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Abstract: With the continuous expansion of the scale of renewable energy installation, the demand for energy storage has increased significantly. However, there are significant differences in the value of energy storage in different scenarios, and the phenomenon of diminishing marginal benefits of energy storage is becoming more apparent. Therefore, the multi-dimensional value evolution trend of energy storage has become a key issue. This study selects indicators from three dimensions of energy storage: low-carbon emission reduction, smoothing wind and solar power fluctuations, and saving generation costs, quantifying the economic, environmental, and technical values of energy storage. This forms a quantitative evaluation system for energy storage value. By comparing the calculated system values under different energy storage capacities, the marginal value evolution trend of energy storage is obtained. Meanwhile, considering factors such as the utilization rate of renewable energy, the change in energy storage value under different scenarios is analyzed. The results show that the value of long-duration energy storage is significantly affected by the energy storage capacity. Specifically, when the charge-discharge efficiency of long-duration energy storage reaches 0.6 or above, the system value increases significantly. Additionally, appropriately reducing the cost of energy storage capacity also helps to improve its system value.
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Nomenclature



	Pg,tes
	The output of conventional units at time t



	χco2
	The carbon emission intensity of conventional units



	cco2,t
	The carbon emission rights price



	T
	The energy storage dispatch cycle



	Vsf
	The value of smoothing out wind and solar power output fluctuations



	Pw,tup
	The charging and discharging power of energy storage during time t



	Pw,tmax
	The upper and lower limits of wind farm output



	Pw,t
	The actual output power of the wind farm during time t



	Wsf
	The charge and discharge capacity of energy storage





1  Introduction

Facing the increasingly prominent energy and environmental problems, China is vigorously developing clean energy and energy storage technologies. A high proportion of clean energy grid connection will become an inevitable development trend and an important feature of China’s power system [1]. With the issuance of the “14th Five-Year Plan for Modern Energy System” by the National Energy Administration, China has made preliminary plans for the current energy development policy, main goals, and task measures [2]. With the increase in the proportion of new energy sources such as wind and light on the power supply side, the randomness and uncertainty of output put higher requirements on the construction of the power system [3–5]. Coordinating the joint operation of multiple types of energy storage is of great significance to alleviate the mismatch between the characteristics of new energy power generation and load, and is conducive to accelerating the process of building a high-proportion clean energy power system in China.

The complementarity of multi-time scale energy storage is beneficial for promoting the widespread application of storage across various sectors. To achieve seasonal energy shifting within the system and to smooth out daily, weekly, and even yearly power fluctuations, long-duration, large-capacity energy storage technologies are required [6]. Compared to long-duration storage, short-duration storage such as electrochemical storage is more flexible in deployment, has shorter construction periods, and responds quickly. However, the cost of electrochemical storage is currently high [7]. Under the strong push of policies and technological advancements, the capacity of renewable energy paired with energy storage is continuously increasing, and the energy storage costs are showing a downward trend year by year [8]. Nonetheless, it must be acknowledged that the current drivers of energy storage development are primarily local-level consumption demands and subsidy policies, limited by the current electricity pricing mechanism and marketization degree [9]. In this context, researching comprehensive value quantification methods for multi-time scale energy storage systems is of significant importance.

