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The proposal of the dual carbon policy has put forward new requirements for the planning of wind power photovoltaic energy storage, which should not only meet economic requirements but also consider the timeliness of carbon reduction. Particularly, in recent years, there has been a contradiction between energy waste and power shortage in some regions of China, which needs to be resolved through reasonable planning of the capacity of multi energy systems. Based on the aforementioned background, this paper uses system dynamics simulation to analyze the efforts that should be made to maintain a stable energy balance between wind–solar power generation output and energy storage capacity when considering the cost of the power side and the demand response level of the load side. We assume a development plan for wind and solar energy, and optimize the allocation of energy storage capacity under these conditions to meet the balance requirements of carbon reduction and investment cost reduction. We use system dynamics simulation to simulate the energy storage demand under the demand response. In order to achieve the near-zero carbon goal, this paper discusses the reasonable state of a power energy structure based on different carbon emission reduction goals. Finally, we discovered the relationship between investment costs and carbon reduction targets as increasing carbon reduction targets will greatly increase investment costs and provide some suggestions for planning.
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1 INTRODUCTION
In order to meet global challenges and achieve sustainable development, China proposes to build an energy system with deep decarbonization and strives to achieve a carbon peak by 2030 and carbon neutrality by 2060 (He et al., 2020). According to statistics, at present, China’s coal consumption accounts for approximately 57% of the total energy consumption. As the industry with the largest proportion of coal consumption and carbon emissions, the proportion of emissions from the power industry has exceeded 40% (Hepburn et al., 2021). How to promote carbon emission reduction in the power industry has become the key to achieve the “Goal 3060.”
The development of clean electricity is a critical path for low-carbon energy transformation. The vigorous development of wind power and PV power has not only brought remarkable results but also led to grid instability and the waste of wind and solar energy. Meanwhile, the changes in the international environment and the frequent occurrence of extreme cold and hot climate have induced a sharp increase in the demand for electricity in the past 2 years. In some areas in the southern and northeastern parts of China, the power supply is tight, so some industries and residents were forced to restrict their electricity use, resulting in large-scale and long-term power outages.
The reason for power outages is that the supply cannot meet the demand, but further analysis reveals that there is still a waste of power supply. This paradox phenomenon has also appeared more and more continually in recent years, especially during summer and winter. This raises a series of questions: Can a high proportion of clean energy solve the balance between power supply and demand? How much impact does it have on carbon emission reduction of a power system? In what ways do we need to support their development? Quantitative research on these studies can effectively solve the problem of energy transformation under the requirements of upgrading carbon emission goals.
The current research on energy transition mainly uses optimization methods, system simulation, and so on. These studies demonstrate the effect of random fluctuations in new energy on system operations by constructing multi-energy systems, discuss the economics brought by capacity allocation, and design scheduling schemes (Bukar et al., 2019; Dong et al., 2022; Kim et al., 2022; Wang et al., 2023). Some literature studies discuss the power balance under the introduction of green certificates and demand response, and propose to utilize energy prices and income distribution to promote the collaboration of both the generator side and load side (Yang et al., 2020). In view of the carbon emission reduction goals, some studies consider how to help formulate action plans for carbon peak and carbon neutrality goals by calculating the binding indicators and other methods (Yan et al., 2019), or look forward to dynamic optimization pathways from multiple perspectives such as “fast before slow” and “slow before fast” (Shu et al., 2021). Some literature studies analyze the development of carbon reduction technologies and costs (Misconel et al., 2022), and explore electricity pricing mechanisms, cross subsidies for electricity, demand elasticity, and social welfare levels (Li et al., 2023). These studies indicate that the development of clean energy should concentrate on the synergistic effect of multiple factors.
The construction focus of a multi-energy system is the integration of “wind–solar-thermal-storage,” including a flexible adjustment on the power side and the design on the scale of various power supplies. However, due to a large fluctuation in the peak-valley generation caused by wind power and solar power, power supply and demand are difficult to match and the abandonment of wind and solar energy occurs frequently. At present, the development of energy storage has become the key to solve this problem, and the development scale of energy storage largely determines the waste level of wind and solar energy (Lu, 2023). Therefore, in the case of different proportions of clean electricity, it is a crucial issue on how to develop clean power and match the corresponding installed capacity of energy storage.
Integration also requires full play to load regulation capabilities, but there are still a series of obstacles, such as a small response scale, low response willingness, and imperfect compensation mechanisms (Xu et al., 2021). Currently, some research studies focus on demand response business models in different market environments (Ding et al., 2017), incentive and subsidy mechanisms (Alasseri et al., 2020), and demand response packages for different user types (Hou et al., 2018). However, few studies have refined the user response behavior, especially analyzing the impact of differences in user response levels. Ignoring the gap between user awareness and behavior can lead to significant deviations between predicted and actual electricity demand.
