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The continuous advancement of the dual carbon goal will lead to fundamental changes in China’s energy structure, with renewable energy emerging as the dominant force in the power supply system. As the proportion of installed capacity for renewable energy continues to increase, the absorption capacity and reasonable utilization rate of renewable energy will become a concern for all sectors of society. At present, the degree of utilization of renewable energy has emerged as a significant factor limiting the development of renewable energy sources. Due to variations in the power structure, load characteristics, and flexible adjustment resources across different regions, blindly pursuing full absorption or higher utilization of renewable energy as a goal can result in increased reserve costs for the system and limited economic benefits, and hinder the development of renewable energy. Therefore, the present study develops a generation–grid–load–storage collaborative planning model aimed at achieving economic optimization by setting different renewable energy utilization rates and obtains the installed capacity of renewable energy and storage under different conditions in the planned year of Gansu Province. The economic analysis indicates that the optimal utilization rate of renewable energy in Gansu Province is projected to decrease from 100% during the period of 2024–2028 to approximately 90% from 2040 to 2060. It serves as a valuable tool for informing the planning and economic development of renewable energy and storage initiatives in Gansu Province, facilitating the achievement of its dual-carbon objectives.
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1 INTRODUCTION
The high-quality development of renewable energy is inseparable from a high level of consumption, and the utilization rate is an essential indicator for measuring the effectiveness of renewable energy governance (Han et al., 2021; Shu, 2021). Statistical data show that China’s renewable energy utilization rate has consistently exceeded 95% for several years (LIU et al., 2023-12; Li et al., 2021), indicating that a considerable level of consumption and utilization has been achieved concurrently with large-scale development. The utilization rate of renewable energy in China is projected to reach 97.3% by 2022, with a respective utilization rate of 96.8% for wind power and 98.3% for photovoltaic power generation. In the future, the impact of large-scale development of new energy on the absorption capacity of the power system will gradually approach a “critical point.” Sustaining a high level of utilization comes with significant challenges, unless other effective measures are implemented. Without such measures, the renewable energy utilization rate during the “14th Five-Year Plan” may exhibit a decreasing trend. The primary reason for the curtailment of wind and solar power in a certain region is that the excessive pace of renewable energy infrastructure development significantly outpaces the capacity of the region for absorption (Li et al., 2021; Chen, 2022). In light of the fact that the installed capacity of renewable energy in Gansu Province is projected to surpass demand by the end of 2022 and considering that renewable energy in Gansu Province continues to rapidly increase during both the “14th Five-Year Plan” and “15th Five-Year Plan,” taking into account economic factors such as reserve costs, maximizing the utilization rate of renewable energy is not always optimal. The control target for utilization will influence the scalable extent of renewable energy development, the flexible resource demand of the system, and the cost of power supply. However, setting an excessively high utilization absorption target and unilaterally pursuing complete absorption could significantly increase the system backup costs, resulting in minimal economic benefits and limited development of new energy (Zhang et al., 2022). The optimization objective of the ratio of renewable energy generation to the load significantly affects the installed capacity of renewable energy planning. Given the constraint of achieving a higher utilization rate of renewable energy, it implies that, for the same proportion of renewable energy consumption, a larger capacity of energy storage is necessitated to accommodate the wind and solar power curtailment that cannot contribute to the power balance. The reduction in the utilization rate of renewable energy implies an opportunity to increase the installed capacity, enhance power supply within the system, and diminish energy storage requirements.