With the widespread application of different types of flexibility resources, the extensive construction of clean power sources, and the increasing complexity of the grid structure, the differences in the value exhibited by energy storage systems in the face of rapid changes in China’s energy landscape have become more prominent. Therefore, assessing the changing trends of energy storage value in different scenarios has become an urgently needed problem to solve. However, existing research on energy storage technology mainly focuses on the following aspects: 1) Research on the operational efficiency of energy storage technology itself. Reference [10] analyzed the significant role of energy storage operational efficiency in reshaping energy infrastructure construction and energy market reform. Reference [11] proposed a method for comparing energy storage operational efficiency, providing optimal reference solutions for investment decisions for different types of energy storage in various scenarios. 2) Research on the investment cost of energy storage technology. Reference [8] constructed an empirical curve to predict the future price changes of 11 types of energy storage. Reference [12] proposed a two-stage optimization model and a time-based pricing strategy for energy storage costs to incentivize investment in user-side energy storage. 3) Operation mechanisms for energy storage participation in markets. Reference [13] proposed an alternative energy price market mechanism compatible with existing supply-demand relationships and the essential nature of sustainable renewable energy development. It can be observed from the above research that they mainly focus on the operational efficiency, cost, and market mechanisms of energy storage itself, while neglecting the in-depth exploration of the multidimensional value of energy storage systems across multiple time scales. The comprehensive value of energy storage systems across multiple dimensions and time scales has yet to be fully explored. With the increase in the penetration rate of new energy and the improvement of smart grids, energy storage systems not only need to meet supply-demand balance and regulate peak-to-valley electricity price differentials but also play a crucial role in ensuring flexible operation and enhancing grid operational stability. Additionally, due to market mechanism reforms and adjustments in energy policies, the potential value of energy storage systems is continually increasing. To fully leverage the role of energy storage systems, comprehensive evaluation of their system value is needed, especially in terms of quantitatively evaluating across time scales and meeting diversified energy demand, through joint planning and operation of various types of energy storage with new energy to maximize the value of energy storage systems.

In addition, similar to the investment in conventional energy power resources, the investment in energy storage resources will also have a diminishing marginal benefit effect. When the system continues to expand the investment scale of energy storage capacity, the additional value brought by each additional unit of energy storage capacity will gradually decrease [14]. This not only involves the initial investment cost of energy storage equipment, but also includes long-duration costs in operation and maintenance, and system integration [15]. Therefore, although energy storage may bring significant economic and technical benefits in the initial investment, its marginal value may gradually weaken as the investment scale expands. However, in [16–18], they focused more on maximizing the value of energy storage in a single application scenario, and ignored the differential impact of the phenomenon of diminishing marginal value of energy storage under the influence of various external factors on the investment decision of energy storage capacity. Therefore, it is urgent to deeply explore the value evolution law of energy storage in different scenarios, in order to determine how to balance the investment and return of energy storage on the basis of maximizing system value, and find the operation planning strategy that adapts to the diversified energy supply demand.

To address the aforementioned shortcomings, this paper quantifies the multi-dimensional value of energy storage at different time scales and conducts an in-depth analysis of its value evolution trend. The main contributions are as follows:

(1) Considering the benefits of energy storage in ensuring power supply and reducing carbon emissions, a multi-dimensional value evaluation framework is designed for multi-time scale energy storage systems. This framework incorporated details modeling of energy storage across different time scales, forming a comprehensive value evaluation index system for multi-time scale energy storage. Additionally, the framework exhibits strong adaptability and scalability, allowing for a reasonable evaluation of system values for various types of energy storage.

(2) A calculation method is designed which suits to the value evolution trends of energy storage across different time scales. By incrementally increasing the actual capacity of storage integrated into the system, we quantitatively assesses the corresponding storage value at different capacity points, forming a value curve for the energy storage system. This method balances the value of multi-time scale energy storage systems with investment costs, achieving a balance between system operational economics and low-carbon performance. The value search results indicate that the evolution of the energy storage system value in this region follows a three-stage change trend: value increase, value saturation, and value decline. Furthermore, when the system is configured with multi-time scale energy storage, its storage value can increase by approximately 7.2%.

(3) The evolution trends of the marginal benefits of energy storage systems across diverse application scenarios are explored. Additionally, it analyzes the correlation between various influencing factors and the value of energy storage systems. The results indicate that in the early phase of this region’s low-carbon clean power system transition (2023–2030), electrochemical storage and other short-term storage should be prioritized. In the later phase of the transition (2030–2050), more long-duration storage should be deployed. When the utilization rate of new energy reaches 90% in 2030, and the charge-discharge efficiency of long-duration storage is at or above 0.6, the value of the energy storage system is relatively high.

