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Abstract: As a flexible resource, energy storage plays an increasingly significant role in stabilizing and supporting the power system, while providing auxiliary services. Still, the current high demand for energy storage contrasts with the fuzzy lack of market-oriented mechanisms for energy storage, the principle of market-oriented operation has not been embodied, and there is no unified and systematic analytical framework for the business model. However, the dispatch management model of energy storage in actual power system operation is not clear. Still, the specific scheduling process and energy storage strategy on the source-load-network side could be more specific, and there needs to be a greater understanding of the collaborative scheduling process of the multilevel scheduling center. On this basis, this paper reviews the energy storage operation model and market-based incentive mechanism, For different functional types and installation locations of energy storage within the power system, the operational models and existing policies for energy storage participation in the market that are adapted to multiple operating states are summarized. From the point of view of the actual scheduling and operation management of energy storage in China, an energy storage regulation and operation management model based on “national, provincial, and local” multilevel coordination is proposed, as well as key technologies in the interactive scenarios of source-load, network and storage.
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1  Introduction

With the rapid development of intermittent power sources such as wind power and photovoltaic power generation, the stabilizing and supporting role of energy storage technology in the power system is becoming increasingly significant [1–3]. In addition, energy storage systems (ESS) can provide auxiliary services for power systems, such as load tracking [4], spinning reserve [5], voltage adjustment [6], and black start capability [7]; and ESS can balance the instability associated with intermittent energy sources, thereby strongly contributing to the ability of renewable energy sources to connect to the grid. Energy storage is an important option to efficiently enhance the power system’s flexibility and smooth the source load’s random fluctuations. With the optimization of the market environment, independent energy storage gradually eliminates the constraints of the access location. It provides multiple services, not only to meet the mandatory distribution of storage requirements but also through the rental income, auxiliary service income, etc., to enhance the economic benefits and the commercial value of the gradual emergence.

The mature market-based incentive mechanism is conducive to the healthy and sustainable development of the energy storage industry. Massa et al. [8] described the ESS business model from three aspects: the application of energy storage equipment, the role of potential investors in the market, and the revenue stream in operation. Aravind et al. [9] explored a business model for ESS on an islanded power grid. Ririka et al. [10] discussed what policies and regulations are needed for customer-side solar PV-ESS to mitigate the conflict of interest between grid companies and aggregators when providing services that maintain grid stability and resilience. The lack of an appropriate ESS market-oriented regulatory framework creates substantive, procedural, and institutional barriers to commercializing and integrating renewable energy storage technologies [11]. At the same time, the Chinese government has put forward requirements for the market-based development of ESS. 2022 On March 21, China’s National Development and Reform Commission and National Energy Administration issued a notice on the issuance of the “14th Five-Year Plan” Implementation Plan for the Development of Renewable Energy Storage. The statement pointed out that by 2025, the new type of energy storage will go from the early commercialization stage into the background of large-scale development with large-scale commercial application conditions. The new type of energy storage technology innovation capacity significantly improved, the core technology and equipment independent and controllable level greatly improved, the standard system is perfect, the industrial design is becoming more and more complete, and the market environment and business model are basically mature. By 2030, ESS will be fully marketized. The core technology and equipment of ESS will be independently controllable, the technological innovation and industrial level will be at the forefront of the world, the market mechanism, business model and standard system will be mature and sound, and the development of deep integration with all aspects of the power system will meet the needs of building a new type of electric power system. It will comprehensively support realizing the carbon peaking goal in the energy field as scheduled.

New type of energy storage is rapidly developing, but there are also many problems. First, the construction cost is high, a stable and reasonable market mechanism has not yet been formed, and the investment income model is immature, resulting in the price not being reasonably channeled [12]. Secondly, new type energy storage technology is rapidly developing, and there is a specific risk of safe operation. Equipment and scheduling modes need to be further explored to ensure the safety of the power grid [13,14]. Third, new type energy storage technology is diverse; the application level is very different for different types of energy storage, and there is a lack of adaptation to the operational characteristics of the management mechanism [15]. Scientific transformation of source-load-network storage scenarios to realize the economical and efficient use of energy storage equipment, the ESS operation mechanism needs to be market-oriented, and the development of ESS operation with the current stage of the market mechanism. The recent research on ESS scheduling mainly focuses on realizing the deep integration of ESS with power trading, transmission, and distribution. For example, establishing a nice ESS scheduling and operation mechanism to adapt to the needs of different application scenarios [16] and the cooperative operation and optimization management of ESS and renewable energy [17]. Previously, there have been many studies on the scheduling strategies of ESS on the grid side [18,19], generation side [20–22], and load side [23,24].

However, sorting out voltage levels, capacities, and specific ESS access scheduling processes needs to be more specific. In the existing research on market-based operation of ESS, the description and design of business models are mainly based on the realization of particular functions, the principle of market-based operation is not reflected, and there is no unified and systematic framework for business model analysis. Moreover, considering the operation mode and organizational structure of China’s power grid, the existing research lacks research on multi-level synergy at all dimensions of the dispatch center. China has the most extensive power grid system in the world, and the dispatching department is divided into five groups: national dispatching, grid dispatching, provincial dispatching, local dispatching, and county dispatching. this multilevel synergistic dispatching can improve the overall economy and stability. Similarly, how to realize ESS scheduling in such a large-scale power grid with all levels of electrical energy scheduling is of great research significance.

The main contributions of this paper are as follows:

•   The operational characteristics of energy storage are summarized for different access points and access modes of energy storage in the smart grid;

•   Summarized the commercial operation modes and scheduling operation models of energy storage for different grid access categories in market-oriented scenarios;

•   A new energy storage scheduling method in the “national-division-provincial-local” scheduling architecture is proposed based on China’s unique power scheduling architecture.

The remainder of this article is organized as follows: In the second part, it summarizes the technical classification of renewable energy storage and the type of grid-connected mode and gives the energy storage operation model; in the third part, it analyzes the commercial operation mode of energy storage in smart grid and the operation and scheduling model in the market scenario; in the fourth part, it proposes a scheduling method of energy storage in the ``national-divisional-provincial-district" scheduling architecture of China’s electric power grid; and in the fifth part, it summarizes the concluding remarks and outlooks.

2  Energy Storage Classification and Modeling

2.1 Classification of Energy Storage

Energy storage mainly refers to the storage of electrical energy and the process of storing various forms of energy through some medium or equipment and releasing specific energy according to the application structure at the site. Energy storage technology is widely used in the four significant segments of power generation, transmission, distribution and consumption in the construction of smart grids. It is also a necessary supporting technology for developing renewable energy access, distributed power generation, microgrids and electric vehicles. According to the specific form of energy, energy storage can be categorized into chemical, electromagnetic, physical, etc., and the classification of energy storage technologies are shown in Table 1.
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In microgrid and distributed power supply, the intermittent nature of renewable energy generation such as wind and light requires energy storage units with high energy density. In contrast, the rapid fluctuation of the load requires energy storage units with high power density, compared with a single ESS, usually choose a hybrid energy storage system [43] that complements the advantages of high energy density and high power density.

Classified according to the grid-connected operation mode, it is divided into power-side energy storage, grid-side energy storage and user-side energy storage. Under the current policy environment and demonstration application background, the main application scenarios of ESS on the power generation side include renewable energy smoothing, clean heating, and frequency control auxiliary service. The main application scenarios of grid-side ESS include grid power preservation, peak adjustment, and frequency control additional service. The main application scenarios of grid-side ESS include grid power preservation, grid peak shifting, frequency shifting other services, and grid rotation standby. Typical application scenarios of ESS on the user side include peak and valley spread arbitrage, park-integrated energy system formation, exceptional user power quality, demand response, etc. From the functional point of view, the renewable energy storage is firstly to store and provide energy, and secondly to regulate power. The energy storage grid-connected operation mode and function are matched, and the energy storage functions of different grid-connected operation modes are shown in Table 2.
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Energy supply-demand imbalance and system contingencies are inherent characteristics of power system operation, and thus, frequency regulation is an intrinsic need of the power system. In the traditional energy structure, conventional units such as thermal power and hydropower regulate the short-term energy imbalance in the power grid by responding to AGC signals. As the global energy structure is adjusted, many renewable energy sources are connected to the grid to exacerbate the energy imbalance of the grid in a short period. The traditional energy sources, especially thermal power, are slow to regulate frequency and need to respond to the signals, which makes it challenging to satisfy the new demand for frequency regulation. The ESS can track load changes, fast response speed, and precise output control, and almost realize that the frequency control tracking curve is consistent with the command curve. Therefore, equipping ESS on the power generation side to provide frequency control auxiliary service independently or jointly with thermal power units can effectively enhance the grid frequency control capability, which is of great significance to improve the quality of power supply and ensure the safe and stable operation of the power grid.

