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Faced with the problem of fossil energy depletion and the power industry’s low-carbon requirements, low-carbon technologies in collaboration with market mechanisms, supplemented by flexible resources, are critical to achieving the low-carbon operation of integrated energy systems (IES). This paper establishes an IES considering multiple types of low-carbon factors and demand response. Firstly, the IES is deemed to participate in the carbon trading market and introduce a ladder-type carbon trading mechanism at the low-carbon policy level. Then, at the low-carbon technology level, carbon capture power plants and power-to-gas equipment are introduced to refine the modeling of the power-to-gas process. Secondly, the integrated energy system includes pluralistic energy storage technology and demand response to increase the IES’s flexibility. Based on multiple types of low carbon factors and demand response mechanisms, the scheduling model for energy efficiency improvement is constructed with the lowest sum of the cost of wind abandonment penalty, the cost of purchasing energy, the cost of equipment operation and maintenance, and the cost of carbon trading as the optimization objective, and solved by a two-stage optimization method. Five energy efficiency indicators are presented to efficiently evaluate dispatching results: wind power consumption rate, carbon trading cost, actual carbon emissions, total cost, and load fluctuation. Finally, according to an arithmetic test system based on various operation scenarios, the proposed model may increase the IES’s comprehensive energy efficiency under the coupling effect of multiple types of low-carbon factors and demand response.
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1 INTRODUCTION
Modern energy systems have been transforming into clean, low-carbon systems. Integrated energy systems with electricity-gas-thermal coupling as the core effectively promote renewable energy consumption and improve energy efficiency (Zhang et al., 2020; Wang et al., 2022). As the permeability of distributed generation (DG) increases, flexible resources such as energy storage and controllable load in IESs begin to assume the function of reducing carbon emissions while participating in regulation. However, the accessibility of various resources also makes IESs’ operations more complex. (Hong et al., 2018; Liu et al., 2019).
Wind power and other new energy generators with low marginal costs and no carbon emissions are gradually transitioning from alternative to dominant power sources. However, the volatility and randomness of wind power output will lead to wind abandonment and increase the backup capacity assumed by thermal power units, resulting in continued high carbon emissions (Rong et al., 2019; Chen J et al., 2021). The emergence and implementation of carbon capture and storage technology has alleviated this contradiction with the development of low-carbon technologies. Carbon capture units have significantly increased operational flexibility, faster climbing rate, and greater peaking capacity by converting conventional thermal power units into carbon capture units with significantly lower emission intensity (Zhang et al., 2013; Yao et al., 2018). Carbon capture units with carbon capture equipment provide ideal space for wind power consumption, reducing carbon emissions and contributing to the development of a low-carbon economy (Viebahn et al., 2015; Akbari-Dibavar et al., 2021). In (Zhou et al., 2018), the wind turbine and carbon capture are combined to form a virtual wind power-carbon power plant. The traditional single carbon volume form of CO2 volume of the capture system is improved to a double carbon volume form of CO2 volume of the regeneration and absorption tower. A two-stage low-carbon economic dispatch model is built under the virtual power plant’s standard operation mode, significantly reducing carbon emissions. The authors (Cui et al., 2021) proposed installing a flue gas bypass system and solution storage in the source-side carbon capture plant to create an integrated and flexible operation, followed by coordination with wind power. On the load side, demand response resources are used to overcome the limits of carbon capture plant operation on numerous time scales and to increase the system’s low carbon performance through coordinated optimization of resources on the source and load sides. The literature mentioned above addresses improving the carbon capture power plant’s structure. It cooperates with wind turbines and controllable loads to fully exploit the low carbon potential of the carbon capture equipment, which effectively reduces the system’s carbon emissions. However, most existing research focuses on a single low-carbon factor, which is still unable to overcome the limits of existing equipment with poor carbon capture rates and carbon sequestration methods that are both uneconomical and leaky.