The remaining structure of this paper is as follows. In Section 2, we propose a multi-dimensional value quantitative evaluation system for the energy storage system. In Section 3, we construct a quantitative evaluation model for the multi-dimensional value of energy storage, corporating detailed modeling of multi-time scale energy storage. In Section 4, we conduct an empirical analysis of the changing law of the value of the energy storage system. Section 5 summarizes the paper.

2  Assessment Framework

In this section, we constructed an analysis framework for the evolution trend of energy storage system value. The framework consists of two parts, namely the quantification assessment system of energy storage system value and the calculation method of energy storage value evolution trend. The energy storage system value mentioned in the text mainly includes three dimensions: economic value, environmental value, and technical value. The framework quantitatively evaluates the value of energy storage based on actual wind and solar power output data, load curves, various cost parameters, and unit operation parameters within a certain regional power system. It mainly involves the following steps:

1) Firstly, considering the significant roles of energy storage in peak shaving, carbon emission reduction, and smoothing renewable energy output, we selected quantitative evaluation indicators for the economic, technical, and environmental values of energy storage. For the economic value of energy storage, the indicator chosen was the generation cost savings. This was evaluated by first simulating the change in thermal power output when energy storage replaces part of the thermal power, then calculating the change in fuel generation costs of thermal power. The economic value of energy storage was quantified by measuring the difference in total system costs before and after the integration of energy storage.

2) Subsequently, for the technical value of energy storage, the smoothing effect on renewable energy output fluctuations was used as the evaluation indicator. This was quantified by first simulating and measuring the smoothing effect of energy storage on the renewable energy output and then converting this effect into the economic benefits from reduced renewable energy output fluctuations. This approach provided a quantifiable measure of the technical value of energy storage.

3) For the environmental value of energy storage, the carbon reduction effect served as the evaluation indicator. This was quantified by simulating the reduction in system carbon emissions after the integration of energy storage and converting the reduced carbon emissions into decreased carbon emission costs. This method standardized the dimensions of different evaluation indicators for the comprehensive value of energy storage systems, forming a quantitative evaluation index system for the overall value of energy storage.

4) Then, we constructed a comprehensive value assessment model for energy storage systems based on the multidimensional value quantification indicators. We designed calculation methods for the evolution trends of different types of energy storage value, wherein we incrementally increased the actual capacity of energy storage systems and quantitatively calculated the corresponding value of energy storage systems at different capacity points. This process formed energy storage system value curves, enabling the identification of marginal value evolution trends within the system. By evaluating the change in curve values, we assessed the benefits brought by adding unit energy storage capacity to the system, thereby determining the marginal benefits of energy storage systems.

5) Lastly, by comparing the system values at different energy storage capacities, we aimed to identify the capacity point that maximizes the marginal value of the energy storage system.

Through the process of quantitative evaluation and comparison of the value of the energy storage system, it ensures that the capacity corresponding to the maximization of value in multiple dimensions of the energy storage system can provide theoretical guidance for energy storage planning.

3  Methodology

3.1 Evaluation Index System

In this section, we establish an evaluation index system for the multi-dimensional value of energy storage, considering its economic and environmental benefits. The indices are based on the benefits of energy storage in carbon emission reduction, smoothing renewable energy output, and saving generation costs. A detailed analysis was conducted based on the proposed energy storage value evaluation indicators using hour-level operational simulations. By performing simulations over different time scales, the marginal value of the energy storage system can be calculated according to actual needs across various scales (e.g., intra-day, weekly, monthly, or yearly). This method captures the operational characteristics and economic benefits of energy storage over different time scales, facilitating a comprehensive assessment of its multi-dimensional value.

In terms of economic value, the model takes into account the role of energy storage in reducing system construction, maintenance, and operation costs. The assessment of energy storage environmental value focuses on its effectiveness in reducing system carbon emissions and its role in promoting the integration of renewable energy. In the evaluation of technical value, it is necessary to analyze how energy storage enhances power supply reliability and stability. The objective function of the model is to maximize system value, including three components: economic, environmental, and technical value of energy storage, as follows:

maxV=Venv+Vsf+Veco(1)

where, V represents the comprehensive value of the system.