At present, China’s central time-sharing tariff policy, a user-side ESS, can be based on time-sharing tariffs to take low charging and high discharge strategy, charging in the load valley and low tariffs, discharging in the load peak and high tariffs, the use of the difference between the peak and valley tariffs to obtain economic benefits.

In addition, energy storage has four quadrant operation characteristics: it can absorb or issue reactive power at any time of charging and discharging, maintain system voltage stability, and improve the power quality of the grid, thus reducing the investment in reactive power equipment of the distribution network. With the increasing demand for power quality from industrial, commercial, and other particular users, manufacturers can install energy storage to replace various types of power quality improvement devices and utilize the redundant capacity of energy storage to manage power quality problems such as low power factor and voltage imbalance that occur during the production process. Separate the ownership of energy storage resources from the right to use through the integration of idle energy storage resources to face the different application needs of multiple users, the use of regulating the complementary characteristics of demand in time and space to realize the shared use of energy storage resources, scientific integration of existing energy storage resources to enhance the utilization rate of energy storage and the rate of return [44,45].

2.2 Energy Storage Monolithic Modeling

2.2.1 Electrochemical Energy Storage Operation Model

Typically, when energy storage is configured to determine the capacity size of the warehouse, the rated capacity is generally considered, and the model of the charge state during the operation of the storage device can be expressed as:

{Ssoc,t=Ssoc,t−1+ηs⋅Ps,t⋅ΔtPs,t>0Ssoc,t=Ssoc,t−1+Ps,tηs⋅ΔtPs,t<0(1)

In the formula, Ps,t is the charging and discharging instruction issued by the scheduling center to the energy storage at the time of, i.e., charging and discharging power; when Ps,t>0 indicates that the energy storage is in the charging state, and Ps,t<0 suggests that the energy storage is releasing; Ssoc,t is the residual amount of control of the energy storage at the time of, i.e., the charging state; Δt is the scheduling interval; and ηs is the charging and discharging efficiency, which is one of the important indexes for evaluating the advantages and disadvantages of energy storage technology, which is directly related to the economy, reliability and environmental protection of ESS.

(1) Power constraints for energy storage

The hourly charge/discharge of the energy storage is limited by the rated charge/discharge power of the energy storage and can be expressed as:

{ηsPs,t≤Pcap−Pcap≤Ps,tηs(2)

(2) Capacity constraints for energy storage

The energy storage charging state should be limited by the rated capacity of the energy storage to prevent overcharging and over-discharging from affecting the lifetime of the energy storage, so the capacity constraints of the ESS at the time should be satisfied:

0≤Ssoc,t≤Scap(3)

(3) Energy storage charge/discharge state constraints

Assume that it is the energy storage’s charge/discharge state flag. Since there can only be one state in each period, its value is taken as the principle:

λ1,λ2,⋯,λt∈{−1,0,1}(4)

The formula λt=0 indicates that the energy storage is in the idle floating state, λt=1 shows the charging state, λt=−1 shows the discharging state;

It is worth noting that the stored energy is self-discharged when in an idle float state, as given in Fig. 1, which plots the stored power for one charge/discharge cycle. Therefore, the energy recession in the graph is measured in terms of self-discharge rate:

E2=E1⋅(1−σ)(5)

where σ is the self-discharge rate of the ESS.

(4) Energy storage charge/discharge quantity constraint
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Figure 1: Energy diagram of stored energy in one charge/discharge cycle

Considering the charging and discharging losses, the charging and discharging quantities should be kept equal during the dispatch cycle of the ESS.

∑t=124Ps,tΔtηs=0(6)

(5) ESS charge state constraints

SsocminEess≤Eess,d,t≤SsocmaxEess(7)

where is the capacity of the energy storage system; Ssocmin is the minimum charge state of energy storage; and is the maximum charge state of energy storage.

(6) Power system renewable energy power abandonment constraints

Considering the power-side energy storage is mainly applied to renewable energy supporting energy storage and other scenarios, because for the power-side energy storage, it is also necessary to include the system’s renewable energy abandonment rate into consideration, that is, the renewable energy abandonment rate is controlled within the limit:

{kaban N⩽kaban,limNkabanN=EabanNEgenN×100%(8)

where kaban N is the renewable energy abandonment rate; kaban,limN is the renewable energy abandonment rate limit; EabanN is the renewable energy abandonment power; EgenN is the renewable energy power generation.

(7) Nodes are allowed to install energy storage-rated power and capacity constraints

Considering that the ESS needs to follow the grid security standards when accessing the grid, in addition to avoiding the waste of investment in energy storage resources, the installed energy storage power and capacity need to be constrained according to the load density of the layout location, i.e., the system is optimized for peak shaving and valley filling.

{0⩽Pinv,aESS⩽Pinv,max0⩽Einv,aESS⩽Einv,max(9)

where {Pinv,aESS, Einv,aESS} are the power and capacity of energy storage installed at node a; {Pinv,max, Einv,max} are the maximum rated power and capability of energy storage allowed to be installed at node an after considering the type of land and load density.

There is life loss during the operation of energy storage, which is reflected by the number of charge/discharge cycles, which can be estimated by the depth of discharge (with different depths of release, the number of times the energy storage can be cycled is different, and the actual service life of the energy storage battery is also different). Define the depth of discharge of the kth cycle of the energy storage battery as DODk, the total number of equivalent life depreciation of a storm in a day’s operating process can be expressed as:

Ndloss =∑k=1Ndeyc Nloss (DODk)=∑k=1Ndcyc Ncycle (DOD1)Ncycle (DODk)(10)

Ndcyc is the number of charge/discharge cycle cycles per day for the energy storage battery; Ndcyc (DOD1) is the number of processes corresponding to reaching the end of life when the depth of discharge is 100%. The profit of energy storage through tariff arbitrage can be expressed as:

F=Nd,i⋅24Nh⋅[∑m∈Ω(ΔPd,m,i−ΔPc,m,i)⋅c](11)

The depreciation factor, operational and maintenance (O&M) cost factor, and payback factor for the energy storage investment (all as a function of the optimization variable Tb,i) can be expressed as:

kh1,i=(A/P,r,Tb,i)=r1−(1+r)−Tb,i,kz1,i=1−η1Tb,i,ky1,i=αyz1kz1,i(12)

Tb,i=1Nd,i∑j=1Ndcyc,i1Ncycle(DODi,j)(13)

where depreciation cost and O&M cost can be directly amortized to each year over the life of the investment since depreciation is generally calculated based on the average life method and O&M costs can be calculated based on minimization.

2.2.2 Pumped Storage Operation Model

For pumped storage systems, there is water hammer pressure in the water diversion system of the pumping and storage unit, which affects the dynamic performance of the unit speed control system. The water and pipe walls are elastic. Some studies have cited an approximate flexible water hammer model to describe the water diversion system, and the transfer function of this model is shown in Eq. (14).

Gh(s)=h(s)q(s)=−Tws0.125Tr2s2+fTrs+1(14)

where Tw represents the water flow inertia time constant, the water hammer phase length, and the friction coefficient.

The pumped storage system is constrained by reservoir capacity and operating power during operation.