Through the deep integration of electricity and gas networks, Power to Gas (P2G) provides a novel solution to handle the problem of wind abandonment and emission reduction as one of the IES’ critical supporting technologies(Aramouni et al., 2017; Xiang et al., 2021). In (Chen et al., 2017), a day-ahead economic optimal dispatch model for a multi-source energy storage microgrid system comprising P2G is constructed based on microgrid-type energy hubs. The findings demonstrate that P2G can reduce wind desertion and enhance system economy, although only the P2G process is studied, and a more refined P2G process is missing. In (Cui et al., 2020), the paper proposed a variable efficiency combined heat and power generation scheduling model, including electricity to gas, refined the P2G model, and introduced hydrogen storage in hydrogen production from water electrolysis. Through the co-generation of heat and electricity, hydrogen fuel cells can promote the high-grade use of hydrogen energy, reduce the energy cascade loss caused by direct methanation, and improve the overall energy utilization rate. In (Chen Z et al., 2021), a carbon trading mechanism was introduced to guide the IES to control carbon emissions, and the two-stage operation process of P2G was refined. Hydrogen energy was preferentially utilized in hydrogen production to reduce the loss caused by the cascade energy utilization, thus improving IES’s economy and low-carbon characteristics. In (Tian et al., 2021; Li and Yu, 2020), a low-carbon economic dispatch model of an integrated energy system considering carbon capture technology and integrated demand response is built. Still, no detailed analysis of P2G and no carbon trading mechanism have been introduced. The previous studies all focus on a single low-carbon factor, and the function of load-storage side flexibility resources in supporting the low-carbon economic operation of IESs has yet to be thoroughly investigated. In the context of low carbon, it is rare to analyze and formulate carbon trading policies and fully consider the impact of the combined effects of various low carbon factors and the joint participation of charge-storage flexible resources on improving the IES’s wind power consumption rate and reducing carbon emissions and costs.
As a result, this paper takes multiple approaches to increase the IES’s energy efficiency. The novelty of this study is as follows: 1) design a joint low-carbon operation model that considers CCSU, P2G, and the ladder-type carbon trading mechanism in an integrated energy system. 2) utilize load-storage flexibility resources and introduce multiple energy storages for the IES’s multi-energy coupling. 3) implement a demand response mechanism using the features of controllable loads. 4) presents five energy efficiency indicators to evaluate dispatching results: wind power consumption rate, carbon trading cost, actual carbon emissions, total cost, and load fluctuation.
The rest of this article is organized as follows: Section 2 introduces the IES framework, considering multiple types of low-carbon factors. The demand response mechanism is introduced in Section 3. In Section 4, the dispatch model considering multiple types of low carbon factors and demand response is presented. Section 5 studies simulated cases to investigate the effectiveness of the proposed strategy. Finally, Section 6 concludes this article.
2 INTEGRATED ENERGY SYSTEMS FRAMEWORK CONSIDERING MULTIPLE TYPES OF LOW-CARBON FACTORS
The IES dispatching framework established in this paper is shown in Figure 1, which mainly consists of three parts: upper-level energy supply side, energy coupling, conversion side, and demand side. The upper-level grid and wind turbine (WT) directly provide electricity for the IES. The carbon capture power plant (CCPP) includes the power generator unit (PGU) and carbon capture and storage unit (CCSU), where the PGU can produce enough power to meet the electrical load and use the CCSU to capture some of its CO2 emissions. The combined heat and power (CHP) burns natural gas to meet the demand for electricity and heat at the same time. The gas boiler (GB) burns natural gas to provide heat to meet the demand for heat. The electrolyzer (EL) converts electric energy into hydrogen energy, which is further converted into natural gas by the methane reactor (MR) and can also be directly supplied to HFC for thermoelectric production of hydrogen energy, reducing the cascade consumption of energy and improving the utilization rate of energy. The upper gas network and MR provide the gas load demand. Thermal storage (TS), gas storage (GS), and hydrogen storage (HS) are included in the IES to store energy, allowing for energy time shift. The CO2 absorption or emissions associated with each facility’s operation are eventually traded on the carbon trading market.
[image: Figure 1]FIGURE 1 | The IES dispatching framework.
The models of CHP and GB in reference (Chen J et al., 2021) are introduced, so there will be no further information provided.