(1) Quantification of environmental value

Venv=∑t=1T(Pg,t−Pg,tes)×χCO2×cco2,t(2)

where, Venv represents the low-carbon emission reduction value of energy storage, Pg,t denotes the output of conventional units at time t when the system does not incorporate energy storage, Pg,tes represents the output of conventional units at time t when planning in conjunction with new energy and energy storage, χco2 stands for the carbon emission intensity of conventional units, cco2,t is the carbon emission rights price, and T denotes the energy storage dispatch cycle.

(2) Quantification of technological value

Pw,tup=Pw,t−Pw,tmax,Pw,tlow=Pw,tmin−Pw,t(3)

Wsf=∑t=1T(Pw,tup+Pw,tlow)Δt(4)

Ps,tup=Ps,t−Ps,tmax,Ps,tlow=Ps,tmin−Ps,t(5)

Ssf=∑t=1T(Ps,tup+Ps,tlow)Δt(6)

Vsf=Wsfζw+Ssfζs(7)

where, Vsf represents the value of smoothing out wind and solar power output fluctuations, Pw,tup and Pw,tlow respectively denote the charging and discharging power of energy storage during time t to smooth out wind farm output fluctuations, Pw,tmax and Pw,tmin are the upper and lower limits of the allowable fluctuation range of wind farm output during time t, Pw,t is the actual output power of the wind farm during time t, and Wsf represents the charge and discharge capacity of energy storage for smoothing out wind farm output fluctuations. Similarly, Ps,tup and Ps,tlow represent the charging and discharging power of energy storage during time t to smooth out photovoltaic output fluctuations. Ps,tmax and Ps,tmin are the upper and lower limits of the allowable fluctuation range of photovoltaic output during time t. Ps,t is the actual output power of the photovoltaic plant during time t, and Ssf is the charge and discharge capacity of energy storage for smoothing out photovoltaic output fluctuations. ζw and ζs respectively denote the grid prices for wind and photovoltaic power.

(3) Quantification of economic value

Veco=(Csysinv−Csysinv,es)+(Csysope−Csysope,es)(8)

Csysinv=(Ewcw+Escs)λnes(1+λnes)ynes365[(1+λnes)ynes−1](9)

Csysinv,es=(Ewescw+Esescs)λ(1+λ)ynes365[(1+λ)ynes−1]+Cesinv(10)

Csysope=∑t=1T[ug,tfg(Pg,t)Δt+SCgug,t](11)

Csysope,es=∑t=1T[µg,tesfg(Pg,tes)Δt+SCgµg,tes+(Pch,t+Pdis,t)Δt](12)

fg(Pg,t)=agPg,t2+bgPg,t+cg(13)

where, Veco represents the value of energy storage in saving generation costs. Csysinv and Csysinv,es respectively denote the investment costs before and after integrating energy storage into the system. Csysope and Csysope,es represent the operational costs of units before and after integrating energy storage. Cesinv is the investment cost of energy storage. Ew and Es, as well as Ewes and Eses, represent the installed capacities of wind and solar units before and after integrating energy storage. cw and cs are the unit investment costs for wind and solar units, respectively. λ is the discount rate, fg(⋅) represents the fuel cost function for conventional unit g, μg,t is a binary variable taking values between 0 and 1, indicating the start-up status of unit g at time t. SCg,t represents the corresponding start-up cost, and Pch,t and Pdis,t denote the charging and discharging powers of the energy storage.