V(t+1)=V(t)+(Qp(t)−Qh(t))⋅Δt(15)

Qp(t)=3600×1000ηpηwpPp(t)ρgH=KpPp(t)(16)

Qh(t)=3600×1000Ph(t)ηhηwpρgH=KhPh(t)(17)

cminV0⩽V(t)⩽cmaxV0(18)

0⩽Ph(t)⩽Pps,0,0⩽Pp(t)⩽Pps,0(19)

Ph(t)⋅Pp(t)=0(20)

∑t=1N[Ph(t)−Pp(t)]=0(21)

In the formulas: Qp and Qh are the flow rates of the pumped storage power station in pumping mode and power generation mode, respectively; ηp and ηh represent pumping efficiency and power generation efficiency, respectively; ηwp is the pipeline efficiency; Ph and Pp represent power generation and pumping power; Kp and Kh are the flow power ratios for pumping mode and power generation mode, respectively; cmin and cmax are the minimum and maximum storage capacity ratios, respectively; V0 is the reservoir capacity; Pps,0 is the installed capacity of the water turbine unit; ρ is the density; g is the acceleration of gravity; H is the height of the water head; V is the water volume of the reservoir.

Constraints of pumped storage units can be expressed as:

Emin⩽Et⩽Emax(22)

Et+1=Et+Δt(Pp,tηpup,t−Pg,tηgug,t)(23)

where Emax and Emin are the maximum and minimum energy storage of the upper reservoir; Et is the value of upper reservoir energy storage in the tth period; Δt is 1 scheduling period, selected as 1 h; ηg and ηp are the power generation efficiency and pumping efficiency of pumped storage units.

Pg,min⩽Pg,t⩽min(Pg,max,EtΔtηg)(24)

Pp,min⩽Pp,t⩽min(Pp,max,Emax−Et−1Δtηp)(25)

where Pg,max and Pp,max are the maximum power generation and maximum pumping power for pumped storage units; Pg,min and Pp,min are the minimum value of generating capacity and pumping capacity of pumped storage units.

2.2.3 Hydrogen Energy Storage Operation Model

The photovoltaic hydrogen storage part includes a photovoltaic power generation unit, electrolytic tank, hydrogen tank, and fuel cell, in which the electrolytic tank is responsible for converting electric energy into hydrogen energy, and the fuel cell is accountable for converting hydrogen energy into electric power. The heat energy generated by these 2 devices can be supplied to heat load or stored in the heat storage device. Through the cogeneration characteristics of the hydrogen energy storage device and the high-quality heat supply of the solar thermal collector unit, the operation mode of heat to electricity can be broken, and high heat and power supply efficiency can be realized.

An electrolytic tank is a device that electrolyzes pure water into hydrogen and oxygen, which can convert electrical energy into hydrogen energy, and its energy conversion characteristic model can be simplified and expressed as:

{Mel(t)=ρηelPel(t)Hel(t)=(1−ηel)Pel(t)(26)

where Mel(t) and Pel(t) are the amount of hydrogen produced by the electrolytic tank and the input power at time t, respectively; ηel is the efficiency of the electrolytic tank; ρ is the amount of hydrogen corresponding to 1 kWh of electrical energy; and Hel(t) is the amount of heat produced by the electrolytic tank at time t that can be utilized (without considering energy loss).

The hydrogen tank can be used to store the hydrogen produced by the electrolytic tank, and its storage capacity model can be simplified as follows:

Mht(t)=Mht(t−1)+η1Mel(t)−Mfc(t)/η2(27)

αhtQht≤Mht(t)≤Qht(28)

Mht, start =Mht, end (29)

where Mht(t) is the amount of hydrogen in the hydrogen tank at time t; η1 and η2 are the hydrogen storage and consumption efficiencies of the hydrogen tank, respectively; and Mfc(t) is the amount of hydrogen consumed by the fuel cell at time t; αht is the minimum energy storage scaling factor of the hydrogen tank, Mht, start  and Mht, end  are the amount of hydrogen in the hydrogen tank at the start and end moments of each scheduling cycle, respectively; Qht is the capacity of the hydrogen tank.

In contrast to electrolytic tank, fuel cell converts hydrogen energy into electrical energy, and its energy conversion characteristic model can be expressed as follows:

{Pfc(t)=Mfc(t)ρηfcHfc(t)=(1−ηfc)Pfc(t)(30)

where Pfc(t) is the output power of the fuel cell at time t; ηfc is the efficiency of the fuel cell; and Hfc(t) is the heat generated by the fuel cell at time t that can be utilized (without considering energy loss).

2.2.4 Compressed Air Energy Storage Operation Model

Compressed air energy storage (CAES) system consists of compressor, turbine, heat exchanger, and gas reservoir. When the system releases energy, the flow rate of the compressed gas in the pool is controlled by adjusting the opening L of the regulating valve, which enters the heat exchanger for heating and realizes the power generation of the system through the work done by the turbine.

(1) Gas storage model

Let the CAES gas storage reservoir store high-pressure gas as a constant volume process, and the air as an ideal state. According to the law of conservation of mass and energy, the expression for the trend of pressure and temperature changes in the gas reservoir during the energy release stage is:

{dTacdt=1mac(1−cpcv)Q(L)Tac−UacAacmaccv(Tac−Ten)dpacdt=−RgcpVaccvQ(L)Tac−UacAacRgVaccv(Tac−Ten)(31)

where Tac, pac, Vac are the temperature, pressure and volume inside the reservoir, mac is the air mass inside the pool, cp, cv, Rg are the parameters of the ideal air state, Uac is the heat transfer coefficient between the reservoir and the environment, Aac is the area inside the reservoir, Ten is the ambient temperature, and Q(L) is the mass flow rate at the opening of the control valve.

(2) Regulating valve model

Assuming that the mass flow rate Q (L) at the rated power output of the CAES is only related to the regulating valve opening L, and utilizing the percentage to express the valve opening, the relationship between the regulating valve opening and the mass flow rate can be approximated as an exponential function at this time.

Q(L)=R(LLmax−1)Qmax(32)

where Qmax is the maximum mass flow rate of the control valve; Lmax is the top opening of the control valve; R is the ratio of the top and minimum mass flow rate.

The transfer function of the control valve opening actuator is:

μ=1Tms+1L(33)

where Tm is the time constant; μ is the control valve opening actuator control signal.

(3) Heat exchanger model

Release of energy, each level of heat exchanger back to the heat after the air temperature is:

Te,iin=εeTem,iin+(1−εe)Te,i−1out(34)

where i represents the number of turbine stages; Te,iin is each level of heat exchanger input temperature; Te,iout is each level of heat exchanger air output temperature; Tem,iin is each level of heat exchanger heat medium input temperature; εe is the heat exchanger heat transfer efficiency, which is a constant.

(4) Turbine model

Turbine outlet air temperature and unit mass of air through the turbine work expression is:

{Te,i  ′out=Te,i  ′in[1−(1−βe,i1−kk)ηe]we,i=cpTe,i  ′in(1−βe,i1−kk)ηe(35)

where Te,i  ′in, Te,i  ′out are the air input temperature and output temperature of the turbine, i.e., Te,i  ′in=Te,iout, Te,i  ′out=Te,iin, k is the ideal specific heat capacity of air; βe,i is the expansion ratio of each stage; ηe is the turbine’s efficiency.

CAES output power expression is:

wall=Q∑j=1iwe,j=Q∑j=1icpTe,jin(1−βe,j1−kk)ηe(36)

if cp, Te,jin, βe,j, ηe, k, are constant, the total amount of work wall done by the turbine under the unit air mass flow rate is a continuous, at this time, the output power of CAES and mass flow rate is a linear relationship, that is, through the adjustment of the valve opening to adjust the mass flow rate, and then adjust the total power of the turbine.

3  Market-Based Operation of Energy Storage in Smart Grids

With the gradual increase in the penetration of renewable energy generation, some conventional power sources are replaced by renewable energy sources, the system flexibility regulation capacity is not sufficient, the power system will face more tremendous peak pressure, resulting in wind abandonment, load shedding and other phenomena, so it is vital to enhance the enthusiasm of energy storage to participate in the flexible regulation of the power system through market means. This section compares different energy storage market-based incentive mechanisms. It summarizes the trading forms and profit-making methods of energy storage participating in various markets such as the electric and auxiliary service markets.

