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The new energy storage, referring to new types of electrical energy storage

other than pumped storage, has excellent value in the power system and can

provide corresponding bids in various types of electricity markets. As the scale

of new energy storage continues to grow, China has issued several policies to

encourage its application and participation in electricity markets. It is urgent to

establish market mechanisms well adapted to energy storage participation and

study the operation strategy and profitability of energy storage. Based on the

development of the electricity market in a provincial region of China, this paper

designs mechanisms for independent energy storage to participate in various

markets. Then, its current and future operation strategies by division time or

capacity for participation in each type of market are analyzed, and the

profitability under various scenarios is calculated. Finally, based on the

calculation results, the theoretical analysis basis for developing independent

energy storage in the province and the policy formulation of participation in the

market is provided.
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1 Introduction

As early as September 2020, China proposed the goal of “carbon peak” and “carbon

neutrality” (Xinhua News Agency, 2020). As a result, a new power system construction

plan with renewable energy as the primary power source came into being (Xin et al.,

2022). With the large-scale access to renewable energy with greater randomness and

volatility to the grid, the balance of power supply and demand, system regulation, control

and protection will all undergo significant changes (Xiao et al., 2021; Zhang et al., 2021).
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As one of the most valuable flexibility resources, energy storage

(ES) is essential in maintaining system power balance (Boicea,

2014).

Currently, ES technology has a wide range of applications on

the generation side, the grid side and the user side respectively.

Essentially, these applications highlight the flexibility value of ES

for the power system. On the generation side, the effect of joint

participation of thermal units and ES in frequency regulation is

far better than that of separate thermal units; ES can help

renewable energy units reduce power fluctuations and power

abandonment and increase the revenue in the electricity energy

market and reduce deviation assessment fees (Toledo et al., 2010;

Zhao et al., 2015; De Siqueira and Peng, 2021). On the grid side,

ES can help reduce transmission and distribution losses, ensure

the safety of system operation and ease the pressure of peak

regulation (Nazemi et al., 2019; Nguyen et al., 2019). On the user

side, it can help to consume distributed energy, reduce electricity

costs, and participate in demand response (Bradbury et al., 2014;

Harsha and Dahleh, 2014; Bitaraf and Rahman, 2017).

According to the statistics of the Energy Storage Committee

of China Energy Research Society, by the end of September 2021,

the cumulative installed capacity of pumped hydro storage in the

world reached 172.5 GW, accounting for 89.3% of all ES. The

cumulative installed capacity of electrochemical ES, a

representative of new energy storage (NES) that includes

other forms of ES in addition to pumped hydro storage,

ranked second with 16.3 GW, accounting for 8.5%. Among all

kinds of electrochemical ES, lithium batteries have the largest

cumulative installed capacity, accounting for 92.8%. While in the

past 20 years, the installed capacity of electrochemical batteries

has shown explosive growth and has gradually occupied an

essential position in developing ES applications (Ralon et al.,

2017). In this context, there is an urgent need for a market

environment and rational planning that supports the operation

and development of NES.

In order to incorporate ES into the market framework,

academics have proposed some amendments to the market’s

trading model. In the energy market model, the state of charge

constraints of ES were added to the clearing model to ensure the

feasibility of the results in (De Vivero-Serrano et al., 2019). For

the capacity value of ES in the capacity market, a simple approach

was suggested to be used, where the capacity value is approved

based on the historical capacity support performance of ES

during peak load periods of the system in (Opathella et al.,

2018). For the participation of ES in the ancillary services market,

fast frequency response products were designed in (Chen et al.,

2021), which are faster than primary frequency regulation

response and can effectively address the low inertia of the

system, for which ES is an important provider.

In the study of the practical mechanism of ES participation in

the electricity market, the United States (Konidena, 2019), Europe

(Barbour et al., 2016), Australia (Yu et al., 2019) and other countries

have made excellent exploration. In the CAISO model of spot

market, ES can submit price bids, the initial state of charge for a

single day, and desired final state of charge. The state of charge

constraint of ES is considered by ISO in the clearing model, which

ensures the feasibility of the clearing result for ES (CAISO, 2021). In

the PJM model of spot market, energy storage must submit price

bids and its working state including four types: charging,

discharging, continuous, and unavailable. ES will be responsible

for managing the state of charge to ensure the feasibility of the

charging and discharging plan (PJM, 2019). Considering the fast

response characteristics of ES, PJM allows ES without primary

energy output to provide auxiliary services such as frequency

regulation (Xiao et al., 2020). Regarding analyzing the value of

ES capacity, the ISOs have adopted more straightforward rules,

requiring ES to meet a continuous discharge time and discounting

the discharge power if it cannot. In the United Kingdom market

model, there are two ways for ES to participate in the energymarket:

the first is to buy or sell power in advance through bilateral

negotiations or exchange trading and to submit a power plan in

advance; the second is to participate in the real-time balancing

market, relying on its flexibility to provide upward volume to meet

potential power shortages and low volume to help renewable energy

consumption (Energy Storage News, 2021). In terms of auxiliary

services, the United Kingdom has also established various products,

including enhanced fast frequency regulation, fast frequency

regulation, short-term operation backup, and fast backup

(National Grid, 2016). Like the US market, Australia also has

trading targets for energy and ancillary services for ES to realize

value. In China, the 14th Five-Year Plan for Renewable Energy

Development clearly states that it is necessary to promote the large-

scale application of NES, clarify the status of the independentmarket

entity of NES, which is called independent energy storage (IES), and

improve the trading mechanism and technical standards for ES to

participate in various power markets. The National Development

and Reform Commission and the National Energy Administration

jointly issued a notice on further promoting the participation of new

energy storage in the electricity market and dispatching applications

(Document 475), which specifies the technical, dispatching and

operational conditions that IES should have and encourages theNES

that exists in the form of co-construction with new energy

generation unit, to turn into IES through technical

transformation. In response to the call, Shandong, Guangdong,

Fujian, and other provinces have made meaningful attempts in

ES market participation, among which Shandong’s ES market

participation mechanism is at the forefront of the country.

For the province studied in this paper, by the end of April

2022, the total scale of NES that has been put into operation is

111 MW, of which 93 MW/1 h of ES is built for renewable energy

stations. Its 14th Five-Year Plan for Energy Development

proposes further improving the energy storage and

transportation network and making several centralized

electrochemical ES power plants. However, there is currently

no way in the province to enable IES to participate in the

electricity market. Establishing a corresponding market
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mechanism and analyzing the operation strategy and profitability

is urgent.

In response to the national policy and strategy of encouraging

the development of NES, this paper studies how IES participates

in the market based on the growth of the electricity market in a

provincial region in China. IES’s profitability is calculated, and

the operation strategy is analyzed to provide a theoretical basis

for developing IES in this province. The main contributions are

as follows.

(1) Based on the current and future development of the electricity

market in a province in China, Mechanisms for IES to

participate in various types of electricity markets are designed.

(2) According to the situation andmodel of the IES in the province,

the costs required to be recovered are calculated. The strategies

for the current and future participation of IES in various types of

markets by division time or capacity are developed, and the

profits for each participation scenario are calculated.

(3) The numerical simulation results provide theoretical analysis

for the development and formulation of policies of IES in the

province.

The remainder of this paper is organized as follows. Section 2

describes the designed participation mechanisms of IES in

current and future electricity markets. Section 3 presents the

detailed calculation method of the profitability in every market.

Section 4 presents the numerical simulation results, and the

policy recommendations are proposed in Section 5.

2 Participation mechanism of
independent energy storage in
electricity market

2.1 Value and role in electricity market

Based on its physical characteristics, NES realizes many

potential values in power systems. The exact value has

different manifestations for market entities, as shown in

Figure 1. Therefore, it can provide corresponding bids in

several types of electricity markets in the province. Because of

its storage capacity, it can reduce the peak-valley differences in

the system, thus saving fuel and start/stop costs of peak load

units. Since ES can discharge, it can act as capacity support and

reduce a portion of the investment in the generation units. NES

has the advantages of fast response, flexible configuration and

short construction cycle, which can play various roles in power

system operation such as peak, peak regulation, frequency

FIGURE 1
Value manifestation of energy storage for different market entities.

FIGURE 2
General design of participation mechanism for independent
energy storage in the province.
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regulation, ramp climbing and black start, and is an essential part

of the new power system. Therefore, the conclusion of the above

is that IES can participate in the energy market, the ancillary

service market, and the capacity compensation of the province

and bring into play the integrated value of ES to obtain multiple

revenues.

2.2 Unified principles for design of
participation mechanism

In terms of participation time, based on the actual

development of the electricity market in the province, the

participation mechanism is designed according to the current

and future market mechanisms and the types of markets are

shown in Figure 2, respectively.

In terms of dispatching, IES can be designed to participate in

the medium and long-term market and spot market in the self-

dispatching mode, and can also be designed to participate in the

spot market, peak regulation market and frequency regulation

market in the mode that is dispatched by dispatching centre of

the province.