In view of the issue of enhancing the integration of renewable energy into the power grid, a majority of researchers advocate for the employment of flexible resource optimization planning to facilitate the absorption of renewable energy. Zhang et al. (2018) used a sophisticated hour-level sequential production simulation model to quantitatively assess the economic viability of flexibility measures, such as thermal power flexibility transformation and demand-side response, in enhancing wind power consumption levels. Wei et al. (2023-07) presented a mathematical model for the generation planning of a renewable power system, which incorporates cooperative optimization operations involving generation–grid–load–storage. This model aims to achieve the lowest cost while considering policy requirements such as dual-carbon targets and wind and solar curtailment rates. Numerical examples are provided to validate the feasibility of this model. Yang et al. (2022-08) proposed a probability model for the distribution of power system capacity, and based on this, a system flexibility evaluation method is developed that takes into account the rational curtailment of renewable energy. Cheng et al. (2022-08) advanced a collaborative planning approach for flexible resources and power grid integration in the context of emerging energy convergence and delivery scenarios. This method incorporates wind power measurement indices to quantify the impact of renewable energy delivery uncertainty on the planning strategy. Aiming at the absorption responsibility weight of renewable energy, Gao et al. (2020) proposed a calculation method of a reasonable power curtailment rate of renewable energy, which considered both the development cost of renewable energy and the system absorption cost. Wang et al. (2017) for the first time explored the issue of “reasonable energy curtailment” of renewable energy in the medium and long-term expansion planning and calculated the reasonable energy curtailment rate of renewable energy planning under the safe economic development of the power system and the system planning cost under the curtailment rate. The existing research primarily focuses on enhancing the utilization rate of renewable energy through various technical means and optimizing the allocation strategy of flexible resources at different levels of renewable energy penetration. However, it fails to consider quantitative analysis for determining the optimal utilization rate of renewable energy in different regions by comparing the benefits and costs associated with its consumption. Building on this foundation, it is essential to further identify the appropriate scale and key influencing factors specific to each region’s renewable energy development, thereby ensuring a cost-effective transition toward sustainable energy.
Currently, there is no global consensus on the definition of a “reasonable utilization rate” in the international context, and no country has publicly proposed an optimal or economically viable level for the utilization of new energy sources. However, in general, the reasonable curtailment of electricity becomes economically and strategically necessary in the context of high penetration of renewable energy. The “reasonable utilization rate” of renewable energy can be defined as the level of utilization that minimizes the cost of electricity supply in a whole society (Peng, 2022). Based on the concept of system optimization, certain regions may need to decrease the target level of renewable energy utilization, while others may need to increase their target level. Therefore, in consideration of the economic system and future developments in renewable energy, it is imperative to investigate the optimal utilization rate of new energy sources. This paper studies the planned installed capacity of renewable energy in the region under different utilization rates of new energy by establishing a collaborative planning model of the province-level power grid load and storage based on a time-series production and operation simulation model, aiming at the optimization of system investment cost and operation cost. Additionally, through economic analysis, the optimal utilization rate of renewable energy is selected annually in the future.
2 COOPERATIVE PLANNING MODEL OF THE GENERATION–GRID–LOAD–STORAGE CONSIDERING UTILIZATION RATES OF RENEWABLE ENERGY
In order to obtain the optimal utilization rate of renewable energy in the future years of the system, it is necessary to establish the cooperative planning model of system source–grid–load–storage and calculate the configured capacity and total cost of system source–grid–load–storage under different utilization rates of renewable energy in different years in the future based on the objective of economic optimization. Therefore, a time-series simulation collaborative planning model of power system source–grid–load–storage based on the objective function of the lowest system construction and operation costs is established.
2.1 Method of the model
The model is based on the simplified unit combination model, forming a production and operation simulation constraint set, quantifying various constraints of multiclass flexible resource output under different utilization rates of renewable energy. The model aims to minimize system construction and operational costs. It takes into account production operation constraints, such as the time-series characteristics of the source–grid–load–storage, as well as the maximum planning capacity of the source–load–storage. Furthermore, it considers investment decision variable constraints, including the proportion of renewable energy generation and the adequacy of system power supply. Ultimately, the model optimizes the optimal installed capacity of renewable energy storage under different renewable energy utilization rates in the target year of the system.
2.1.1 Objective function
The objective of model optimization is to minimize the total cost associated with system construction and operation, encompassing investment costs in power supply, power grid, energy storage, and system operation cost. The Eq. (1) shows the objective function.
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where [image: image] denote the aggregate investment cost and total operating cost of the system, respectively, [image: image] represent the newly invested cost for power supply, transmission lines, and storage, respectively, and [image: image] denote the operating costs of power supply, transmission line, storage, and load, respectively.