3.1 Business Models for Energy Storage Operation

The functional role of energy storage in the power system is shown in Table 3. The energy storage business model is closely related to many factors, such as policy support, electricity price system, type of energy storage, initial investment, operation main body, subsidy method, operation and maintenance and payback period cost. Despite the rapid growth of installed energy storage scale, China’s renewable energy storage is still in the early stage of commercialization, the market mechanism and business model are immature, coupled with China’s low electricity price and slight price difference, resulting in energy storage project profitability difficulties, facing high cost, complex integration, poor security and other issues [46,47]. It has become particularly urgent to explore incentives for energy storage to participate in the market to form a business model and actively find a breakthrough point. This section summarizes the practical experience of developing energy storage business models in China [48–50].
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3.1.1 Cost Composition of Energy Storage Equipment

An electrochemical energy storage power station’s entire lifecycle process includes the project construction and operation phases [51–54]. On one hand, it is essential to analyze the cost composition of the electrochemical energy storage power station. On the other hand, examining the parameters influencing the calculation of various costs is crucial.

(1) Construction cost

The construction cost of an energy storage power station, also called system cost, pertains to the price of a unit capacity of the ESS. It primarily consists of equipment installation costs (including battery costs) and construction costs (excluding land costs).

Energy storage equipment comprises batteries, battery management systems, energy storage inverters, and distribution systems, among other components. The acquisition costs of these devices collectively constitute the equipment installation cost. An electrochemical ESS is primarily composed of a battery pack, a Battery Management System (BMS), an Energy Management System (EMS), a Power Conversion System (PCS), and other electrical components.

The battery pack cost is a primary expense within the electrochemical ESS, representing a critical focal point for future industry chain technological iterations and cost reduction efforts. According to data from HighTech Lithium, within a complete electrochemical ESS, the battery pack cost accounts for the highest proportion, reaching up to 67%. Following this, the energy storage inverter constitutes 10%, while the BMS and EMS account for 9% and 2%, respectively.

(2) Charging cost

The charging cost of an energy storage power station refers to all the expenses incurred during the charging process. Due to the inability to achieve 100% energy conversion efficiency during charging, costs are generated from energy losses. Therefore, this cost component primarily depends on the energy conversion efficiency. Calculating the charging cost for energy storage involves considering factors such as charging electricity prices, equipment utilization efficiency, annual discharge capacity of the ESS, and energy conversion efficiency parameters.

(3) Operational labor costs

In certain situations, the operation of energy storage equipment may require manual intervention. Within a specific range, fixed labor costs are unrelated to the size of the stored capacity, and their total remains constant. Variable labor costs are directly proportional to the frequency and duration of storage usage. In many cases, the accounting of labor costs for battery energy storage stations is primarily determined by the size of the equipment and its storage capacity, with no clear standard value currently established.

(4) Maintenance costs

An energy storage power station’s operating and maintenance costs are the expenses required to maintain the station in good standby condition. These costs include solar panel cleaning expenses, station management, and maintenance fees. Regardless of the amount of storage used, fixed maintenance costs remain the same. Variable maintenance costs are proportional to the frequency and duration of storage usage. Operational maintenance costs are generally calculated by multiplying the initial investment by the operating maintenance rate. Considering that the lifespan of ESS is limited, there will be a certain amount of wear and tear during operation, resulting in costs associated with the system’s lifespan. Therefore, when calculating the operating and maintenance costs of an energy storage power station, it is necessary to comprehensively consider parameters such as the total construction cost reduction ratio, operational maintenance rate, unit energy construction cost, and energy storage capacity.

(5) The cost of industrial electricity for energy storage applications

The industrial electricity cost for energy storage applications refers to the cost of electricity used by an energy storage power station for its energy storage purposes. It includes the cost of externally purchased electricity incurred to keep the energy storage power station running, encompassing purchased electricity costs, self-use electricity costs, and related expenses such as salary and management fees. In calculating the industrial electricity cost for energy storage applications, factors such as the annual average electricity consumption rate, the proportion of electricity used for energy storage purposes compared to the total industrial electricity consumption, charging electricity prices, and energy storage capacity need to be considered.

(6) The cost of replacing energy storage batteries and equipment

In electrochemical energy storage projects, the batteries used as energy storage components often require frequent replacements due to their limited cycle life. This leads to the cost of replacing energy storage batteries and equipment. Typically, the lifespan of batteries and equipment is shorter than the overall project cycle of an ESS. Therefore, the replacement cost of batteries needs to be considered during the project’s operational period. This includes acquiring updated materials and equipment, installation expenses, labor costs, and other related expenditures.

The replacement cost is considered a variable cost, and its magnitude depends on the battery’s lifespan and frequency of use. For example, if we believe a lithium-ion battery (such as lithium iron phosphate) with a cycle life of 6000 cycles and charging/discharging twice a day, the battery would need replacement every 10 years. It is economically and environmentally impractical to replace all batteries when they exceed their helpful lifespan.

Therefore, in practical operation, it is expected to supplement a specific capacity each year based on the battery’s annual degradation rate, ensuring the available power of the ESS. The cost of replacing energy storage batteries and equipment can be calculated by considering the annual cost of battery replacement, energy storage device capacity, and energy storage device conversion efficiency. Factors affecting the yearly battery replacement cost include replacement cost, replacement cycle, return on investment period, discount rate, battery charge-discharge cycle count, and the number of operating days per year.

Due to the limited number of charge-discharge cycles batteries can undergo, and the gradual degradation of battery capacity, frequent replacements are required during the operation of ESS. Therefore, it is necessary to consider the cost of battery capacity degradation and the time value of funds. However, the lifespan of different energy storage batteries varies, and their actual lifespan is related to factors such as charge-discharge depth and cycle count, which introduces uncertainty. Hence, this parameter is determined based on its influencing factors in practical applications.

(7) Assessment cost

From the perspective of the entire lifecycle cost, the assessment costs not considered in traditional cost pricing models are indispensable. According to the Shandong Power Grid Photovoltaic Power Station Scheduling Management Regulations (Trial), photovoltaic power stations must strictly adhere to the daily power generation scheduling curve and dispatch instructions issued by the provincial dispatch. They should promptly adjust active power output, and any deviation between actual production and scheduling plans is subject to assessment costs according to the specified curve. The calculation of assessment costs involves scheduling assessment fees, electricity penalty prices, planned output of the solar-storage power station, and the grid-connected power of the solar-storage system.

(8) Disposal cost

When the various components of an ESS reach the end of their lifespans, the funds invested in their harmless disposal constitute the disposal cost. This cost mainly comprises two aspects: environmental expenditure and equipment residual value. The cost incurred in recycling batteries represents the environmental expenditure, while the initial investment cost and recycling coefficient will determine the equipment’s residual value size.

Currently, in China, the industry for resource recovery of batteries has not fully developed and is still in the early stages of growth. Due to this reason, a significant portion of waste components does not receive effective disposal. Such waste poses a substantial threat to the natural environment and human health. Existing methods for handling waste batteries include solidification and burial, storing in abandoned mines, and resource recovery. Based on international practices, retirement costs associated with any storage system should not be overlooked.

After the end of their lifespan, batteries must be dismantled to remove chemical substances. Ideally, the dismantled batteries and their chemical components can be recycled, offsetting some losses incurred in dismantling and disposing of hazardous substances. However, the ultimate costs associated with removal should be included in the overall price of the energy storage power station.

In the foreseeable future, the impact of recovery value on the economic viability of battery energy storage is expected to increase, driven by the establishment and improvement of battery recycling mechanisms. For example, in the case of lead-acid batteries, advancements in lead recovery technology now allow for 100% recovery, and the residual value of equipment can reach 20% of the initial investment. On the other hand, recycling waste lithium batteries faces numerous challenges. The recycling technology is complex, expensive, and currently lacks a well-established solution, resulting in unclear recovery value and equipment residual value that can be considered negligible.

Therefore, in estimating the disposal cost of energy storage, it is essential to consider parameters such as unit capacity purchase price, rated capacity of the ESS, unit power inverter price, unit power auxiliary equipment cost, and residual value rate. These considerations are crucial for a comprehensive assessment of the economic aspects of battery energy storage, considering both the initial investment and potential recovery value at the end of the system’s lifecycle.

(9) Other cost

The cost of an energy storage power station also encompasses financial fees, taxes, and other expenditures. Economic costs primarily involve the interest expenses incurred from long-term energy storage power station loans. The calculation of interest expenses considers parameters such as the loan ratio, scheduling period, repayment term, loan interest rate, and initial investment.

Tax expenditures must be considered during the energy storage power station’s operational phase. Taxes primarily include value-added tax, income tax, and additional sales taxes. The other sales taxes include city maintenance and construction tax and education surcharges.