2.1 Modeling of carbon capture power plant
The CCPP decarbonizes a traditional thermal power station that uses the CCSU to separate and enrich CO2 from fossil fuel combustion gases to mitigate the greenhouse effect. The CO2 captured is partially sequestered and partially delivered to the MR. Their mathematical models can be established as follows:
[image: image]
2.2 Refined modeling of the power to gas process
The P2G technology in the integrated energy system primarily consists of two processes: power to hydrogen and power to gas. The power to hydrogen process involves electrolyzing water in an EL to produce hydrogen and oxygen. The HFC partly uses the generated hydrogen, converted into electrical and thermal energy and partially stored in the HS. The power to hydrogen process uses the hydrogen produced in the previous cycle and the CO2 absorbed in the MR to produce methane and water under the action of a catalyst, and natural gas pipelines can transport the generated methane to the CHP and GB.
2.2.1 Electrolyzer
The EL is the critical piece of equipment in hydrogen production technology that uses water electrolysis from renewable energy sources to convert electrical energy into hydrogen energy. Hydrogen is produced in this paper via proton exchange electrolysis, which is mathematically modeled as follows:
[image: image]
2.2.2 Methane reactor
The hydrogen energy transformed by the EL enters the MR and is mixed with CO2 in a particular proportion. After the catalytic exothermic reaction, the hydrogen energy is converted into methane and injected into the natural gas system, supplying the gas load, CHP, and GB to reduce the online purchase of gas from the upper gas network and reduce the energy purchase cost. Its mathematical model is as follows:
[image: image]
2.2.3 Hydrogen fuel cell
The HFC generates electricity, heat, and water via electrochemical reactions and offers good electrical and thermal qualities, allowing high-grade hydrogen energy consumption and providing clean electrical and thermal energy sources for the IES. It lowers the loss caused by stepwise energy use and improves the total energy utilization rate of the IES when compared to hydrogen first converted to natural gas and then provided to the CHP and GB, which is mathematically modeled as follows:
[image: image]
2.2.4 Hydrogen storage
A part of the hydrogen produced in the EL can be temporarily stored in the HS, providing a stable and time-shiftable source of dispatchable hydrogen for the HFC and MR. Compression-storage-recompression is an example of physical processes used in the HS. Only the losses caused by the compression process are briefly described in this study by the energy storage charging and discharging efficiency, which is mathematically modeled as follows:
[image: image]
2.3 Modeling of electrical/thermal/gas Storage
These three kinds of energy storage carry out reasonable charge and discharge work through the change in energy price, enhance the stability of power grid operation, realize peak cutting and valley filling, and reduce the system’s operating cost. Since the models of electric energy storage and thermal energy storage are similar to those of gas energy storage, the unified modeling of electric, thermal, and gas energy storage is as follows:
[image: image]
2.4 Modeling of ladder-type carbon trading mechanism
2.4.1 Initial carbon emission allowances
The allocation of initial carbon emission permits serves as the foundation for implementing the carbon emission trading mechanism. The baseline approach establishes the system’s free carbon emission allowances. The output of the PGU, GB, and CHP generates the majority of the IES’s carbon emissions, and their initial carbon emission allowances are as follows:
[image: image]
2.4.2 Carbon trading cost
When the IES’s actual carbon emissions are fewer than the initial carbon emission allowances, the government provides some incentive allowances. Otherwise, the IES must pay a carbon trading penalty to the government. The following equation can be used to calculate the actual emissions of the IES:
[image: image]
In order to refine the calculation of carbon trading cost, a ladder-type calculation model of carbon trading cost is constructed. It calculates the carbon trading cost in segments according to the relationship between total carbon emissions and carbon emission allowances as follows:
[image: image]
3 DEMAND RESPONSE MECHANISM
Demand response (DR) means that customers adjust their energy use behavior according to tariffs or incentives and participate in grid interaction, thus optimizing the load curve and improving the system’s operational efficiency. DR is classified into two forms based on how the load can be altered in the time axis and the interaction between the different types of energy use: price-based demand response and alternate-based demand response.
Only one specific energy source can be used, and the energy source can be shifted or curtailed spontaneously according to the price signal of the energy source at different times, which is called price-based demand response (PBDR).
