mass of CO2 (MWh/t). [image: image] is the total mass of the captured CO2, [image: image] is the mass of CO2 entering the CC device after flue gas diversion (t). [image: image] is the mass of CO2 supplied from the rich solution storage tank (t). [image: image] is the mass of CO2 absorbed by the rich solution storage tank (t). [image: image] is the flue gas diversion ratio. [image: image] is the maximum CC level. [image: image] is the total mass of CO2 produced by FCCGT (t). [image: image] is the CO2 emission intensity of FCCGT (t/MWh). [image: image] is the mass of CO2 emitted into the atmosphere from FCCGT after flue gas diversion (t). [image: image] and [image: image] are the upper and lower power limits of FCCGT.
According to (Equation 1), by controlling the inflow and outflow of the rich solution storage tank, the amount of CO2 flowing into the absorption tower [image: image] can be different from that processed by regeneration tower [image: image] at the same time, which realizes the decoupling of CC amount and power consumption mentioned in the Introduction.
Since the CO2 is stored in the solution in the state of MEA compound, the variables related to the mass of CO2 in (Equation 1) should be converted the volume of MEA solution, which is then used to model the volumetric constraints of the solution storage tanks. The conversion between CO2 mass and MEA volume is shown as:
[image: image]
where [image: image] and [image: image] are the MEA volume flowing into/out of the rich solution storage tank (m³). [image: image] and [image: image] are the molar masses of MEA and CO2 (g/mol). [image: image] is the mass of CO2 that can be absorbed by 1 mol of MEA (mol/mol). [image: image] is the solution concentration. [image: image] is the solution density (t/m3).
Then the volumetric constraints of the solution storage tanks can be modeled as follows:
[image: image]
where [image: image] and [image: image] are the MEA volumes in the rich and lean solution storage tanks at time t, respectively. [image: image] and [image: image] are the MEA volumes in the rich and lean solution storage tanks at time t-1, respectively. [image: image] and [image: image] are the MEA volumes in the rich solution storage tank at time 0 and T, respectively. T is the total time slots in a dispatching cycle. [image: image] is the volume of the solution storage tanks (m³).
Besides, the solution storage tanks should not flow in and out MEA simultaneously, and the inflow and outflow have upper limits, which are expressed as follows.
[image: image]
where [image: image] is the maximum operational efficiency of the regenerator tower and the compressor. [image: image] and [image: image] are the 0-1 indicator variables reflecting the MEA volume changes in the lean and rich solution storage tanks, respectively.
2.3 The convexification of the FCCGT model
The bilinear term [image: image] in (Equation 1) leads to a non-convex FCCGT model. To convexify this bilinear term, McCormick envelopes are used and shown as below (Deng et al., 2021).
[image: image]
[image: image]
where ωt is an auxiliary variable used to replace [image: image] in (Equation 1). Therefore, By combining the replaced (Equations 1, 6), the proposed FCCGT model is convexified.
3 THE DEMAND RESPONSE MODEL FOR MLEAF
MLEAF utilizes the heat generated by the alternating current arc to heat the dolomite ore to a molten state to obtain magnesium oxide crystals, so MLEAF is a representative high-energy-consuming HSIL. The MLEAF can control its load power by adjusting the electrodes with an electrode controller, which regulates the current within the furnace. Even if regulated with a small percentage of the rated power, MLEAF can effectively supplement the regulation capacity required by the distribution network, serving as a flexible DR resource. The specific model is described as follows.
3.1 The MLEAF model
Based on the production principles and operating modes of the MLEAF, its DR model for day-ahead optimal dispatch is constructed, which consists of the following constraints.
(1) Constraints of MLEAF regulatable capacity
[image: image]
where [image: image] is the operating power of the MLEAF after regulation. [image: image] is the rated power of the MLEAF. [image: image] and [image: image] are the power increment and decrement of the MLEAF. [image: image] and [image: image] are the 0-1 variables indicating the upward and downward regulation states of MLEAF, respectively. [image: image] and [image: image] are the maximum power increment and decrement of the MLEAF while ensuring safe operation.
(2) The constraints of regulation times of MLEAF
During a complete production cycle, the regulation times for each MLEAF should not exceed the predetermined upper limits to avoid adverse impact on the product purity. The relevant constraints are shown as follows:
[image: image]
where [image: image] and [image: image] are the 0-1 variables indicating that MLEAF changes to the upward and downward regulation states, respectively. [image: image] is the maximum regulation times of the MLEAF.
(3) The constraints of the MLEAF production output
To ensure that the MLEAF production output still meets requirements after participating in the DR project, the following constraints are constructed:
[image: image]
where [image: image] is the target of MLEAF production output. [image: image] is the piecewise linear function of the MLEAF yield to its power, which is shown as
[image: image]
where λ1、λ2 and λ3 are the MLEAF yield under the power decrease state, nominal state, and power increase state. [image: image] and [image: image] are the lower and upper limits of the rated state of MLEAF.