IES can independently choose the type of market to participate

in. When choosing to participate in multiple types of markets at the

same time, it is required to partition its total capacities, the initial state

of charge according to the number of metering and control devices

and the capabilities of individual cells, and submit and participate in

different markets as different market entities, respectively.

For the co-constructed NES configured off-site in the province,

when it meets the technical conditions and requirements of IES, it

can participate in the electricity market as IES.

2.3 Current mechanism design for
independent energy storage participation

Document 475 pointed out that to accelerate the

participation of IES in the electricity market for peak

regulation and to accelerate the involvement of IES in the

medium and long-term market and spot market. Currently,

the province’s medium and long-term market and peak

regulation market are well developed, and the market system

is mature, which provides a favourable market environment for

the participation of IES.

Currently, the call of ES in the province is for administrative

services only, and the electricity purchase and generation prices

align with the large industrial and benchmark electricity prices,

respectively.

2.3.1 Mechanism design for participation in
medium and long-term market

As one of the new market entities to participate in intra-

provincial trading, IES can be involved in monthly and D-3

trading, required to follow the rights and obligations of new

market entities within the medium and long-term market rules.

In addition, when IES declares power for each period in self-

dispatch mode, it is required to be responsible for managing the

state of charge by itself. The declared power for all periods must

meet the physical constraints of the ES equipment.

2.3.1.1 Monthly trading

In principle, IES can only declare the amount of charging or

discharging in the same trading period. IES does not participate in

the first 30 minutes of the call auction phase. If the call auction

phase is over and trading prices for electricity are formed, IES can

only be listed operationally. Otherwise, it needs to wait for the

matchmaking phase after. IES takes priority over the grid entity to

participate in the market as a price taker by quoting electricity

without quoting the price. The units in the market bear the

uncontracted charging amount in equal proportion to their

remaining capacities, and the grid entity takes the uncontracted

discharging amount. Generation entities and users delist the listed

charging and discharging amounts of IES during trading hours.

2.3.1.2 D-3 trading

IES only conducts listing operations and can act as either

additional listing or reduced listing, which means that it is given

priority to participate in the market clearing as a price taker by

quoting electricity without quoting a price in the D-3 trading.

Generation entities and users do delisting operations on the listed

electricity of IES within trading hours.

2.3.2 Mechanism design for participation in peak
regulation market

This mechanism applies to independent electrochemical

energy storage stations with a power capacity of 5 MW and a

continuous discharge time of 1 h or more, which the provincial

power dispatching centre directly dispatches. Other NES (flywheel,

compressed air, etc.) stations can refer to this standard. IES is

subject to the rights and obligations of market entities.

IES only declares the electricity, which is dispatched

preferentially when the coal-fired units run below 50% for peak

regulation. The charging electricity of IES is compensated according

to the upper limit of the second level of the quotation of coal-fired

units in deep peak regulation. When there are multiple IESs for

declaration, the day-ahead clearing is carried out according to the

order of charging rates from high to low. When the actual deep

peak regulation demand of the system is higher (or lower) than the

day-ahead clearing result, IES is dispatched (or stopped) in order of

charging rate from high to low (or from low to high). When the

charging rates of IESs are the same, these IESs will be sorted

according to the order of declaration.

The provincial power dispatching centre shall dispatch the

IESs discharge before 17:00 the next day on each dispatch day to

restore it to the initial states of charge. The IESs shall not

participate in other market operations on the next day.

Frontiers in Energy Research frontiersin.org04

Gong et al. 10.3389/fenrg.2022.1044503

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2022.1044503


2.4 Future mechanism design for
independent energy storage participation

In the future market mechanism, IES will participate in the

medium and long-term market in the same way as in the current

market mechanism.

2.4.1 Mechanism design for participation in spot
market

IES is subject to the rights and obligations of market entities

in the spot market, which consists of day-ahead and real-time

trading floors (Philpott and Pettersen, 2006; Xiao and Chen,

2020). The charging power is tentatively set at no less than

5 MW, and the continuous charging time is not less than 1 h.

There are two optional participation methods for IES. One is to

prioritize clearing by self-dispatching, and the other is to

completely hand over the operation control and the unified

dispatching method to the dispatching centre.

2.4.1.1 Day-ahead spot trading

When the self-dispatching method is selected, IES declares

the working day’s self-dispatching curve without quoting, gives

priority to clearing, and accepts the spot market price.

When the unified dispatching method is selected, the power

dispatching centre formulates an IES charging and discharging

plan according to the pre-clearing price after the optimization

calculation by the Security Constrained Unit Combination

(SCUC) program and adds the plan to the Security Constrained

Economic Dispatch (SCED) program as a boundary condition

optimization calculation, and clears to get the trading result.