3.1.2 Bidding Strategy

Before the opening of the spot market, power balancing could be achieved through a broadly defined peaking auxiliary service dispatch organization that could cope with the volatility and uncertainty of net load. However, system power balancing needs to be realized through competitive bidding and trading [55]. In the spot market situation, grid-side energy storage, as an independent market entity, needs to participate in spot market transactions to participate in power system peaking [56,57].

(1) Electricity market

Independent energy storage power station refers to an energy storage power station that has the condition of direct control of dispatching, signs a grid connection agreement directly with the power grid company as an independent market entity, commits to belong to the management of the power grid company, and signs a contract with the power grid enterprise and relevant parties such as the appropriate power generation enterprises or power users according to its access location, agreeing on the rights and obligations of each party. Its source of income is shown in Fig. 2. The current spot market spread arbitrage mechanism is gradually improved, 2022 day spot price difference of more than 1 RMB/kWh sometimes appears, for the independent energy storage power station using spread arbitrage to obtain greater profits has brought the space.
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Figure 2: Sources of revenue for independent shared energy storage

There are 2 main ways to generate revenue related to independent energy storage power, i.e., provinces that have not opened the spot market realize the value through peak shifting, and areas that have opened the spot market learn the real-time value through node spread arbitrage. Since the ESS has power characteristics when discharging and load characteristics when charging, in electric energy trading, the grid-side energy storage plant is both the supply side and the demand side, and it needs to determine the charging and discharging power in each period through market bidding. As the demand side, too low an offer may lead to unsuccessful bidding and charging, and too high an offer may lead to high charging costs, i.e., grid-side storage power stations have to take into account the success of the bidding and charging fees to make decisions on the amount of charging power to be declared for each period and the displayed price; as a supplier, too low an offer may lead to insufficient discharging revenues, and too high an offer may lead to unsuccessful bidding and discharging, i.e., grid-side storage power stations have to consider the success and cost of charging to decide on the charging power declaration for each period. Grid-side energy storage power stations must consider the success of bidding and discharge revenue to determine the declared amount of discharge power and said price for each period. In Shandong, the average 2-h maximum price is 0.7 RMB/kWh, and the average minimum fee is 0.1 RMB/kWh. Considering the capacity tariff (0.099 RMB/kWh), which needs to be borne by the energy storage charging, as well as some additional costs under the rules of spot trading (about 0.02 RMB/kWh), the charging/discharging tariff difference that can be obtained by one 2-h energy storage power station is approximately 0.5 RMB/kWh. 85% cycle efficiency, running for 330 days a year, with 1 charge/discharge cycle per day, the annual spot market gain can be about 24.81 million RMB.

(2) Ancillary services market

At present, the common forms of auxiliary services of renewable energy storage are mainly two types: peak shifting and frequency shifting (including primary and secondary frequency going), with different specific benefits in each region, but rise turning mostly charging compensation according to the amount of peaking power, with the price ranging from 0.15 to 0.8 yuan/kWh; and frequency shifting is mostly compensation according to the frequency shifting mileage, according to the unit responding to the number of AGC turning commands, and giving the frequency shifting payment of 0.1 to 15 yuan/MW of frequency control compensation.

Peaking auxiliary service compensation is the most essential means for independent energy storage power plants to obtain revenue. Due to uncertainties such as wind power output and load forecast errors, the power system must reserve a certain amount of upward and downward adjustment capacity for intra-day balancing adjustment. Under the spot market environment, the system’s upward and downward adjustment capacity must also be determined through auxiliary service transactions. In addition to the single compensation price, the frequency of use is also vital in determining its profitability. Taking a 100 MW/200 MWh energy storage power station in Shandong Province as an example, the independent energy storage power station has a peak compensation of 0.2 yuan/kWh, the guaranteed calling hours of 1000 h/a, the annual salary can be 20 million yuan.

As shown in Fig. 3, in the charging state, the ESS may provide a down-regulated capacity by reserving the ability to increase the charging power and an up-regulated capacity by decreasing the charging power. In the discharging state, the ESS may provide an up-regulated accommodation by reserving the ability to increase the discharging power and a down-regulated capacity by decreasing the discharging power. Since the regulated degree that the ESS can provide in a specific period directly depends on its current charging and discharging control, the grid-side energy storage plant needs to take into account the revenue from electric energy and the income from auxiliary services to decide on the declared upward/downward regulated capacity and said price in each period. In addition, considering the correlation between energy trading and auxiliary service trading, grid-side energy storage plants need to make optimal coordination decisions between multiple market transactions from a holistic perspective, and formulate a correlation offer strategy to maximize revenue.
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Figure 3: Schematic diagram of the regulation capacity that can be provided by energy storage

Take the Shanxi provincial power grid as an example [58]. Shanxi local power grid primary frequency control demand times, short cycle, speed and precision requirements are high, electrochemical energy storage frequency control speed, adjustable capacity, can be used as a high-quality frequency control resource. Grid secondary frequency control service requirements are relatively high, the minimum length of 2 h and 45 min, the advantages of an electrochemical ESS are challenging to play, so the primary frequency control on the speed of response and accuracy of the requirements of the strict, more favorable to give play to the advantages of electrochemical energy storage frequency control. Therefore, one-time frequency regulation requires rigid response speed and precision, which is more conducive to utilizing the benefits of electrochemical energy storage frequency regulation. The typical provinces of China’s independent energy storage participation in the auxiliary service market revenue are shown in Table 4.
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In addition to the above model, the fire storage joint frequency regulation has become one of the first commercialization areas in the energy storage industry. Fire storage joint frequency control refers to the thermal power plant through the addition of energy storage to enhance the thermal power plant’s regulation performance, to make up for the disadvantage of the slow climbing speed of thermal power units, to achieve the flexibility of thermal power units to transform. The primary sources of revenue of the project include secondary frequency control compensation and reduction of appraisal fees, with secondary frequency control compensation being the primary source. The National Energy Administration previously issued the Implementing Rules for the Management of Grid-Connected Operation of Power Plants and other documents, which established a compensation mechanism for the thermal storage and transfer project. With the recent increase in electrochemical energy storage frequency regulation projects, thermal power plant configuration electrochemical energy storage to provide frequency regulation and other auxiliary services has become one of the highest economic energy storage application modes. But compared with electric energy regulation, frequency regulation additional service market space is small, a large number of energy storage technology influx into the frequency regulation market is bound to frequency regulation prices caused by a more significant impact. In Guangdong Province, for example, the secondary frequency control compensation revenue includes frequency control capacity revenue, and frequency control mileage revenue 2 parts. Early commissioning of the projected revenue is higher, the short-term cost recovery, but with the increase in the project and the emergence of new market rules (September 01 2020 from the implementation of the new market rules, on the K value of the open (m+1) square root), the market clearing price significantly lower, most of the late commissioning of the project can not recover costs. From a short-term perspective, the revenue will also be more secure, some of the larger installed capacity, their regulatory solid capacity of thermal power units in the energy storage configuration of the transformation. From a long-term perspective, with the top-level design, supporting mechanisms continue to improve, fire storage and joint regulation in the future will also be expanded to a frequency regulation market, thus further broadening the profitability channels, revenue space will be more precise.