Multiple energy sources can be used, and energy demand can be met through energy substitution based on multiple energy prices at the same point in time, where the total energy consumption required by the user at a certain point in time is certain, but the type of energy consumed can be flexibly adjusted, called alternate-based demand response (ABDR).
3.1 Price-based demand response
PBDR formulates reasonable energy prices according to consumer psychology and then changes load and energy consumption mode. Its model for electricity and gas loads is represented in the following equation:
[image: image]
By analyzing the change in power prices in this period before and after the demand response, curtailable loads decide whether to curtail. The PBDR features are described using the curtailable load (CL)-type price demand elasticity matrix, where element eCL (t, j) in the tth row and jth column of the elasticity matrix ECL(t, j) reflects the elasticity coefficient of the load during the period t concerning the energy price during the period j, defined as:
[image: image]
where Δθ (j) indicates the amount of energy price change after the action of the PBDR; θ 0(j) shows the energy price during the period j.
Then, the change in curtailable loads during the period t after the action of the PBDR can be expressed as:
[image: image]
ECL(t, j) denotes the CL-type price elasticity of the demand matrix, and it is a diagonal matrix.
A shiftable load is a type of load that allows customers to adjust their working hours in response to energy prices based on their own needs. Users will spontaneously reduce load demand during higher energy prices and shift to periods of lower energy prices. The PBDR characteristics are described using the shiftable load (SL)-type price elasticity of the demand matrix and the element eSL (t, j) in the tth row and jth column of the elasticity matrix ESL(t, j) represents the elasticity coefficient of loads at the time t concerning the energy price at time j, defined as
[image: image]
Then, the change in shiftable loads during the period t after the action of the PBDR can be expressed as:
[image: image]
where ESL(t, j) denotes the SL-type price elasticity of the demand matrix, it is a diagonal matrix.
3.2 Alternate-based demand response
The relative relationship between the equivalent electricity and gas prices in IESs determines the ABDR. In addition to the energy cost, other factors to consider are the equipment’s utilization efficiency. Integrated energy users will use more gas and less electricity when the comparable electricity price is excellent. In contrast, they will use more electricity and less gas when the equivalent electricity price is lower.
Because the mutual substitution of electrical and gas loads in the IES satisfies the law of energy conservation, the ABDR is modeled as follows:
[image: image]
where [image: image] and [image: image] meet the upper and lower power limits, as well as the climbing bound constraints. The IES operation status and price changes are available in real-time in this study, and the demand response mechanism is depicted in Figure 2.
[image: Figure 2]FIGURE 2 | Demand response mechanism diagram.
4 DISPATCH MODEL CONSIDERING MULTIPLE TYPES OF LOW CARBON FACTORS AND DR
4.1 Objective function
The IES’s total cost includes the wind abandonment penalty, the cost of purchasing energy, the cost of equipment operation and maintenance, and the cost of carbon trading, so the objective function is:
[image: image]
1) Cost of wind abandonment penalty
[image: image]
2) Cost of purchasing energy
[image: image]
3) Cost of equipment operation and maintenance
[image: image]
4) Cost of carbon trading is shown in Eq. 9.
4.2 Constraints
(1) Constraints on energy balance
Constraints on the energy balance satisfied by electricity, heat, gas, and hydrogen, respectively, are as follows:
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[image: image]
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(2) Constraints on equipment operation
EL: Eq. 2; MR: Eq. 3; HFC: Eq. 4;
[image: image]
In addition, [image: image], [image: image], [image: image], and [image: image] satisfy the upper and lower power limits and climbing limit constraints, respectively.
(3) Constraints on energy storage operation
Electrical/Thermal/Gas Storage: Eq. 6; Hydrogen Storage: Eq. 5
(4) Constraints on energy purchase
[image: image]
4.3 Energy efficiency evaluation indicators
Five types of indicators are proposed to evaluate the economy and low carbon of system operation to effectively evaluate the effectiveness of the dispatching strategy: wind power consumption rate, carbon trading cost, actual carbon emission, total cost, and load fluctuation. The following are the formulas for calculating each indicator:
(1) Wind power consumption rate.