The construction investment costs of the system power supply, power grid, and energy storage are shown as follow Eq. (2).
[image: image]
where [image: image] denote the unit capacity investment costs of thermal power, hydropower, wind power, photovoltaic, grid, and energy storage, respectively; [image: image] are the numbers of thermal power, hydropower, wind power, photovoltaic, grid, and energy storage, respectively; [image: image] are the capacity to be built or the capacity demand of thermal power [image: image], hydropower [image: image], wind power [image: image], photovoltaic [image: image], power grid [image: image], and energy storage [image: image], respectively, which are the optimization decision variables.
The total operation cost of the system encompasses thermal power, hydropower, wind power, photovoltaic power generation costs, thermal power flexible start–stop costs, and transmission line and energy storage operating costs, as well as system load cutting costs. The operation cost as shown at Eq. (3).
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where [image: image] and [image: image] are the number of hours and the number of loads, respectively, and [image: image] represents the unit start–stop cost of thermal power [image: image]. The unit power generation costs of thermal power [image: image], hydropower, wind power, photovoltaic, transmission lines, and energy storage are represented by [image: image], respectively; [image: image], [image: image], and [image: image] are the unit interrupt, translation, and load cutting costs of load [image: image], respectively; and the above parameters are known quantities. [image: image] is the start–stop capacity of thermal power [image: image] at time [image: image]; [image: image] denote the output of thermal power [image: image], hydropower, wind power, photovoltaic, transmission lines, and energy storage at time [image: image], respectively; and [image: image], and [image: image] are the [image: image]th interruptible load power, shiftable load power, and load shedding at time [image: image], respectively. The above parameters are all optimization decision variables.
2.1.2 Investment decision
The investment decision primarily considers the maximum planned capacity of the source–grid–storage, the adequacy of the system power supply, and the proportion of renewable energy generation that reflects the evolution, development, and transformation of the power system. The investment decision are shown as Eq. (4).
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where [image: image] represents the load magnitude of [image: image] at time [image: image] and [image: image] denotes the adequacy of power supply, which typically necessitates that the cutting load be a small fraction of the total load.
The proportion of renewable energy generation can reflect the degree of green evolution of the energy power system, and its constraints are shown as follow Eq. (5).
[image: image]
where [image: image] is the active power output of renewable energy [image: image] at time [image: image], [image: image] is the number of renewable energy equipment, including wind power and photovoltaic, and [image: image] is the penetration rate of renewable energy power generation, which is intimately linked to the depth of new power system planning and evolutionary transformation, typically mandating that renewable energy power generation should account for an [image: image]-proportion of the system power load.
The consumption of renewable energy mainly needs to consider the amount of wind and solar curtailment that is less than a certain proportion of renewable energy power generation, and its constraints are as follow Eq. (6).
[image: image]
where [image: image] denote the annual abandoned power of renewable energy, renewable power generation, and the abandonment rate of renewable energy, respectively.
The relationship between wind and photovoltaic curtailment power, and the predicted and actual values of wind and solar power are as follow Eqs. (7), (8).
[image: image]
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where [image: image] and [image: image] denote the wind and solar curtailment and predicted values, respectively.
2.1.3 Productive operation simulation model
The constraints of the productive operation simulation model mainly ensure the normal operation of the model by considering the constraints of the operation characteristics of conventional thermal power, hydropower, wind power, and photovoltaic output; the transmission limit constraints of the interconnected power grid; the load-side response capacity and electricity constraints; the charge and discharge constraints of the energy storage system; the total reserve constraints of the regional system; and the power supply and demand balance constraints of the system.
The balance constraints of the power supply and demand in the system are as follow Eq. (9).
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where [image: image] refer to the collection of thermal power, hydropower, wind power, photovoltaic, energy storage, load, transferable load, and interruptible load in region [image: image], respectively; [image: image] is a collection of grid transmission channels received and sent from region n, respectively; and [image: image] refer to the charging and discharging power of the energy storage system [image: image] at time [image: image], respectively, and both are decision variables to be optimized.