3.1.3 Transaction Flow

The spot market mechanism is the basis for market players such as grid-side energy storage power plants to participate in trading of electric energy and auxiliary services. Based on the practical experience of domestic and international power markets, the spot market involved consists of the day-ahead electric energy market, the day-ahead additional service market, and the intraday balancing market [59,60]. The bidding guidance strategy for energy storage to participate in the day-ahead-real-time two-stage, multi-scenario application of the electricity spot market has not yet been fully formed. Still, there are relevant studies in the literature. Kazemi et al. [61] proposes a risk-based bidding strategy for energy storage participation in the day-ahead power market, the rotating reserve market, and the intraday balancing need to optimize the offer decision considering the market price and reserve demand uncertainty. Moreno et al. [62] and Akhavan-Hejazi et al. [63] studied the operation of energy storage in the combined day-ahead electric energy and ancillary services market. It used probability distribution and multi-scenario generation to simulate the impact of uncertainty in the real-time market and optimize the bidding decision scheme, respectively. Based on the above spot market mechanism, the grid-side energy storage plant spot market trading process shown in Fig. 4 is obtained by considering the electric energy and auxiliary service transactions from the two-time scales of day-ahead and intraday.
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Figure 4: Grid-side energy storage plant spot market trading process

Before the day of operation, energy storage power stations are required to submit to the trading center not only the declared charging and discharging power quantity and announced price for each time slot; they are also required to submit the stated capacity and displayed price for upward/downward adjustment for each time slot. The trading center will clear the market for electric energy in the previous day based on the information of the electric energy offer received within the specified time, and get the last price electricity for each time slot on the operation day as well as the bidding status of each market participant; and clear the market for auxiliary services in the previous day based on the information of additional service offer, and get the clearing price of other services for each time slot on the operation day (upward adjustment of the clearing price of the service and downward adjustment of the clearing price of the service) as well as the winning status of the bidding status of each market participant. Based on the winning bids in the previous day’s market, the energy storage power station arranges the charging and discharging power for each time slot on the operation day. During the day, the trading center performs intraday balancing market clearing based on the net load deviation. It obtains real-time tariffs for each period and upward/downward capacity calls. The storage plant adjusts the charging and discharging power for each period based on the regulation capacity called up in the intraday balancing market.

3.1.4 Quotation Strategy Model

The structure of the two-tier trading decision model with the energy storage plant as the main body of the strategy is shown in Fig. 5.
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Figure 5: Structure of the trading decision model

The upper layer model is the energy storage plant trading decision model, which generates offers for various spot market trading types. Based on the spot market trading process of grid-side energy storage power plants in Section 3.1.2, to maximize the revenue from their participation in the day-ahead energy market, day-ahead auxiliary service market and intraday balancing market; based on the day-ahead energy market clearing price (day-ahead price), day-ahead additional service market clearing price (up/down service clearing price) and intraday balancing market clearing price (real-time price); and on the premise of meeting the storage system operation constraints, the trading decision model of energy storage power plants is constructed to optimize the offer strategy of storage power plants. On the premise of meeting the conditions on the operation of the ESS, the trading decision model of the energy storage power station is constructed to optimize the grid-side energy storage power station offer strategy, including the declared charging and discharging power quantity and said price for each time slot in the previous day’s energy market bidding and the stated upward/downward adjustment announced capacity and said worth for each time slot in the last day’s auxiliary service market bidding. It also transmits to the lower level the energy storage plant’s offer for each period of electric energy and additional services.

The lower model is the spot market clearing model, which contains two parts: the joint clearing of the day-ahead energy market and auxiliary services market, and the clearing of the intraday balancing market. In the day-ahead collective clearing, due to the wind power output is not controllable as well as China’s current wind power guaranteed purchase policy, wind farms do not participate in the day-ahead electric energy market offer, but the wind farms’ day-ahead predicted output as a “negative load”, superimposed to get the net load of the system. To maximize social benefits, based on the offer strategy of energy storage power plant, thermal power unit generation offer and upward/downward adjustment offer, netload demand offer and upward/downward adjustment demand offer, and under the premise of meeting the constraints of the power system operation and market transaction constraints, we construct a joint clearing model of the day-ahead electricity energy market and auxiliary services market. Through the model clearing, we obtain the winning bidding capacity of charging and discharging and upward/downward adjustment of energy storage plant, as well as the day-ahead tariff and the upward/downward adjustment of service clearing price. In the intraday balancing clearing, to minimize the system balancing cost, the intraday balancing market clearing model is constructed based on the upward/downward adjusted capacity and electric energy quotes won by each market participant, and taking into account the wind abandonment quotes and load shedding sections to meet the system net load deviation. Through the model clearing, we get the calling situation of energy storage’s upward/downward bidding capacity and the real-time electricity price. The lower-level market clearing results are fed back to the upper level for calculating the actual revenue of the energy storage plant.

3.2 Functions of Energy Storage in Power Systems

The main function of ESS in the generation, grid and demand side is shown in Fig. 6.
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Figure 6: Main functions of ESS in the generation, grid and demand side

3.2.1 Generation Side

Wind power, photovoltaic and other renewable energy development is rapid. Still, due to the mismatch between resource-rich places and power consumption, technical factors, institutional barriers and other factors, the renewable energy consumption needs to be solved by the industry’s development problems. The construction of ESS in large ground power stations can store renewable energy capacity when wind and light resources are sufficient, and transmit it out when wind and light resources are insufficient, thus effectively alleviating the phenomenon of renewable energy power stations “abandoning wind, abandoning light and restricting electricity”, and improving the self-consumption capacity of renewable energy power stations. On this basis, through the intelligent control system with the wind farm operation strategy can promote the renewable energy power plant and power grid friendly interaction, improve the ability of the grid to accept renewable energy and the overall quality of operation, on the other hand, supporting the energy storage to enhance their utilization needs to meet the regulation needs of more participating subjects [64].

As weather and time factors affect renewable energy power generation output, the output size changes quickly and fluctuates wildly. As wind power and photovoltaic grid-connected capacity grow, their instability and other problems must be solved urgently. The construction of an ESS in renewable energy farms can help to suppress the fluctuation of renewable energy power generation when the external environment changes, stabilize the output level, smooth the power generation curve, and meet the renewable energy power assessment. To improve the economy and scheduling flexibility of renewable energy farms on the power generation side, Li et al. [65] relied on the complementarity of CCHP units and virtual power plants to various energy sources. It proposes a two-layer robust game model to cope with the uncertainty of power generation from renewable energy farms, and to smooth the output volatility of the farms, to improve the grid-friendly capability of renewable energy farms. Shi et al. [66] analyzed the fluctuation characteristics of wind power output from both time and frequency domains. The degree of fluctuation is extracted and shown as a quantization index (QI). Based on the QI clustering, the wind power scenario with the most significant power fluctuation is selected as the “worst performance”, based on which the scheduling timeframe and energy storage capacity and charging/discharging power can be determined. Roy et al. [67] took a hybrid ESS composed of batteries and ultracapacitors as the research object. It uses a multilayer perceptron artificial neural network for pre-temporal wind speed prediction, and an adaptive neuro-fuzzy inference system to design the state of charge (SOC) controller for energy storage, to accurately estimate the grid reference power in a single dispatch cycle, and to ensure that the ESS accomplishes the following wind farm operation instructions for each dispatch cycle and leave a certain capacity margin. In addition, the particle swarm optimization technique is used to optimize the life cycle cost of the ESS based on its discharge depth level, and thus minimize the cost of the dispatchable solution for the wind storage system.

3.2.2 Grid Side

The construction of ESS on the grid side can have a peak shifting capacity twice as much as its own installed capacity. After scale configuration, it can provide efficient peak shaving and valley filling services, realize load shaping and load transfer, which is equivalent to the improvement of the load characteristics for the grid, and effectively alleviate the pressure of grid peak shifting. Xie et al. [68] proposed to present a blockchain-based grid-side energy storage market-oriented trading model and mechanism, combining existing policies and market rules, carrying out research on energy storage participation in auxiliary services, and designing a market mechanism for energy storage participation in peak shifting and frequency regulation additional services to improve the flexibility of the power system and promote clean energy consumption. In addition, as a fast and flexible solution, grid-side energy storage has been increasingly deployed to facilitate the penetration of renewable energy. Zhang et al. [69] proposed a new two-level optimization model for grid-side energy storage, which considers the operation of grid-side energy storage under the uncertainty induced by fluctuating wind power generation. The lower level uses an accurate battery cycle life model to simulate the long-term process of grid-side energy storage. In contrast, the upper level performs marginal economic utility analysis and storage capacity optimization to achieve the optimal capacity allocation of energy storage. Bence et al. [70] proposed the concept of local market and the corresponding dynamic tariff system, considering the interaction between local and retail markets and the network estimation state, and establishes an over-the-grid fee trading platform to facilitate P2P energy trading for all market participants.