The wind power consumption rate measures the system’s ability to consume wind power. The higher the consumption rate, the easier it is to achieve the system’s clean and low-carbon functioning, and the formula is as follows:
[image: image]
(2) Carbon trading cost.
The carbon trading cost determines the system’s low carbon character. The higher the cost of carbon trading, the more actual carbon emissions exceed the baseline carbon emission allowances. The higher the carbon emission charge must be paid, as computed by the formula in Eq. 9.
(3) Actual carbon emissions.
The actual carbon emissions measure the quality of CO2 numerically and can more intuitively estimate the system’s carbon emission level, and the calculation formula is shown in Eq. 8.
(4) Total cost.
The total cost of operation assesses the system’s efficiency and is calculated as shown in Eq. 16.
(5) Load fluctuation.
The load fluctuation is the sum of the squares of the load difference between the previous period and that period within the dispatch cycle. It is an indicator used to measure the role of demand response, reflecting the role of demand response on load smoothing and tracking, calculated as follows:
[image: image]
where Je and Jg denote the electrical and gas load fluctuations, respectively.
4.4 Solving method
The IES efficiency improvement scheduling model, which considers multiple types of low carbon factors and demand response, is a mixed-integer nonlinear model in this paper. The segmented linear interpolation method converts Eqs 1, 8 into segmented linear functions, with the specific linearization process shown as follows:
Step 1: According to the required accuracy, take P + 1 segment point[w1,w2,…, wQ+1], Divide the original function into P intervals.
Step 2: Add P+1 continuous auxiliary variable[a1,a2,…,aP+1] with P binary auxiliary variables[b1,b2,…,bP], and satisfy Eq. 28.
[image: image]
Step 3: Replace the nonlinear function with the linear expression shown in Eq. 29.
[image: image]
The linearized model is solved using two stages. Firstly, the demand response mathematical model is applied to find the optimized system load curve, and then the load curve and the system are combined to minimize the integrated cost as the goal. The solution is performed in the MATLAB environment using the Gurobi solver through the Yalmip toolbox, and the solving process is shown in Figure 3.
[image: Figure 3]FIGURE 3 | The framework of the solving method.
5 CASE STUDY
5.1 Case description
The structure of the algorithm test system is shown in Figure 1 in the previous section. The parameters are set as follows: the dispatch cycle is 24 h, and the unit dispatch period is 1 h. The predicted results of various types of loads and wind turbine input power within this IES are shown in Figure 4. The installed capacity and operating parameters of each piece of equipment are shown in Table 1, and the actual carbon emission model parameters are shown in Table 2.
[image: Figure 4]FIGURE 4 | Profiles of the energy demands of the IES and the forecast WT input power.
TABLE 1 | Parameters of equipment.
[image: Table 1]TABLE 2 | Parameters of actual carbon emission model.
[image: Table 2]5.2 Impact of multiple types of low carbon factors working together on the energy efficiency of dispatch
The unit price of purchased electricity is 0.78 RMB/(kw·h), and the unit price of purchased gas is 0.45 RMB/(kw·h). If the CCSU is not considered, MR must purchase external high purity CO2 at a unit price of 2 RMB/kg. In order to compare and analyze the improvement of the multi-energy coupling operation efficiency of the system by a multi-type low-carbon factor collaborative model, the following four scenarios are set:
Scenario 1: CCSU, P2G equipment, and the carbon trading mechanism are not considered.
Scenario 2: Consider only the carbon trading mechanism.
Scenario 3: Consider P2G equipment and the carbon trading mechanism.
Scenario 4: Simultaneously consider CCSU, P2G equipment, and the carbon trading mechanism.
The energy efficiency comparison results of the optimized scheduling for the four scenarios are shown in Table 3.
TABLE 3 | Comparison of the results of scenarios 1, 2, 3, and 4.