Regarding the investment costs of energy storage at different time scales, as follows:

Ces,LDinv=(Eesinvces,LDe+Pes,chinvcch,LDp+Pes,disinvcdis,LDp)λ(1+λ)yLDes365[(1+λ)yLDes−1](14)

Ces,STinv=(Eesinvces,STe+Pesinvces,STp)λ(1+λ)ySTes365[(1+λ)ySTes−1](15)

where, Ces,LDESinv and Ces,STESinv represent the investment costs for long-duration energy storage and short-term energy storage, respectively. Eesinv denotes the energy storage capacity and power planned for the system. Pes,chinv and Pes,disinv are the charging and discharging power planned for the long-duration energy storage system. yes is the service life of the energy storage system. cese and cesp are the unit investment costs for energy storage capacity and power, respectively. ces,che and ces,dise represent the unit investment costs for the charging and discharging power of the energy storage system.

3.2 Multi-Timescale Energy Storage Operation Model

The multi-time scale energy storage in this paper includes short-term storage and long-duration storage. To address the operational characteristics of different time-scale energy storage, we establish energy storage operation models as follows:

En,t=En,t−1+(Pn,tchηnch−Pn,tdis/ηndis)Δt,∀n∈Ω(16)

0≤En,t≤Eninv,Eninv≤En,maxinv∀n∈Ω(17)

En,T=En,0,∀n∈Ω(18)

0≤Pn,tdis≤Pn,maxdis,0≤Pn,tch≤Pn,maxch,∀n∈Ω(19)

Pn,tdisΔt≤En,t−1ηndis,Pn,tchηnchΔt≤En,esinv−En,t−1,∀n∈Ω(20)

δnmin≤En,esinv/Pn,maxdis≤δnmax,∀n∈Ω(21)

where, Pn,maxch and Pn,maxdis respectively correspond to the upper limits of charging and discharging power capacities for long-duration energy storage, δnmin and δnmax represent the minimum and maximum energy-to-power ratios for long-duration energy storage, and Ω denotes the set of different time-scale energy storage. Eqs. (16)–(19) constitute the operational simulation model for short-term energy storage, while Eqs. (16)–(21) represent the operational model for long-duration energy storage. Eqs. (16)–(17) denote the capacity constraints for energy storage, Eq. (18) represents the charge-discharge balance constraint, and Eqs. (19)–(20) denote the constraints on charge and discharge power. For long-duration energy storage, its performance parameters are decoupled into charging power capacity and discharging power capacity, where the charge and discharge powers are limited by these two performance parameters. Eq. (21) represents the capacity-to-power ratio for long-duration energy storage.

The operational constraints for wind and solar power, as well as conventional generating units, primarily include output upper and lower limits, as follows:

∑n∈Ω(Pn,tdis−Pn,tch)+Pw,t+Ps,t+Pg,t=Ptload(22)

Pw,t≤Pwmax,Ps,t≤Psmax,Pg,t≤Pgmax(23)

The operational constraints of the units mentioned above and the multi-time scale energy storage model together constitute the system operational constraints. The objective function of the model, maximizing the value of the energy storage system, is convex, as are the constraints. Additionally, the feasible domain is non-empty. For energy storage systems of different capacities integrated into the system, the system value satisfying the constraints can be calculated. Clearly, the model is a convex optimization model, implying the existence of a global optimal energy storage capacity that maximizes system value.

4  Case Studies

4.1 Data Preparation

This paper uses a system from a province in Northeast China as an empirical case for joint planning analysis of new energy and energy storage. In 2023, the short-term energy storage capacity in the region reached 4000 MWh/2000 MW, while the long-duration energy storage installed capacity reached 9600 MWh/1200 MW. Based on China’s research on energy development by 2030, the study expands its research under boundary conditions using forecasted data and economic and technical parameters for the region by 2030 (such as various types of power generation scales, loads, energy storage capacity costs, etc.) [19]. Specific parameters can be found in Table 1. By comparing multiple scenarios with the base scenario, the system value of energy storage at different time scales is quantified.
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4.2 Multi-Time Scale Energy Storage Value Analysis

4.2.1 Long-Duration Energy Storage System Value

When there are changes in the planned capacity of long-duration energy storage within the system, the value of the energy storage system will also vary accordingly, resulting in the energy storage system value curve as depicted in Fig. 1.
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Figure 1: Trends in the evolution of value for long-duration energy storage systems