3.2.3 Demand Side

Integrated energy systems with flexible operation and dispatchable performance are the primary trends of current energy development. As the system generally distributed power generation occupies a large proportion, but distributed photovoltaic or decentralized wind power is intermittent and fluctuating. Therefore, the installation of the ESS in the integrated energy system can maximize the use of distributed renewable energy, reduce the diesel generator running time, improve the reliability of the power supply and reduce the environmental pollution at the same time, the ESS can be played to obtain the maximum economic returns. Sun et al. [71] built a flexible multi-energy sharing platform, integrates different electricity, heat and natural gas storage resources scales in a comprehensive energy system, and designs an interaction mechanism between hybrid energy storage and renewable energy power stations. Wang et al. [60] established a battery-sharing model at the park level, and to improve the utilization rate of energy storage, Bukhsh et al. [72] integrated the energy storage of small-scale commercial and domestic users within the community for sharing and, in turn, pools the information to the higher-level coordinator for unified dispatch management. When the user-side energy storage participates in demand response, on the one hand, it can gain revenue through the difference in electricity prices. On the other hand, it can also obtain demand response policy subsidies. In [73], part of the energy storage is used to respond to the tariff to reduce the cost of electricity, and the other part is used to provide services to the grid to realize the dynamic allocation of energy storage resources. At the same time, the participation of user-side energy storage in demand response can alleviate the government’s financial pressure, and by guiding user-side energy storage to participate in peak-shaving demand response in summer and valley-filling demand response in winter, it can massively reduce the country’s investment expenditures on power plants. Yan et al. [74] proposed a stepwise multi-price multi-time demand side response (DSM) model. Second, energy-based and power-based energy storage devices are used together. Supercapacitor devices are used to stabilize the fluctuations of distributed power sources. Lithium iron phosphate batteries are used to reduce the load shortage rate. Line losses are also considered in the optimization objective. The location and capacity of hybrid energy storage devices are discussed. Finally, time-of-day tariff strategy is considered, power compensation cost for interruptible loads is calculated, and DSM strategy is introduced to realize joint planning with ESS.

4  Smart Grid Energy Storage Scheduling Architecture

4.1 Structure of the Provinces and Territories

In the previous scheduling of energy storage in the context of source load network storage, a high proportion of renewable energy access was considered [75,76], flexible resource utilization [77–79], and energy storage overcharging/discharging [80,81], without considering the use of multi-level collaborative scheduling in different provinces and regions to improve management efficiency, economy, and stability. The application scenario of the proposed ``source-load-network-storage" [82] is shown in Fig. 7. The framework can comprehensively perceive the characteristics and response characteristics of adjustable loads, such as distributed power sources, based on big data, clustering analysis and other advanced applications deployed on the provincial regulator cloud. It further identifies the complete power supply paths of necessary users, analyzes the redundancy degree of power supply points at each voltage level, and evaluates the reliability and risk of power supply. spatial and temporal characteristics and response characteristics of adjustable loads such as energy storage and electric vehicles. In the application scenario of source-network-load-storage interaction, the national regulator can directly control the large-capacity ESS with 1000 kV access; the sub-regulator can directly control the medium-capacity ESS with 500 kV access; the provincial regulator can directly control the small-capacity ESS with 220 kV access; and the local regulator can manage the user-side aggregated energy storage, a specific capacity of the grid-side energy storage, and wind-scenic ancillary storage with an access voltage level of 110 kV.
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Figure 7: Interactive application scenario of source-network-load-storage

Utilizing the source-network-load-storage active cooperative control application deployed in the provincial regulator’s cloud, it obtains the control demands for the power market, grid peaking, and overloading of internal sections in the local regulator’s spot market system. It realizes the safe and stable operation of the grid frequency and inner compartments, as well as the smooth execution of the results of the market clearing using the active power control of the new type of regulating resources, such as the wind, light, and water, the energy storage, and the adjustable loads, throughout the entire network. Then, based on the leading distribution integrated AGC control objectives and the primary distribution network maintenance data, it calculates the regulation strategy and plan for the source network, load and storage, and sends these optimized control objectives to each local control system. According to the system operation demand, power market trading varieties and communication resources, the control objectives on different time scales are formulated, which can cover ultra-short-term (5 min to multiple hours in the future, with 5 min granularity), short-term (1~8 days in the future, with 15 min granularity), and medium-long-term (1 month to 1 year in the future, with 1 h granularity).

The main grid application of the local regulator carries out load-assisted decision analysis based on the cloud data and realizes the issuance of adjustable capacity regulation strategies for local power plants, power-side energy storage, large industrial users, etc., by load control, and interacts with the distribution grid application module with information such as adjustable resource control strategies. Combined with the various types of aggregated resources of source network, load and storage provided by the distribution grid application, the grid operation mode is optimized according to the current and future operation status of the grid, and the calculated strategy is sent down to the distribution grid application, which carries out control by the distribution grid application.

The ground distribution grid application builds load-side resource aggregation modeling, monitoring, and control functions, and realizes monitoring, analysis, and control functions for distributed power sources, charging piles, controllable loads, and other equipment. The distribution grid application aggregates and optimizes the control of different types and regions of controllable load resources to solve the problem of large number and variety of controllable load resources and small capacity of some single units. Finally, the cloud-based and local integrated main and distribution network optimization control objectives and strategies complete the source network, load and storage co-optimization and flexible control, thus realizing the integrated primary and distribution management in a wide area region.

4.2 Models of Energy Storage Participation

The model of energy storage participation in national sub-provincial and local dispatch refers to the use of energy storage technologies for the storage and release of electrical energy in the power system to balance the difference between supply and demand, stabilize grid operation, provide dispatch flexibility, and support a high percentage of renewable energy penetration. Energy storage participation can occur at the national level, the regional level, or even at the provincial level or smaller. The following are some standard models of energy storage participation in national sub-provincial and local dispatch:

(1) Frequency regulation and AGC [83]: Energy storage can achieve frequency regulation through rapid charging and discharging to stabilize the grid frequency. AGC system adjusts the output of generating units according to the changes in grid frequency, while energy storage can respond quickly to frequency fluctuations and support frequency regulation.

(2) Power balance: Energy storage can achieve harmony between power supply and demand according to the load changes in the power system and fluctuations in renewable energy, storing renewable energy when it generates excess power, and then releasing power when demand peaks, realizing the balance between power supply and demand.

(3) Large-scale energy storage power station [84]: Within the scope of the country’s sub-provinces and provinces, large-scale energy storage power stations can be constructed, such as Battery ESS or pumped storage power stations, as central energy storage devices to provide the power grid with Long-term energy storage capacity and flexible scheduling capacity for the power grid.

(4) Distributed energy storage system [85]: Distributed energy storage system installed in power users or small areas can provide local power scheduling and stability, improve the power system’s energy utilization efficiency and the power supply’s quality.

(5) Market-based operation [86]: The participation of energy storage in the scheduling of the national and provincial provinces and territories can also be realized through the market mechanism. Market-based operation incorporates the value of energy storage resources into the electricity market, and the storage and release of electricity through market transactions to achieve economic efficiency and system optimization.

4.3 Scheduling Framework

The scheduling and operation architecture of energy storage devices is shown in Fig. 8 [87–89]. Firstly, each unit’s characteristic parameters and output status, the offer data of each team, and the peaking performance index are inputted to the trading market. Each energy storage participates in each market according to the following order, after which the instructions are sent to each energy storage power station through the dispatch center, and finally the power-side, grid-side and user-side energy storage acts. Intraday power balancing is realized using the intraday balancing market to invoke the upward/downward capacity determined in the day-ahead auxiliary service market to meet the net load deviation that may occur during actual operation. Day-ahead power balancing is organized in response to fluctuating changes in net load to achieve day-ahead power balancing. To cope with net load deviations, the Day-ahead Ancillary Services Market is organized for upward/downward capacity trading to provide regulation capacity for intra-day operations. Organize the intraday balancing market during the day to achieve intraday power balance by calling the regulation capacity determined in the day-ahead auxiliary service market based on the net load deviation during actual operation.
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Figure 8: Dispatch process with ESS

The dispatch process with energy storage participation is shown in Fig. 8. Before the day of operation, energy storage power stations are required to submit to the trading center not only the declared charging and discharging power quantity and announced price for each time slot; they are also required to submit the stated capacity and displayed price for upward/downward adjustment for each time slot. The trading center will clear the market for electric energy in the previous day based on the information of electric energy offer received within the specified time, and get the last price electricity for each time slot on the operation day as well as the bidding status of each market participant; and clear the market for auxiliary services in the previous day based on the information of additional service offer, and get the clearing price of other services for each time slot on the operation day (upward adjustment of the clearing price of the service and downward adjustment of the clearing price of the service) as well as the winning status of the bidding status of each market participant. Based on the winning bids in the previous day’s market, the energy storage power station arranges the charging and discharging power for each time slot on the operation day. During the day, the trading center performs intraday balancing market clearing based on the net load deviation. It obtains real-time tariffs for each period and upward/downward capacity calls. The storage plant adjusts the charging and discharging power for each period based on the regulation capacity in the intraday balancing market. Finally the intraday balancing market releases the final dispatch initiative to the energy storage.