[image: Table 3]Table 3 shows that Scenario 2 has a 3.30 percent increase in wind power consumption, a 2.12 percent decrease in carbon emissions, and a 0.89 percent decrease in total operating costs compared to Scenario 1. Because Scenario 1 does not consider the carbon trading mechanism and the gas price is lower than the electricity price, the system will purchase as much natural gas as possible to supply power to the electric load through CHP. As a result, carbon emissions are at their highest. After accounting for the carbon trading mechanism, the cost savings from purchasing gas rather than electricity are already lower than the cost of buying carbon emission initial allowances from the carbon trading market due to the high carbon emission cost generated by burning natural gas in Scenario 2.
Scenario 3 improves the wind power consumption rate by 7.01 percent. The carbon emission cost is reduced by 28.92 percent. The carbon emission is reduced by 22.93 percent, and the total cost is reduced by 9.59 percent compared to Scenario 2. Scenario 2 does not include P2G equipment. Wind power has anti-peak regulation characteristics. The wind power output is at its peak at night, but the electric load is in the low valley, resulting in serious wind power problems. Following the installation of P2G devices, extra power can be fed into the EL to make hydrogen energy during periods when the wind power output is abundant, enhancing the wind power consumption rate as shown in Figure 5. A portion of the hydrogen energy is held in the hydrogen storage facility to provide cheap storage and high generation arbitrage. At the same time, the remainder is sent to HFC for cogeneration and MR for natural gas synthesis. It will lose power in several steps because hydrogen energy is synthesized into natural gas by MR and then transported to GB and CHP for energy supply.
[image: Figure 5]FIGURE 5 | Comparison of wind power consumption curves for scenarios 1, 2, 3, and 4.
In contrast, the energy efficiency of hydrogen energy in HFC for thermoelectric production is high. An intermediate energy conversion link is reduced, hydrogen energy is preferentially transported to HFC for thermoelectric production, and HFC is in a full-generation state. Figure 6 shows how MR transforms the residual hydrogen energy into natural gas. On the one hand, hydrogen energy favors energy-efficient HFC for cogeneration, lowering energy ladder consumption and achieving zero carbon emissions. On the other hand, the carbon trading mechanism forces IES to reduce electricity supply through CHP and thermal load through GB, lowering carbon trading costs, carbon emissions, and total cost.
[image: Figure 6]FIGURE 6 | Hydrogen power balance diagram for scenario 3.
Scenario 4 improves wind power consumption by 3.10 percent, lowers carbon emission costs by 6.30 percent, lowers carbon emissions by 17.08 percent, and lowers the total cost by 39.15 percent compared to Scenario 3. After the synergy of the CCPU and P2G equipment, the CO2 captured by the CCPU can be supplied to MR to synthesize methane when there is a surplus of wind power. It not only increases wind power consumption and decreases the output of CHP, GB, and other equipment, lowering actual carbon emissions, but it also lowers the cost of MR’s external purchase of high-purity CO2, lowering total operating costs.
5.3 Impact of multiple energy storages and demand response on the energy efficiency of dispatch
Two scenarios are set up to investigate the impact of multiple energy storage and demand response on the dispatch of the IES:
Scenario 5: Based on scenario 4, delete the multiple energy storage devices and do not consider demand response.
Scenario 6: Consider demand response based on Scenario 4.
Table 4 shows the price elasticity matrix in this paper.
TABLE 4 | Electricity price elasticity matrix
[image: Table 4]Table 5 compares the optimized scheduling outcomes for scenarios 4, 5, and 6. According to Table 5, when multiple energy storage devices are removed from scenario 5, the wind power consumption rate is reduced by 1.72 percent, the carbon trading cost is increased by 6.02 percent, carbon emissions are increased by 10.25 percent, and the total cost is increased by 6.26 percent. Due to the role of energy storage in storing electricity that is difficult to consume by the system when wind abandonment is high, supplying energy during peak hours enables the storage and redistribution of energy. It finally makes the IES’s scenery consumption rate and carbon emission rate improve.