Traditional system reserve capacity demand refers to the capacity of conventional stable power generation capacity to meet the local power load demand and exceed a certain capacity (the largest single capacity unit in the province) or a certain proportion of the load (3%–5% of the load). However, when considering the system reserve demand in the case of flexible supply and demand balance, in addition to the reserve capacity of stable power supply, the flexible load, grid mutual assistance capacity, energy storage, and discharge capacity involved in the demand-side response can be included in the system reserve capacity, and the load reserve reference value does not consider the flexible load capacity and the net load capacity of the renewable energy output. By considering the flexibility of the system reserve, the capacity of conventional power supply can be further reduced, the absorption capacity of renewable energy can be improved, and the actual operational reserve demand of the new type of power system planning scheme can be met. The system reserve constraint is as follow Eq. (10).
[image: image]
where [image: image], [image: image], [image: image], [image: image], [image: image], and [image: image] refer to the reserve capacity that can be provided by thermal power, hydropower, grid transmission, energy storage, transferable load, and interruptible load of the power grid [image: image] at time [image: image] in a single region, respectively, and k is the ratio of the system reserve capacity to the net load capacity.
The operational characteristics of a thermal power unit can be defined by its upper and lower operating limits, minimum start-up mode, rate of increase in output, and start–stop restrictions. The thermal power unit operation constraints are shown as Eq. (11).
[image: image]
where [image: image] and [image: image] represent the up-climb and down-climb rates of the thermal power unit [image: image], respectively, and are chosen as the consistent parameters in this context; [image: image] is the total online capacity of the thermal power unit [image: image] at time [image: image]; [image: image] is the minimum output ratio of the thermal power unit [image: image], which can reflect the flexible adjustment ability of thermal power units; [image: image] and [image: image] denote the unit capacity increases and decreases in the thermal power unit [image: image] at time [image: image], respectively; and [image: image] and [image: image] are the shortest time intervals between the opening and closing of the thermal power unit.
The operation of hydropower units is primarily influenced by monthly inflow and outflow rates, which, in turn, determine the monthly power generation capacity and limits. The hydropower operation constraints are shown as Eq. (12).
[image: image]
where [image: image] is the monthly maximum upregulation capacity coefficient of hydropower [image: image]; [image: image] is the rated capacity of hydropower [image: image] in the target year; [image: image] indicates the total number of time segments per month; [image: image] is the monthly capacity of hydropower [image: image] affected by monthly incoming water; and [image: image] and [image: image] denote the upward and downward adjustment speed of hydropower [image: image], respectively.
The renewable energy output of wind power and photovoltaic is greatly affected by meteorological resources, and the wind and solar power output constraints are as follow Eq. (13).
[image: image]
where [image: image] and [image: image] denote the normalized predicted power coefficients of the wind and solar power at time [image: image], respectively, which is the power generation capacity of the normalized power station.
The power flow of the transmission section is greatly affected by the transmission conditions of the line, and the power flow constraint of the transmission section is as follow Eq. (14).
[image: image]
The load-side response is affected by the load response and regulation capacity limits in the provincial transmission network, which are mainly constrained as follow Eq. (15).
[image: image]
where [image: image] and [image: image] are the maximum power values of the transferable load and interruptible load, respectively.
The charge and discharge constraints of the energy storage system are as follow Eq. (16).
[image: image]
where [image: image] is the rated capacity of the energy storage system [image: image] in the target year, [image: image] are the charging and discharging efficiencies of energy storage [image: image], [image: image] is the state of charge or the quantity of the energy storage system [image: image] at time [image: image], and [image: image] indicates the continuous charging and discharging time of the energy storage system [image: image].
2.1.4 Renewable energy consumption capacity
The renewable energy consumption capacity indicator is the renewable energy utilization rate and is calculated as follow Eq. (17).
[image: image]
where [image: image] denotes the actual power generation of renewable energy.
CPLEX commercial software is used to optimize the above mixed-integer linear programming model.