One of the power side energy storage is through the wind power, photovoltaic power station configuration of energy storage, based on the power station power prediction and storage charge and discharge scheduling, can be smooth control of renewable energy power generation, reduce the instantaneous power changes, reduce the impact on the grid. When the electricity load is low, the renewable energy generation surplus, energy storage power station can store more power in time, reduce the abandoned wind and abandoned light rate, and in the high electricity load, the stored power grid improves the renewable energy generation and consumption problems. The grid-side energy storage frequency regulation has higher accuracy, and its output power matches the automatic generation control (AGC) command to a high degree. Hence, the frequency regulation effect is better. The ESS is installed in the upstream of the grid-side line. When the line is blocked, the power that cannot be delivered can be stored in the energy storage equipment, and when the line load is less than the line capacity, the ESS will discharge to the line. Energy storage can be an alternative to upgrading or building new transmission and distribution equipment. Energy storage on the consumer side can be categorized into industrial, commercial, and household energy storage, generally used with distributed photovoltaics. Distributed photovoltaic power generation refers to facilities constructed in the vicinity of users and characterized by balanced regulation in the distribution system in the form of self-generation and self-consumption by users and on-grid access to surplus power.

4.4 Prospects

The scheduling of energy storage is divided into horizontal and vertical management. Horizontally, it is divided into grid-side energy storage, power-side energy storage and user-side energy storage, which are categorized by application scenarios and accessed to the grid with a specific capacity. Vertically, it is divided into four levels, namely, national regulation, sub-regulation, provincial regulation and local regulation, where energy storage is accessed according to the specified voltage level, and then uniformly deployed by the dispatch center. In the future, the grid company will have a more precise definition of the capacity and voltage level of energy storage access, and better and more flexible control of its participation in the process of auxiliary services.

In terms of timing, it is possible to match the periods required to complete different closed-loop control actions according to the control timing requirements of grid auxiliary services to achieve initial synergy [90]. Further, for multiple control modes that meet the exact timing requirements, a collaboration mechanism that fully considers the comprehensive decision-making of various factors needs to be established, such as when a local fault generates intra-day hourly regulation and control requirements, power supply augmentation, grid operation adjustment, demand response, virtual power plant, energy storage invocation, etc., are optional. How to make a comprehensive decision based on the power balance, grid operation constraints, economy, environmental protection and other factors to realize the optimal scheduling of multi-mode combinations is a critical technology that needs to be studied in the new type of power system.

5  Summary

This review summarizes the current research status of energy storage market-oriented scheduling and operation strategy in the context of smart grid and the exploration of energy storage operation model and market-oriented incentive mechanism. It analyzes the dispatching and management requirements for energy storage by the national, provincial, and local regulators. It summarizes the energy storage regulation and operation management mode based on the “national, provincial, and local” multilevel coordination, management system architecture, and critical technologies in the interactive source-load, network, and storage scenario. In addition, a two-layer trading decision model with storage power station as the primary strategy for energy storage power station to participate in spot market trading and the basic operation model of energy storage in various scenarios such as power generation side, grid side, and user side are also analyzed, which can optimize the bidding strategy of energy storage to participate in the day-ahead market (including the electric energy market and the auxiliary service market) and the intraday balancing market, and obtain the charging and discharging behaviors and corresponding offer strategies to maximize the benefits of energy storage, and effectively motivate the energy storage equipment to participate in the day-ahead market (including the electric energy market and the auxiliary service market). The charging and discharging behaviors and corresponding bidding strategies that maximize the energy storage revenue can be obtained to effectively incentivize energy storage equipment’s cost recovery.
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Table 1: Classification of energy storage technologies

Classification

Characteristics

Chemical energy
storage

Lead-acid battery
[25-27]

Li-ion battery
[27-30]

Sodium-sulfur
battery [31-33]

Large capacity, low cost and simple maintenance,
but low energy storage density, high self-discharge
rate, short cycle life, heavy metal pollution, and
deep discharge significantly impact battery life.
High energy density, high charge/discharge
efficiency, high safety, but battery life still needs to
be improved.

High energy density, high charging and discharging
efficiency, low operating costs, small footprint, easy
maintenance, discharge depth and cycle life to be
improved, the operation needs to maintain a
high-temperature environment of 300°C.

Flow battery High power output, safe and stable energy
(Computing) [34] conversion, deep discharging and high current
discharging process, and no need for special
protection.
Electromagnetic Ultracapacitor High cycle efficiency, fast charge/discharge speed,
energy storage [35,36] high power density, high cycle charge/discharge
times, wide operating temperature range.
Superconducting High conversion and cycling efficiency, high power
magnetic energy density and specific capacity.
storage [37]
Physical energy Pumped storage Mature technology, massive construction scale.
storage [38,39]
Flywheel energy Long-term recycling, long life, almost unlimited
storage [40] number of times of charging and discharging, easy

Compressed air
energy storage
[41,42]

to install and maintain, no harm to the
environment.

Large energy storage capacity, long storage time,
shorter construction cycle, long life and no
pollution.
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Table 3: Classification of functional roles of energy storage

Energy storage function

Detailed functions Electricity Time
dimension dimension

Backup power

Helping power plants black start.

Guaranteeing the operation of Electricity
independent power grids and

microgrids.

Ensuring power supply to critical Static
users. action

Peak reduction

Delayed installation of power
generation.

Delayed transmission and
distribution upgrades.
Transmission access and
congestion cost savings.

Volumetric

Power scheduling and tracking

Wholesale power market arbitrage
Reduce line losses.

Transmission and distribution
support, congestion reduction.
Reduction in electricity costs for
users under the time-of-use tariff
mechanism.

Increasing grid-connected Power
electricity from renewable energy
sources.

Load Tracking.

Provides rotating standby, frequency
control.

Dynamic
interaction

Flicker suppression

Enhance power quality to avoid Transient
affecting power-using equipment. action
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Table 4: Typical provincial independent energy storage participation in ancillary services market
benefits

Provinces Shandong  Shanxi Hunan He’nan Gansu Profit

Unable to
participatein ~ Can
both spot and participate in

Frequency Frequency

Ancillary Unit price fAGC bol;hfspot and control control 125/ MW
services requency SUB-HEqUENCY  harket market
gains conFrol control
ancillary ($5~10/MW)
services
Frequency Dozens~ More than / / Movements
hundreds of 1000 move- dozens~
movements/-  ments/day hundreds
day of

times/day
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Table 2: Function of energy storage in different positions

Position

Functionality

Market arbitrage model

Power generation side

Smoothing renewable energy

generation curves and reducing its

impact on the power grid.
Reducing renewable energy
abandonment and improving
renewable energy consumption.
Peak shifting and frequency
shifting.

Gains from reducing renewable
energy wind and light
abandonment, from providing
grid primary and secondary
frequency control auxiliary
services, from reducing double
rule assessment fees, and from
arbitrage of peak and valley
spreads through market trading.

Grid side

e Peak load shifting.

e Delaying transmission investment.

e Participate in the harmonized

scheduling of frequency control.
Responding to a high percentage
of clean energy penetration and
providing spinning backup for
the grid.

Renewable energy capacity
leasing, frequency control;
ancillary services compensation
lease payments, spot market
spreads.

Demand side

Peak shaving and arbitrage through

the electricity energy market.

e Backup power supply.
e Uninterrupted power supply.
e Smoothing the load profile and

reducing capacity electricity costs.

Emergency security of supply,
temporary power supply for
time-domain loads.

Effective reduction of actual
electricity costs.
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