TABLE 5 | Comparison of the results of scenarios 4,5, and 6
[image: Table 5]In scenario 6, compared to Scenario 4, wind power consumption rate increased by 2.36%, carbon emission cost decreased by 42.95%, carbon emissions decreased by 18.86%, total cost decreased by 10.67%, and electricity load fluctuation decreased by 26.43%. The gas load fluctuation decreased by 25.90%. It illustrates that including demand response transfers peak load to the loading trough, allowing more cost-effective units to generate more expensive units to generate less at peak load, thereby boosting energy efficiency. The electrical load changes of the IES in scenario 6 are shown in Figure 7. During 01:00-07:00 and 23:00-24:00, the load is low, the corresponding electricity price is low, and the transfer load is positive; during 10:00-14:00, the load is high, the corresponding electricity price is high, and the transfer load is negative. In addition, load curtailment is called for to ensure the safety and economy of the system. Figure 8 shows the similar response characteristics of the gas and electric loads and the opposite trend of load and price. During the dispatch cycle, the equivalent electricity price is lower than the gas price, considering the energy efficiency factor. Some of the gas load is replaced by the electric load. Meanwhile, due to the high input of wind power, users choose more cost-effective electricity to replace natural gas, which fully uses wind power and improves the wind power consumption rate.
[image: Figure 7]FIGURE 7 | Scenario 6 Changes in the electrical load of the IES.
[image: Figure 8]FIGURE 8 | Scenario 6 Changes in the gas load of the IES.
Energy prices before and after the implementation of demand response are shown in Figures 9, 10. Before the implementation of demand response, the energy price could be comprehensively obtained from historical price information, energy supply costs, and system congestion. It can be seen that energy prices generally show a trend opposite to energy loads. During peak load periods, prices for both electricity and gas increase to some extent. In contrast, the system mostly tends to adjust energy prices downward during valley load periods to promote energy consumption. The demand response further widened the price difference for time-of-use energy, prompting users to use less energy in peak hours and more energy in valley hours, making the social energy use scheme more economical and efficient.
[image: Figure 9]FIGURE 9 | Comparison of electricity prices before and after DR.
[image: Figure 10]FIGURE 10 | Comparison of gas prices before and after DR.
The participation of flexible resources on the load and storage side makes the load timing fluctuations more closely match the changes of wind and wind energy and can flexibly adjust its energy use status in the operation process according to the IES demand for wind power consumption and peak shaving, based on the synergy of multiple types of low-carbon factors. The significant role of energy storage in this process is to store energy that is difficult to consume by the system during high wind and light abandonment and supply power during peak energy consumption hours. The energy efficiency of IES is further improved by the synergy of multiple energy storage and demand response.
6 CONCLUSION
The following findings are taken from the simulation results of several scenarios using the scheduling model for energy efficiency improvement for the IES that considers multiple types of low-carbon components and demand response.
1) With the implementation of the CCSU, P2G, and carbon trading mechanisms in the IES, the system’s total cost and carbon emissions are reduced, and the wind power consumption rate is increased by establishing appropriate parameters.
2) Following refined modeling of the power-to-gas process, it is possible to increase wind power consumption while utilizing the advantages of hydrogen energy’s high energy efficiency and reducing energy gradient loss. Multiple energy storages in the IES allow the storage and redistribution of numerous energy sources, reducing demand variations caused by wind power’s randomness.
3) Demand response encourages the deployment of electricity and gas loads in the time domain, reduces the load fluctuation, and enables “peak shaving and valley filling” of loads. Demand response and multiple energy storages work together to lower the system’s total cost and carbon emissions while increasing wind power consumption rate, assuming that various types of low-carbon factors are considered in the IES.
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GLOSSARY
[image: image]/[image: image] The amount of hydrogen charged/discharged to/from the HS.
[image: image]/[image: image] The charging/discharging efficiency of energy storage equipment i.
[image: image]/[image: image] The charging/discharging power of energy storage equipment i during the period t.
[image: image]/[image: image] The charging/discharging sign of the energy storage equipment i during the period t.
[image: image]/[image: image] The charging/discharging signs of the HS during the period t.
[image: image]/[image: image] The electrical/thermal power generated by the HFC during the period t.
[image: image]/[image: image] The energy efficiency of electricity and gas.
[image: image]/[image: image] The upper limit of the amount of hydrogen charged/discharged to/from the HS.
[image: image]/[image: image] The upper limit of the charging/discharging power of energy storage equipment i.