These studies usually use optimization algorithms to design system planning from a micro perspective, but there are few analyses of the impact of optimization results on long-term carbon reduction effects. Therefore, it is difficult to evaluate the impact of optimization schemes on the achievement of dual carbon goals from a macro perspective. The system dynamics method is a mature method to analyze the long-term macro system through computer simulation. However, in the existing research using this method, the uncertainty of the generation side is considered more than the uncertainty of the demand response, and this uncertainty of the demand side has a great impact on the system supply and demand balance and optimization results.
In this article, we focus on both system cost and carbon emission reduction, and plan system capacity under the requirement of dual goals, which is different from previous studies that focus more on single goals. Second, not only the uncertainty of power supply but also the uncertainty of the demand response is considered in the system constraints. Under the condition of double uncertainty of supply and demand, the design and planning scheme is more realistic.
2 RESEARCH DESIGN
2.1 Regional energy system analysis
The regional energy system involves four subsystems:
1) Clean power supply subsystem
This subsystem mainly analyzes the supply of wind power, PV, and thermal power to meet the regional power demand. Considering the resource endowment, we study the relative relationship between the installed capacity of clean electricity and energy storage capacity in a region. The different capacity proportions of wind, PV, and energy storage will change the total supply, which will have a direct effect on the investment and operation costs and carbon emissions.
2) Demand response subsystem
This subsystem describes the different behaviors of two types of users in response to power demand. The two types are called as transferable users and interruptible users, and each type of users includes two levels: level 1 and level 2. We assume that level 1 users respond randomly, considering the peak-valley electricity prices, and level 2 users do not respond. When the electricity supply is less than the demand, level 1 users will optimize their power consumption behavior, interruptible users reduce power consumption during peak hours, and transferable users shift more load from peak hours to valley hours so that it can play the role of peak shaving and valley filling.
3) Clean power consumption subsystem
In this subsystem, when the demand response is required, the interruptible demand response is prioritized, followed by the transferable demand response. After the user responds, clean electricity is supplied. If the clean power supply is insufficient, storage energy is utilized, and if it still cannot meet the demand, thermal power is used as a supplement. Thermal power should be reduced as much as possible to cut down carbon emissions. One thing to note is that energy storage comes from clean power.
4) Carbon emission subsystem
This subsystem considers the cost of environmental governance, and in addition, its factors also include thermal power consumption and carbon emissions. Thermal power consumption is influenced by electricity demand after demand response and clean power consumption. The more clean energy, the less carbon is emitted.
According to the analysis of four subsystems, the causal relationship is established for the whole system including a clean power supply subsystem, demand response subsystem, clean power consumption subsystem, and carbon emission subsystem, as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Causality loop diagram.
2.2 System flowchart and the main equation
The system flowchart is shown in Figure 2. The system includes 35 variables, including 1 level variable, 2 rate variables, 29 auxiliary variables, and 3 constants.
[image: Figure 2]FIGURE 2 | System flowchart.
The main equations in the model are as follows:
1)Clean power supply subsystem
The daily power generation is based on the hourly power generation data (Wang et al., 2019), which is expressed in the form of a table function. We assume that the installed capacity of both wind power and PV can meet 90% of the regional power demand. The levelized cost of wind power and PV is calculated at 0.375 yuan/kWh (5.4 US cent/kWh).
2) Demand response subsystem
Taking demand interruption as an example, when power supply is inadequate, a part of the users respond to the need to actually reduce electricity consumption. In this study, we assume that the interrupted users are those who are interrupted during peak hours, so it meets the following requirement:
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The same is true for demand transfer. When a demand response is required, users may transfer electricity. Assuming that the response probability is a random uniform distribution, the sum of transferred electricity in each period is evenly distributed during the valley-price period. We assume that the number of transferred users is equal to the number of transferred users during peak hours, so it meets the following:
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3) Clean power consumption subsystem
When storing unconsumed electricity, it is necessary to consider whether the energy storage capacity is good enough. The amount of abandoned wind and solar energy is the electricity that has not been consumed and stored in time.
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4) Carbon emission subsystem
Saving electricity or using clean electricity is equivalent to reducing the environmental cost, which is assumed as 44 yuan/ton (Liu et al., 2023).
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2.3 Regional selection
We select a region as the research object which is rich in wind and solar resources. This region has the potential to move from the current power supply to a high proportion of clean power, which is in line with the requirements of near-zero carbon. The simulation results in this region can be used as a reference in other regions with similar resource endowments so as to promote the national carbon peak and carbon neutralization.