3.2 Linearization of MLEAF production output constraints
The MLEAF production output constraints given by Equations 9, 10 are conditional constraints, which cannot be solved by common commercial solvers directly. To address this problem, auxiliary variables are first used to perform piecewise linearization of (Equation 10):
[image: image]
where λm,t is the output yield of the m-th MLEAF at time t. [image: image], [image: image] and [image: image] are 0–1 variables to indicate the three intervals of Pm,t divided in (Equations 10).
Based on (Equations 9, 11) can be rewritten as:
[image: image]
Similarly with (Equation 1), the bilinear term in (Equation 12) can also be convexified using McCormick envelopes:
[image: image]
where om,t is an auxiliary variable used to replace the bilinear term λm,tPm,t in (Equation 12).
Although λm,t is discrete, it still has minimum and maximum values, which are λ1 and λ3, respectively. The minimum and maximum values Pm,t of are [image: image] and [image: image], respectively. Using the maximum and minimum values of λm,t and Pm,t, the linearized limits of om,t is constructed as:
[image: image]
Finally, the MLEAF production output constraints are composed of (Equations 11, 13, 14).
4 FLEXIBLE LOW-CARBON OPTIMAL DISPATCH MODEL OF THE DISTRIBUTION NETWORK
In the day-ahead optimal dispatch, the power curves of RES output and load is firstly forecasted. Then the historical forecast error data are used to construct forecast error scenarios. By combining the forecasted power curves with the forecast error scenarios, the day-ahead stochastic scenarios of RES output and load are obtained with their corresponding probabilities. On the basis of the scenarios, a flexible low-carbon stochastic optimal dispatch model is established for the distribution network by taking into account the CC amount and power consumption decoupling of FCCGT and the DR potential of MLEAF. The objective function and constraints of this dispatch model are detailed as below.
4.1 Typical scenario generation method
The scenario generation method in (Zhang et al., 2021) is adopted here, whose procedures are given below.
Step 1: Organize the historical forecast error data of RES and load power as a matrix.
Step 2: Compute the eigenvectors of the forecast error matrix. Based on the eigenvectors, the minimum volume enclosing ellipsoid of the historical error data points are determined.
Step 3: The circumscribed polyhedron of the ellipsoid is obtained by an expansion method. Then the coordinates of the vertices of the circumscribed polyhedron are the derived typical forecast error scenarios.
Step 4: Add each typical forecast error scenario to the base forecast power of RES and load to obtain their typical scenarios, which are used in the objective and constraints of the proposed Flexible low-carbon optimal dispatch model.
4.2 Objective function
The objective function of the proposed dispatch model is to minimize the total operation cost of the distribution network.
(1) The start-up and shut-down cost of the FCCGT
[image: image]
where i is the index of FCCGT. [image: image] is the total number of FCCGTs. [image: image] and [image: image] are the start-up and shut-down costs of the i-th FCCGT. [image: image] and [image: image] are the 0-1 variables indicating the states of the i-th FCCGT at time t and time t−1, respectively.
(2) The operational cost of the FCCGT
[image: image]
where k is the index of the typical scenarios. Nsce is the total number of typical scenarios. pk is the weight coefficient of scenario k. [image: image] is the unit fuel cost of the FCCGT electricity generation. [image: image] is the unit operational cost of the CC device.
(3) The cost of purchasing power from the superior power grid
[image: image]
where [image: image] is the price of the power purchased from the superior power grid. [image: image] is the quantity of purchased electricity.
(4) The subsidy cost for the DR incentive of MLEAF
[image: image]
where NM is the total number of MLEAFs. cm1 and cm2 are the unit subsidies for increment and decrement responses of MLEAF, respectively.
(5) The carbon tax cost
This paper considers the implementation of a carbon tax policy in the distribution network and calculates the carbon tax cost associated with CO2 emissions as follows:
[image: image]
where [image: image] is the carbon tax price. [image: image] is the average carbon emission factor corresponding to purchased electricity.
(6) The penalty cost for wind and solar power curtailment
[image: image]
where [image: image] is the penalty price of curtailed wind and solar electricity. Nw and Nv are the number of wind farms and photovoltaic power stations, respectively. [image: image] and [image: image] are the curtailed power of the w-th wind farm and the v-th photovoltaic power station, respectively.
(7) The load shedding cost
[image: image]
where [image: image] is the penalty price of load shed. [image: image] is the load shed at bus b.
Based on (Equations 15–21), the total cost of the distribution network is calculated by Equation 22 as follows:
[image: image]
4.3 Constraints

(1) Constraints of FCCGT
The relevant constraints have been given by Equations 1–6.