From Fig. 1, it can be observed that as the system’s integration of storage capacity increases, the total system cost first decreases and then increases. This is primarily because after integrating storage into the system, the output of thermal power units can be replaced, resulting in a significant reduction in both the generation cost of thermal power units and the carbon emission cost of the system. This reduction can offset the increase in investment and operational costs associated with energy storage, leading to a decrease in the total system cost. However, there exists a saturation effect in the system’s demand for energy storage capacity. Continuous growth in energy storage capacity can lead to problems of capacity redundancy. At this point, the economic and low-carbon benefits brought by energy storage are lower than the investment and operational costs associated with increasing energy storage capacity, resulting in an increase in the total system cost thereafter.

Corresponding to the evolution trend of the value of systems, it can be roughly divided into four stages. Initially, as the long-duration energy storage capacity is gradually increased, the trend of value change is relatively slow, and the additional energy storage capacity contributes relatively limitedly to the overall energy supply. However, when the long-duration energy storage capacity reaches a certain level, it can continuously provide a large-scale power supply to the system. At this point, the cost of energy storage is lower than the benefits it generates, leading to a rapid increase in system value. However, as the capacity of long-duration energy storage continues to increase, it may surpass the system’s demand for long-duration storage, causing the system value to change more gradually. Further increasing the long-duration energy storage capacity will result in capacity redundancy issues, leading to a decline in the value of the energy storage.

4.2.2 Short-Term Energy Storage System Value

Fig. 2 displays the value curve of a short-term energy storage system as it varies with changes in the planned storage capacity.
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Figure 2: Trends in the evolution of value for short-term energy storage systems

As shown in Fig. 2, the evolution of short-term energy storage value can be broadly divided into three stages. Initially, as the energy storage capacity begins to incrementally increase, introducing short-term energy storage effectively mitigates the volatility of new energy sources, leading to an enhancement in system value due to the increased storage. However, when the energy storage capacity grows to a certain point, given that the operational and investment costs of short-term energy storage are relatively high, the cost increment brought by the introduction of energy storage starts to approach the value it provides to the system. Consequently, the increase in energy storage capacity does not yield a proportional rise in value, resulting in a very slow growth rate of the short-term energy storage system value. Beyond the optimal storage capacity, continuously increasing the short-term energy storage will lead to storage surplus, causing a gradual decline in system value.

In summary, the evolution of the value of long and short-term energy storage systems roughly conforms to the following three-stage trend: the system value increases with the increase of energy storage capacity, reaches its highest point, and then decreases as the system continues to integrate more energy storage capacity. This is mainly because, in the initial stage, as the system integrates more energy storage capacity, the value of the energy storage system in terms of carbon reduction, smoothing renewable energy output fluctuations, and saving generation costs increases significantly. However, as the energy storage capacity continues to increase, its marginal benefits decrease. This is because, after meeting the basic requirements, additional energy storage capacity may only be used to handle less frequent extreme situations, resulting in a smaller contribution to the overall energy system value. Moreover, excessive integration of energy storage capacity can lead to capacity redundancy issues, significantly increasing operational costs and additional investment costs for energy storage, thereby reducing the system value.

By comparing the system values of long and short-term energy storage in different periods in this region, it can be observed that the decarbonization process in the region roughly takes place around the year 2030. In the early stage of the region’s clean and low-carbon transition (2024–2030), the installed capacity of short-term energy storage approximately doubles that of 2023, while the installed capacity of long-duration energy storage expands to 2–3 times. During this stage, priority should be given to the deployment of short-term energy storage such as electrochemical storage. Conversely, in the later stage of the transition (2030–2050), deploying long-duration energy storage is more conducive to enhancing system value. This is mainly because the saturation effect of the value of short-term energy storage becomes significant in the later stages of the transition in this region.