3 ANALYSIS OF SIMULATION RESULTS
3.1 Basic assumptions
In this paper, the system dynamics software Vensim PLE 6.0 is used for simulation. The model simulates 24 h at a time in 1 h steps. The first simulation season is summer, the proportion of clean electricity is set according to the requirements of near-zero carbon, and the ratio of the wind and PV output is 1:1 in that time. Later, the model is checked according to the winter data and other ratios of wind and PV in order to reflect the operation of the system accurately.
Considering that the simulation time is 24 h, the model mainly makes the following assumptions:
1) It is assumed that the selected area is rich in new energy resources, which can meet the requirements of near-zero carbon.
2) There is no major economic and demand fluctuations during the simulation time.
3) The carbon emission result is measured by the thermal power generation.
4) Demand response is random.
3.2 Simulation results
Assuming that wind power and PV generation account for 90% of the total power generation, we assess the conditions of energy storage and the demand response to achieve the near-zero carbon goal.
1) Comparison of two scenarios
When the installed capacity ratio of wind power and PV is 1:1, we compare the results in two scenarios.
Scenario 1: Not considering energy storage and demand response.
Scenario 2: Considering energy storage and demand response, the demand response ratio (DRR) is a random distribution with RANDOM UNIFORM (0.3, 0.5, and 0.4).
The simulation results are shown in Figures 3, 4.
[image: Figure 3]FIGURE 3 | Simulation results of Scenario 1.
[image: Figure 4]FIGURE 4 | Simulation results of Scenario 2.
Under the influence of wind and PV output characteristics in Scenario 1, there are clear differences between the power supply curve and the demand curve. The power supply exceeds the demand between 9:00 and 15:00, and wind and solar energy are abandoned, leading to wind power curtailment of approximately 255 million kWh. However, at other times, the supply of clean electricity is not enough, so thermal power generation is required. In the simulation, the thermal power generation is approximately 511 million kWh. Based on the emission of 0.86 Kg per kWh, the annual CO2 emission is approximately 44,011 tons. Therefore, in Scenario 1, it is unable to effectively meet the requirements of near-zero carbon.
In Scenario 2, the demand curve is closer to the clean power supply curve because even if there is imbalance, energy storage can adjust the energy demand and supply by charging and discharging the battery. It stores the electrical energy from 11:00 to 15:00 and provides it from 18:00 to 22:00 (Figure 4), so there is no waste of wind and solar energy. At the same time, the demand for thermal power is also greatly reduced from 511 million kWh in Scenario 1 to 144 million kWh. Then, CO2 emission is approximately 12,409 tons per year, which is 71.80% less than that without energy storage and demand response.
Consequently, we should encourage the demand response and the application of energy storage, which will significantly reduce carbon emissions. However, the demand response and energy storage application are mutually affected by each other. Only by matching the transferred load to the installed capacity of energy storage can we achieve the goal of near-zero carbon at a lower construction cost of energy storage. Therefore, we then analyze the minimum installed capacity of energy storage under two conditions of low and high probability of the demand response.
2) Impact of demand response probability on the energy storage capacity
The change of the energy storage capacity is shown in Figure 5 when the response probability follows RANDOM UNIFORM (0.3, 0.5, and 0.4) and RANDOM UNIFORM (0.5, 0.7, and 0.6).
[image: Figure 5]FIGURE 5 | Comparison of the energy storage capacity under two conditions.
When the user’s demand response probability is high, the difference between power supply and demand is smaller than low probability, and the power demand curve is closer to the clean power supply curve. At this time, it can be seen that the demand for the energy storage capacity is centralized and uneven at various times. When the response probability is low, the system needs to store energy for 1.87 million kWh, 0.66 million kWh, 0, 2.86 million kWh, 3.59 million kWh, and 5.55 million kWh from 9:00 to 14:00 accordingly. According to the turnover rate of the storage capacity, the installed capacity of the energy storage shall be at least 2.5 million kW if surplus electricity in the afternoon is to be stored. However, most of the hours have little demand for energy storage and the total energy storage is 14 million kW in 24 h, resulting in a great waste of energy storage resources and expensive cost. When the probability of the demand response is high, the system needs to store energy for 1.87 million kWh, 0.66 million kWh, 0, 1.80 million kWh, 2.53 million kWh, and 4.05 million kWh from 9:00 to 14:00; the installed capacity of energy storage shall be at least 2 million kW.
Figure 5 shows that under the two demand response conditions, the thermal power generation is also different, that is, the difference in carbon emissions is obvious. Therefore, the demand response has played a significant role in carbon emission and energy storage investment. Consequently, the stability of the demand response should be maintained, and the response probability should be improved through various policies.