(2) Constraints of MLEAF
The relevant constraints have been given by Equations 7–14.
(3) Power balance constraints
[image: image]
where [image: image] and [image: image] are the forecasted power of wind farm w and photovoltaic power station v. [image: image] is the forecasted load power at bus b.
(4) Transmission capacity constraints of power lines
[image: image]
where Klb is the power flow distribution factor of bus b to line l (Cai et al., 2022). flmax is the maximum transmission power of line l.
(5) Wind and solar curtailment and load-shedding constraints
[image: image]

(6) Power output and ramp constraints of FCCGT
[image: image]
where URi and DRi are the maximum upward and downward ramp rate of the i-th FCCGT.
(7) Minimum duration constraints of on and off states of FCCGT
[image: image]
where [image: image] and [image: image] are the minimum duration of on and off states of the i-th FCCGT. [image: image] is a 0-1 variable which takes 1 for the on state and 0 for the off state. The constraints of the proposed flexible low-carbon dispatch model are finally composed of  Equations 1–14 and  Equations 23–27.
5 NUMERICAL TESTS
5.1 Basic settings
A modified IEEE 33-bus standard system is designed as the test distribution system, whose network structure is shown in Figure 2. This designed system includes three identical FCCGTs, i.e., GT1-GT3, which are connected to buses 22, 25, and 33, respectively. The technical parameters of GT1-GT3 are shown in Table 1. The three FCCGTs have the same type of CC devices, with the parameters listed in Table 2.
[image: Figure 2]FIGURE 2 | Test system based on a modified IEEE 33-bus standard system.
TABLE 1 | Parameters of FCCGT.
[image: Table 1]TABLE 2 | Parameters of CC device.
[image: Table 2]The wind farm is connected to Bus 18, with its forecasted power output shown in Figure 3. The penalty price for curtailing wind power is 100 $/MW·h. Apart from MLEAF, the forecasted power of all the other loads in the distribution network is also shown in Figure 3. The ratio of load at each bus to the total load is the same with that in the original IEEE 33-bus standard system, which can be found in (Yang et al., 2021) and not elaborated here.
[image: Figure 3]FIGURE 3 | The forecasted power of the wind farm and load.
The MLEAF is connected to Bus 18. When not participating in DR project, the MLEAF daily power curve is a horizontal line with its value equal to the rated power. The relevant parameters are shown in Table 3.
TABLE 3 | Parameters of MLEAF.
[image: Table 3]The electricity price for purchasing power from the superior power grid adopts time-of-use pricing, where the peak, flat and valley periods are divided according to the load curve shape shown in Figure 3. The corresponding prices for each period are shown in Table 4. The average carbon emission factor for purchased electricity is 0.65 t/MW h.
TABLE 4 | Time period division and electricity price.
[image: Table 4]Based on the parameters above, three different scenarios are designed for comparative analysis to verify that the incorporation of FCCGT and DR of MLEAF can improve the economic efficiency, low-carbon attribute and flexibility of the distribution network. These scenarios are as follows.
Scenario 1: GT1-GT3 are equipped with CC devices without solution storage tanks and with a fixed flue gas diversion ratio. The MLEAF does not participate in the DR project.
Scenario 2: GT1-GT3 are FCCGTs with adjustable flue gas diversion ratios. The MLEAF does not participate in the DR project.
Scenario 3: GT1-GT3 are FCCGTs with adjustable flue gas diversion ratios. The MLEAF takes part in the DR project. This scenario corresponds to the flexible low-carbon optimal dispatch model proposed in Section 4.
All three scenarios are modeled with the YALMIP toolbox and solved by the CPLEX solver on the MATLAB platform.
5.2 Comparison and analysis of dispatch results for the three scenarios
The dispatch costs are shown in Table 5.
TABLE 5 | Comparison of distribution network operating costs under different scenarios.
[image: Table 5]According to Table 5, it can be found that.
1) In Scenario 2, the carbon emission is reduced by 18 t compared to Scenario 1. The wind power curtailment penalty is decreased by 4,340 $. The total cost is decreased by 8,000 $. This indicates that the FCCGT has higher flexibility than gas turbines equipped with CC devices without solution storage tanks, which improves CC efficiency and promotes the utilization of renewable energy.
2) In Scenario 3, carbon emission is reduced by 14 t compared to Scenario 2. The total cost is decreased by 9.7 × 104 $ and 1.7 × 104 $ compared to Scenario 1 and Scenario 2, respectively. This indicates that, incorporating the DR of MLEAF into the distribution network dispatch can significantly improve the energy utilization efficiency, effectively reduce the peak loads and lower the carbon emission.