[image: image]/[image: image] The upper limits of the power of purchased electricity and gas during the period t.
[image: image]/[image: image] The upper/lower capacity limits of energy storage equipment i.(i = 1/2/3, means electrical/thermal/gas storage)
[image: image]/[image: image] The upper/lower limits of the capacity of the HS.
[image: image]/[image: image]/[image: image] Initial carbon emission allowances for the PGU/GB/CHP.
[image: image] Carbon emission allowances per unit of electrical power generated.
[image: image] Carbon emission allowances per unit of thermal energy generated.
[image: image] Loads after the action of the PBDR during the period t.
[image: image] The amount of hydrogen (kmol) consumed by the HFC during the period t.
[image: image] The amount of hydrogen consumed by the MR during the period t.
[image: image] The amount of hydrogen produced by the electrolyzer (EL) during the period t.
[image: image] The capacity of energy storage equipment i during the period t.
[image: image] The capacity of the HS during the period t.
[image: image] The carbon capture efficiency.
[image: image] The coefficient for converting electricity into heat.
[image: image] The conversion coefficient of hydrogen to natural gas.
[image: image] The current of the HFC pack during the period t.
[image: image] The efficiency function of the EL.
[image: image] The electrical power consumed by the CCSU to capture CO2 during the period t.
[image: image] The electrical power consumed by the EL during the period t.
[image: image] The electrical power consumed per kilogram of CO2 captured by the CCSU.
[image: image] The electrical power generated by the power generator unit(PGU) during the period t.
[image: image] The heat-to-electric ratio of the HFC.
ω The length of carbon emission interval.
[image: image] The low calorific value of natural gas.
[image: image] The mass of CO2 captured by the carbon capture and storage unit(CCSU) during the period t.
[image: image] The mass of CO2 emitted by the PGU during the period t.
[image: image] The mass of CO2 sequestered after treatment by the CCSU.
[image: image] The mass of CO2 supplied to the methane reactor(MR).
[image: image] The mass of gas per cubic meter of the natural gas pipeline.
[image: image] The molar mass of hydrogen.
[image: image] The natural gas power generated by the MR during the period t.
[image: image] The number of hydrogen fuel cells(HFCs) in series.
[image: image] The rated capacity of the EL.
[image: image] The rated electrical power consumed by the EL during the period t.
[image: image] The voltage of a single cell.
[image: image] The voltage of the HFC pack.
[image: image]/[image: image] The amount of alternative electrical/gas load change after the action of the ABDR.
[image: image]/[image: image] The amount of curtailable/shiftable load change during the period t.
[image: image]/[image: image] The electrical and gas loads of the IES after the effort of ABDR.
[image: image]/[image: image] The electrical and gas loads of the IES before the action of ABDR.
[image: image]/[image: image] The unit thermal value of electricity and gas.
[image: image]/[image: image] Initial curtailable/shiftable loads during the period t.
aEL, bEL, cEL The coefficients of the efficiency function.
ai、bi、ci The PGU/CHP/GB’s carbon emission coefficients. (i = 1,2,3 means the PGU/CHP/GB)
c The unit price of carbon trading in the market.
CCO2 The cost of carbon trading in the IES.
CO2(t) The mass of CO2 emitted by the PGU, CHP, and GB during the period t.
CO2(t)/ mGB,
F Faraday constant.
mCCSU, CO2(t) The mass of CO2 captured by the CCSU during the period t.
mL Total initial carbon emission allowances for the IES.
mPGU, CO2(t)/mCHP,
OCHP/OGB/OPGU/OEL/OMR/OHFC The unit operation and maintenance costs of the CHP/GB/PGU/EL/MR/HFC.
Pbuy,e(t)/Pbuy,g(t) The power of purchased electricity and gas in the IES during the period t.
PWT,e(t) The wind power consumed by the IES during the period t.
PWTI,e(t) The wind power input to the IES during the period t.
δbuy,e(t)/δbuy,g(t) The price of electricity and gas during the period t.
δWT, cut The cost per unit of wind abandonment penalty.
ρ The incentive coefficient.
ϒ The range of carbon trading price increase for each ladder type
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