4.3 Multi-Factor Energy Storage Value Analysis

We based on the boundary data of the Northeast region in 2030 for the study. According to the analysis of the evolution trend of multi-time scale energy storage value in Section 4.2, after 2030, the region’s demand for flexibility resources will lean more towards long-duration energy storage. Therefore, this section focuses on analyzing the role of long-duration energy storage in improving renewable energy utilization and system operational economics in this region.

1) Ratio of new energy utilization

Fig. 3 illustrates the value changes of long-duration energy storage systems under different rates of new energy utilization.
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Figure 3: The system value changes under different rates of new energy integration (The a–d representing the system value changes corresponding to renewable energy utilization rates of 0.8, 0.85, 0.9, and 0.95, respectively)

Clearly, as the prescribed wind and solar utilization rates of the system increase, the system requires more flexible energy dispatch methods to adapt to the continuously changing energy generation. Consequently, there is a growing demand for long-duration energy storage capacity in the system. Additionally, it can be observed that with the continuous increase in the optimal capacity of long-duration energy storage, its corresponding marginal benefits also increase.

2) Long-duration energy storage capacity cost

Fig. 4 illustrates the evolution trend of energy storage system value as the unit capacity cost of LDES changes. It can be observed that when the energy storage capacity cost exceeds 2100 × 103 $/MWh, the marginal benefits of long-duration energy storage essentially fall below 5%. For LDES at different capacity costs, the system value generally does not exceed 70%, corresponding to the theoretically optimal performance development level for long-duration energy storage. The highest system value corresponds to a unit capacity cost of long-duration energy storage ranging from 1050 × 103 $/MWh to 1400 × 103 $/MWh. Additionally, as the cost of energy storage capacity increases, the system reduces its demand for long-duration energy storage to some extent.
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Figure 4: The changes in energy storage system value under different unit capacity costs for long-duration energy storage

3) Energy storage charging and discharging efficiency

The efficiency of energy storage charging and discharging is a crucial indicator for assessing the performance and value of an energy storage system. It directly affects the economic benefits and sustainability of the energy storage system. Figs. 5 and 6 depict the evolution trend of energy storage system value corresponding to changes in the charging and discharging efficiency of long-duration energy storage.
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Figure 5: Trends in energy storage value changes under different charging efficiencies
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Figure 6: Trends in energy storage value changes under different discharging efficiencies

From Fig. 5, it can be observed that when the charging efficiency improves, the system’s demand for energy storage capacity correspondingly decreases. As a result, the system’s investment and operational costs decrease. Concurrently, the utilization rate of new energy and the system conversion efficiency increase, leading to an enhancement in system value. When the charging efficiency of long-duration energy storage reaches 0.6 or higher, the system value is relatively high. However, if the planned capacity of long-duration energy storage exceeds approximately 1.3 times the optimal capacity, the system value will plummet to a very low level.

As can be seen from Fig. 6, with the increase in the discharge efficiency of long-duration energy storage, the optimal capacity of long-duration energy storage corresponding to the maximumsystem value also continues to decrease. At the same time, the increase in discharge efficiency makes the system more adaptable to the volatility of new energy, so the maximum value of the corresponding system value is also constantly increasing. When the discharge efficiency of long-duration energy storage is above 0.6, the system value is greatly affected by the planning results of energy storage capacity. This is because the increase in discharge efficiency reduces the energy capacity and charging power capacity required for long-duration energy storage to release a certain amount of electricity. That is to say, under the same other conditions, a higher discharge efficiency can reduce the charging power requirements of energy storage and reduce the cost of energy storage capacity.