In summary, the effectiveness of the proposed flexible low-carbon optimal dispatch model is validated by comparing the total costs, carbon emissions and wind curtailment of the three scenarios.
The dispatch schemes of the three scenarios are shown in Figures 4–6.
[image: Figure 4]FIGURE 4 | Dispatch scheme of scenario 1.
[image: Figure 5]FIGURE 5 | Dispatch scheme of scenario 2.
[image: Figure 6]FIGURE 6 | Dispatch scheme of scenario 3.
According to Figures 4–7, the outputs of all the power sources during the peak load periods are compared between the three scenarios. It can be found that the proposed model can optimize the output of FCCGTs and the wind farm, so the distribution network can effectively interact with the superior power grid to achieve the “peak shaving and valley filling” effect. More specifically, during peak periods, the external power purchase is decreased by utilizing MLEAF to reduce its own load. During off-peak periods, the consumption of wind power is increased through reasonable dispatching, which also reduces the external power purchase. Since the carbon emission factor of purchased electricity is higher than that of gas turbines and wind power, the proposed model results in a decrease in the total daily carbon emissions, which proves its low-carbon property.
[image: Figure 7]FIGURE 7 | Power purchased from the superior power grid of 3 scenarios.
According to Figures 8, 9, the fixed gas diversion ratio in Scenario 1 results in a nearly constant high CC power during peak periods, which further leads to a shortage in the feed-in power of the FCCGTs and exacerbates the power generation deficit. In Scenarios 2 and 3, CO2 that cannot be processed during peak periods is stored in the solution tanks and processed later in the off-peak periods. In this way, the CC power consumption during peak periods is reduced to zero, which allows FCCGTs to provide more feed-in power during peak periods and more CO2 processing load during off-peak periods. Such flexibility promotes RES power consumption and achieves peak-shaving and valley-filling effects.
[image: Figure 8]FIGURE 8 | Power consumed by CC devices of 3 scenarios.
[image: Figure 9]FIGURE 9 | Feed-in power of FCCGTs of 3 scenarios.
According to Figure 10, during the peak period from 18:00 to 20:00, the gas diversion ratio in Scenario 3 is higher than that in Scenario 2. This is because the DR of the MLEAF alleviates the power output pressure of FCCGTs during peak periods. More specifically, MLEAF actively responds to the distribution network’s peak shaving instructions and reduces its load demand, so the required power output and the corresponding CO2 generated by FCCGTs are both lowered. Therefore, FCCGTs can provide more CC power to process the smaller amount of carbon emission, which results in the higher flue gas diversion ratio in Scenario 3.
[image: Figure 10]FIGURE 10 | Flue gas diversion ratios and captured carbon of scenario 2 and scenario 3.
According to Figure 11, the solution volumes in the rich and lean solution tanks vary with time to react with the operation condition of the distribution network. During the peak periods, the MEA solution volume in the rich solution tank increases, which indicates that CC power is reduced in these periods and CO2 is stored temporarily for later processing. During the valley periods, MEA flows out of the rich solution tank to release CO2 and then flows into the lean solution tank, which indicates that the CC power increases to process the CO2 temporarily stored in peak periods.
[image: Figure 11]FIGURE 11 | Stored MEA solution in the rich and lean solution tanks of scenario 2.
Through the coordinated operation of the rich and lean solution tanks, the CC amount and the CC power consumption are decoupled, contributing to the flexible low-carbon economic dispatch of the distribution network.
From the comparison of Figures 11, 12, it can be observed that compared to Scenario 2, Scenario 3 additionally considers the flexibility brought by the DR of MLEAF. Therefore, the CC devices can operate more efficiently across different load periods, which better balances the operating efficiency and energy consumption of the FCCGTs. With the flexibility from both the generation and load sides, the overall efficiency and stability of the distribution network is improved, which means lower operation costs and smaller environmental impact.
[image: Figure 12]FIGURE 12 | Stored MEA solution in the rich and lean solution tanks of scenario 3.
6 CONCLUSION
A novel flexible low-carbon optimal dispatch model is proposed in this paper for the distribution network, which coordinates FCCGTs and the DR of MLEAF to achieve balances between the operation efficiency, carbon emissions, RES power curtailment and load shedding amount. The correctness and advantages of the proposed model is verified by designed numerical tests. The specific conclusions are as follows:
1) By modelling the flexibility provided by the solution tanks and flue gas diversion system of FCCGTs, the carbon emission and processing is effectively controlled by the CC devices, which improves the utilization efficiency of fossil energy in the optimal dispatch of the distribution network.
2) The cooperation of the FCCGTs and the DR of MLEAF avoids the frequent start and stop of FCCGTs and alleviates the pressure peak regulation. Under this condition, the distribution network can operate in more stable and efficient mode, which realizes the environmental sustainability and economic benefits.
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