2.2 Analysis process
The optimal utilization rate calculation method for renewable energy, based on the established mixed-integer linear programming process model, involves solving and calculating the planning scheme by setting four different constraint working condition parameters (85%, 90%, 95%, and 100%). This results in obtaining a flexible planning scheme for source–grid–storage and the total system cost from 2023 to 2060. The specific process is as follows.
(1) The first step is to conduct forecasting research in order to determine the load level and characteristics of the target year, as well as the characteristics and structure of the source–grid–storage. Additionally, it is necessary to consider the investment construction and operating costs of each component under specific boundary conditions.
(2) The second aspect involves setting different rates for the utilization of renewable energy sources with the aim of achieving economic optimization. Additionally, an annual sequential production and operation simulation is conducted to ensure system supply adequacy and power consumption balance, and optimize and solve the configuration capacity requirements of the new installed capacity of wind power, photovoltaic, energy storage, and grid interconnection under different renewable energy utilization rates.
(3) The analysis of the installed capacity and total system cost for renewable energy and energy storage in the upcoming year is conducted under varying rates of renewable energy utilization. Following an economic comparison of each scheme, the optimal utilization rate is determined through a curve fitting methodology, and the final optimal utilization rate of renewable energy is obtained.
3 CASE STUDY AND DISCUSSION
The Gansu power grid is taken as a case study in this paper to conduct a numerical analysis. The entire Gansu Province is divided into three regions, namely, the Hexi section, Wu Bai section and Guandong–Hebbai section, based on an analysis of resource endowment development in different regions and a thorough examination of heavy load conditions in key operational sections within Gansu Province. Based on the source–grid–storage planning model and considering the impact of different renewable energy utilization rates on the system, the research on the installed capacity of new energy and energy storage and the total cost of the system under different renewable energy utilization rates in Gansu Province in the coming year was carried out, and the optimal utilization rate of renewable energy in different years was obtained through an economic comparison.
3.1 Computational boundary
Considering that Gansu Province serves as a significant hub for large-scale renewable energy production, it is imperative to incorporate the inter-provincial interconnection and mutual-benefit DC export demand into the simulation calculation of the regional load in order to accurately assess and manage the consumption of renewable energy resources within the province. The future annual load forecast of Gansu Province is derived from the current load situation, and the maximum annual load demand for the three regions in the future year is determined through extrapolation methods. The annual load characteristics of the three regions are represented using the method of current load demand per unit value for 8,760 h. The forecast of the maximum load for the whole year of the specific target planning year is shown in Table 1.
TABLE 1 | Annual maximum load forecast for the planning year (unit: 104 kW).
[image: Table 1]In order to accurately reflect the extent of low carbon transformation in the upcoming year, the proportion of renewable energy generation planned for each region in Gansu Province is determined based on their respective subregional load ratios and considering their unique scenic resource endowments. This information is given in Table 2, which presents the current situation of renewable energy utilization. The generation power characteristics of wind power and photovoltaic power in each region are expressed by unit value formed by historical measured values in the subregion, which is input as the uncertainty source parameter.
TABLE 2 | Development target table of the proportion of renewable energy generation in different regions of Gansu Province.
[image: Table 2]The optimization of future annual installed capacity planning necessitates an assessment of the current source–grid–storage situation in the three regions of Gansu Province. The specific installed capacities of power supply, power grid, and energy storage in these regions are given in Table 3.
TABLE 3 | Current condition of source–grid–storage installations in each region of Gansu Province (unit: 104 kW).
[image: Table 3]The resource adjustment characteristics of the source–grid–load–storage flexibility primarily consider the following aspects: accounting for the impact of seasonal hydropower conversion, providing constraints on monthly hydropower generation capacity, and specifying limitations on the upper limit of the installed hydropower generation capacity each month, as given in Table 4. The flexible peak load capacity of thermal power units, considering the limitations in winter heating such as the peak load capacity and thermoelectric decoupling, is given in Table 5. The cost of different types of power supply, grid infrastructure, energy storage systems, and demand-side resources for the construction of the renewable power system in Gansu Province is determined based on a combination of actual project parameters in Gansu Province, as given in Table 6.