3) Optimal installed capacity of energy storage
Under the condition of a high proportion of clean energy, the installed capacity of energy storage is simulated based on the five ratios of wind/PV for 3:7, 4:6, 5:5, 6:4, and 7:3 in summer and winter. According to simulation results, the investment cost of wind-PV storage is calculated, and the proportion of wind-PV storage with the lowest cost is selected.
Figure 6 shows the demand for energy storage in summer is generally more than that in winter. Further analysis shows that the change of the investment cost is different in two seasons. In summer, the investment cost gradually decreases with the increase of the ratio of wind/PV, while in winter, the investment cost slowly decreases first and then rises. The investment cost involves wind power generation, PV power generation, and storage energy, and the investment of energy storage is affected by the installed capacity of wind power and PV power. The PV power in summer is higher than that in winter, and more PV power is stored during that season; however, the energy storage demand of wind power in winter is large, so we should balance the impact of seasonal differences. Considering the minimum investment cost, it is 38.931 billion yuan in summer and 34.933 billion yuan in winter. At that time, the ratio is 7:3 and 4:6, respectively. We also noticed that carbon emission is not the lowest at the ratio of 4:6 in winter, and on the contrary, when carbon emission is the lowest, the ratio should be 7:3. Based on comprehensive consideration, the installed capacity ratio of wind/PV should be 7:3 for carbon emission reduction.
[image: Figure 6]FIGURE 6 | Comparison of investment costs and carbon emissions under different ratios in summer and winter.
The aforementioned research is based on the goal of near-zero carbon, but at present, many regions cannot meet the requirement. Therefore, we discussed scenarios where clean energy power generation accounts for 70% and 50%, and the investment and carbon emission simulation are carried out, as shown in Table 1.
TABLE 1 | Installed capacity and investment cost in different ratios of wind-PV storage in summer.
[image: Table 1]Huge investments are needed to promote carbon emission reduction, as shown in Table 1. The lowest investment cost is 11.53 billion yuan with 50% of clean electricity, while the lowest investment cost is 16.337 billion yuan with 70% of clean electricity. The investment has increased by 41.63%, and carbon emission has decreased by 32.7%, from 32.36 million tons per year to 21.7815 million tons per year. However, in order to reduce carbon emissions to 3.7166 million tons per year, the investment will increase sharply from 11.53 billion yuan to 68.755 billion yuan with a growth rate of 496.31%. Therefore, it is necessary to clarify the carbon emission target and evaluate the relationship between this target and the investment cost. Although a large amount of clean energy power generation can significantly reduce carbon emissions, but due to the high investment cost, especially the huge investment in energy storage, it will put forward very high requirements for the cost of achieving the goal. Consequently, it is very important to reduce the cost of power generation and energy storage through technical means, and it is particularly necessary not to blindly set the proportion of wind-PV storage.
4 CONCLUSION
This article designs the energy storage capacity based on the cost to satisfy the requirements of minimizing carbon emissions during system operation. It supplements the optimization research under dual objectives and provides support for solving the carbon goal and investment planning.
Aiming to explore the rational capacity configuration of wind-PV storage, we construct a system dynamics model of carbon emission with large-scale clean power generation. Under the dual-carbon goal, we simulate and analyze the factors of carbon emission reduction and obtain the following conclusion and suggestions.
The large-scale development of clean electricity requires energy storage and user response to provide assistance. When facing the requirements of carbon emission reduction, it is necessary to clarify the matching relationship between the proportion of wind and PV power, as well as the required capacity of energy storage devices. Carbon emission targets affecting the simulation results, investment cost of clean energy, and energy storage must all be taken into account to achieve the near-zero carbon target because we need to invest more that is not proportional to the carbon emission reduction. Therefore, when planning and designing the system, we should consider whether to adopt a one-step investment to meet the zero-carbon emission objective rapidly or utilize a step-by-step investment to lessen carbon emissions gradually.
The investment cost is one of the key points to be considered for the large-scale development of clean power and energy storage. We should try to cut down the cost resulting from increasing the supply of clean power and the scale of energy storage. A demand response can promote the consumption of clean electricity, and we can further study user psychology, effectively utilize the hierarchical response, and make corresponding policies for different levels of users. Hence, we can fulfill the achievement of the dual-carbon goal.
The further study of this paper aims to explore the impact of investment on electricity price, including the investment scale and structure, and consider the real-time electricity price in the demand response, rather than just peak and valley prices. In addition, the system dynamics method used in this article can also be applied to the risk assessment, efficiency assessment (Hu et al., 2021; Hu et al., 2022), and energy subsidy policy research on industrial systems (Wei and Niu, 2023).
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