4.4 The Correlation Analysis of Energy Storage Value

Fig. 7 analyzes the relationship between renewable energy utilization rate and system value. The shading in the figure represents the degree of correlation between renewable energy utilization rate and system value.
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Figure 7: The correlation analysis between renewable energy utilization rate and system value

Fig. 7 illustrates a positive correlation between renewable energy utilization rate and system value. The increase in renewable energy utilization rate benefits the reduction of thermal power generation output, thereby decreasing system carbon emissions and enhancing its environmental value. Moreover, the higher renewable energy utilization rate implies a more pronounced effect of long-duration and short-duration energy storage in smoothing output fluctuations across different time scales, leading to an increase in its technical value and consequently boosting the overall system value. When the renewable energy utilization rate exceeds 0.65, a strong correlation with system value is observed, indicating the significance of effective renewable energy utilization in the decarbonization process and emphasizing its proactive role in accelerating the transition to low-carbon and clean systems.

Fig. 8 analyzes the relationship between energy storage unit capacity cost and system value. The shading in the figure represents the degree of correlation between energy storage unit capacity cost and system value.
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Figure 8: The correlation analysis between unit capacity cost of LDES and system value

Fig. 8 indicates a negative correlation between energy storage unit capacity cost and system value, meaning that lower energy storage unit capacity costs correspond to higher system values. The reduction in energy storage unit capacity costs benefits from incentivizing system energy storage investments, smoothing output fluctuations across different time scales, enhancing system technical value, and effectively promoting system decarbonization, thus increasing environmental value. Most importantly, the decrease in energy storage unit capacity costs also reduces system costs, thereby improving system economic value.

By comparing Figs. 7 and 8, it can be observed that the correlation between renewable energy utilization rate and system value is stronger, and the variation in renewable energy utilization rate has a greater impact on system value. Therefore, for the new energy installed capacity accounted for a high proportion or wind power generation potential of the region, it is more appropriate to expand the scale of investment in energy storage capacity to improve the new energy utilisation rate, and enhance the comprehensive value of the energy storage system, or also through the improvement of energy storage technology to reduce the cost of its investment and operation, so as to enhance the value of the application of energy storage.

5  Conclusion

The paper designs a quantitative evaluation system for the multidimensional value of energy storage systems, quantitatively assessing the multidimensional value of storage at different time scales. It delves into the value evolution trends and capacity planning strategies under various influencing factors such as the new energy utilization ratio and capacity cost. The conclusions are as follows:

(1) As the planned long-duration energy storage capacity in the system increases, the value of the energy storage system grows initially at a slow pace and then accelerates. After reaching the optimal value point, there’s a phenomenon of diminishing marginal benefits, leading to a decline in value due to capacity redundancy. The evolution trend of system value for short-term energy storage is similar to long-duration storage, but the saturation effect on the value of short-term storage is more pronounced.

(2) The dominance of multi-time scale energy storage in the region’s power system during different stages of low-carbon clean transformation varies. In the early stage of low-carbon transition, short-term energy storage should be prioritized to mitigate instantaneous fluctuations in wind and solar power, thereby increasing the penetration rate of renewable energy. Conversely, in the later stage of low-carbon transition, the expansion of long-duration energy storage plays a crucial role in ensuring power supply and facilitating low-carbon operation in the region.

(3) The value of multi-time scale energy storage systems changes over time, leading to changes in the priority of energy storage resource allocation. In the current stage, the cost of long-duration energy storage capacity in the region is higher than 3 × 105¥/MWh, resulting in low system value, making it more suitable to prioritize the deployment of short-term energy storage such as electrochemical storage. However, in the later stages of the power system’s low-carbon clean transformation, after the unit capacity cost of long-duration energy storage decreases to 2.4 × 105 ¥/MWh, its system value reaches its maximum level. At this stage, expanding long-duration energy storage capacity will be more economical. Furthermore, in the later stages of the power system transformation, with advances in energy storage technology, when the efficiency of long-duration energy storage charging and discharging exceeds 0.6, the system value will be higher, contributing to the economic and low-carbon operation as well as stable power supply of the system.

In future research, it would be beneficial to comprehensively consider various factors influencing the value of energy storage systems, such as technology costs, policy support, market mechanisms, energy demand patterns, and user behavior. This will allow for a more accurate assessment of the economic benefits, social value, and environmental impact of energy storage systems, providing decision-makers with more scientifically reliable theoretical references and guidance.
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