TABLE 4 | Monthly hydropower utilization hours and regulation capacity constraints.
[image: Table 4]TABLE 5 | Thermal power peak regulation ability before and after flexible transformation.
[image: Table 5]TABLE 6 | Flexible resource cost parameter setting table.
[image: Table 6]3.2 Results
3.2.1 Renewable energy and the energy storage capacity under different utilization rates
In order to verify the validity of the model, the new energy-planned installed capacity and energy storage demand capacity of Gansu Province from 2024 to 2060 were optimized by setting the target values of new energy utilization rates of 95%, 90%, 85%, and 80%. The specific planning results are shown in Figures 1, 2.
[image: Figure 1]FIGURE 1 | Planned installed capacity of renewable energy under different utilization rates in 2024–2060.
[image: Figure 2]FIGURE 2 | Storage planning capacity requirement under different renewable energy utilization rates in 2024–2060.
According to the calculation, from 2024 to 2030, as the utilization rate of renewable energy decreases from 95% to 80%, the planned capacity of renewable energy increases from 146 million kilowatts to 173 million kilowatts, and the demand for the planned capacity of energy storage decreases significantly from 19.05 million kilowatts to 16.24 million kilowatts. In the period from 2030 to 2060, with the renewable energy utilization rate reduced from 95% to 80%, the planned capacity of renewable energy increased from 361 million kilowatts to 428 million kilowatts, and the demand for energy storage planned capacity decreased significantly, from the original 113 million kilowatts to 96.37 million kilowatts. It can be observed that the reduction in the utilization rate of renewable energy necessitates the construction of additional installed machines to meet the system load demand, thereby potentially reducing the energy storage capacity. However, achieving optimal utilization rates for renewable energy requires a comprehensive assessment and comparison of their economic viability.
3.2.2 Optimal utilization rate of renewable energy in the system
In order to analyze the economy of the system planning scheme under different renewable energy utilization rates, the renewable energy utilization rates of the planning model were set as 85%, 90%, 95%, and 100%. The flexibility planning scheme of the source–grid–load–storage from 2024 to 2060 under the same utilization constraints is calculated, and the total cost of the system is summarized and calculated under different utilization constraints of renewable energy.
After obtaining the calculation results, the system economy is compared, and the curve fitting method is employed to fit the optimal utilization rate. Both the economic cost and optimal utilization rate after calculation are obtained, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Total system cost under different renewable energy utilization rates and optimal utilization rates from 2024 to 2060.
The aforementioned analysis showed that the optimal utilization rate of renewable energy in the system will reach 100% from 2024 to 2028. However, due to factors such as the increasing energy storage capacity and cost implications, this rate will decrease slightly to 96.3% in 2029 and further decrease to 91.10% by 2030. For the period between 2040 and 2060, there will be a notable increase in both the energy storage capacity and renewable energy sources. Consequently, these developments will become pivotal factors influencing system costs, resulting in a relatively stable optimal utilization rate of approximately 90%.
4 CONCLUSION
In this paper, a collaborative planning model of the source–grid–load–storage of the provincial power grid in the upcoming year based on the time-series production and operation simulation model is established. Aiming at the optimal economy of the system, the planned installed capacity of renewable energy in the region is investigated under varying rates of renewable energy utilization, taking into account investment decision and operational constraints, and the optimal utilization rate of renewable energy is determined annually in the future through economic analysis.
The results indicate that as the renewable energy utilization rate in Gansu Province decreases from 95% to 80%, there is an upward trend in the installed capacity of renewable energy, while a downward trend is observed in the demand for energy storage configuration, demonstrating opposite trends. After economic comparison and analysis, the optimal utilization rate of renewable energy in Gansu Province should be maintained at 100% until 2028, gradually reduced to 91.10% by 2030, and subsequently maintained at approximately 90% from 2040 to 2060, with the expansion of renewable energy and energy storage capacity.
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