2.4.1.2 Real-time spot trading

IES, which chooses the unified dispatching method, can

participate in real-time spot trading. During real-time

operation, the power dispatching centre formulates the IES

charging and discharging plan based on the real-time market

nodal price curve and the real-time state of charge and adds the

plan to the SCED program as one of the operating boundary

conditions for rolling market clearing calculation.

2.4.2 Mechanism design for participation in
frequency regulation market

Similar to the market above participation requirements, IES

is subject to the rights and obligations of market entities in the

frequency regulation market. The charging power is set at not less

than 5 MW and the continuous charging time is not less than 1 h.

When the spot market is operating, IES, which participates in

both the frequency regulationmarket and the spotmarket, can obtain

the frequency regulation mileage compensation and the frequency

regulation capacity compensation. In contrast, IES, which only

participates in the frequency regulation market, can only get the

frequency regulation mileage compensation. The ranked prices of

each market entity are equal to its declared price divided by its

comprehensive performance indicator on the previous trading day.

2.4.3 Mechanism design for participation in
capacity compensation

At the early stage of spot market operation, the capacity

compensation mechanism is implemented for the non-

constructed IES to ensure reasonable cost recovery of ES

equipment. The participation requirements for IES are the

same as those for the spot market.

At this stage, IES is treated as a power generation source and

enjoys the same capacity compensation unit price as the

generation units, which is taken as the average of the capacity

compensation price of each unit.

3 Operation strategy and profit ability
analysis of independent energy
storage

3.1 Cost of new energy storage system

In the actual use of the ES system, it is necessary to support

critical systems such as the power conversion system (PCS),

energy management system (EMS) and monitoring system.

Among them, PCS, as the vital part of the ES system, can

realize the bidirectional energy flow between the ES device

and the AC power grid; EMS is responsible for monitoring

the operating of the ES system and determining the optimal

charging and discharging strategy of the ES.

Therefore, the cost of an NES system is divided into two

categories: the first is the initial investment cost, including the

cost of configuring a specific capacity of ES, called capacity cost,

and the cost of including PCS, EMS and other monitoring

hardware equipment, called the power cost; the second is the

operation and maintenance cost during the annual operation.

3.1.1 Initial investment cost
The initial investment cost of IES (Sii) is determined according

to the winning price of the engineering procurement construction

(EPC) of the ES station in recent years, as shown below.

Sii � CEPCE (1)

where CEPC is the EPC’s winning unit price; E is IES’s energy

capacity.

3.1.2 Annual operation and maintenance cost
The annual operation and maintenance cost (Saom) is mainly

related to the capacity of the ES system and has remarkable

differences under different capacities.

Saom � CaomE (2)
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where Caom is the annual operation and maintenance cost per

unit capacity of IES.

3.1.3 Annual cost
Considering the service life and benchmark rate of return (ie)

of the ES system, the initial investment cost is amortized over the

life cycle (T) and superimposed with the annual operation and

maintenance cost to obtain the annual cost (AC), which is shown
below.

AC � ie(1 + ie)T
(1 + ie)T − 1

CEPCE + CaomE (3)

3.2 Parameter processing

In this paper, the most widely used electrochemical ES in

NES is taken as the main research object, and the following

parameters are calculated.

3.2.1 Average annual available capacity
The impact of the capacity decay of the ES batteries is evenly

spread over the life cycle to obtain the average annual available

capacity (Eaa), shown below.

Eaa �
[ T
Tr
]∑Tr−1

i�0 E(1 − rd)i +∑T−1−[ T
Tr
]Tr

i�0 E(1 − rd)i
T

(4)

where Tr is the battery replacement period; rd is the annual

battery capacity decay rate; [·] is the upward rounding operation;
and i is the index.

3.2.2 Average annual continuous discharge time
The continuous discharge time represents the capacity value

of ES to a certain extent. After considering the battery capacity

decay and the depth of discharge (rdd), the average annual

continuous discharge time (Tcd) can be obtained, as shown in

the following equation.

Tcd � Eaardd
P

(5)

where P is the power capacity of ES.

3.2.3 Average annual operation and
maintenance cost

The battery replacement cost is spread over the life cycle and

as part of the annual operation and maintenance cost to obtain

the average annual operation and maintenance cost, as follows.

Saaom � Saom + [ T
Tr
]CbrE

T
(6)

where Cbr is the battery price per unit capacity. Therefore, the

annual cost is modified to be expressed as follows.

AC � ie(1 + ie)T
(1 + ie)T − 1

Sii + Saaom (7)

3.2.4 Revenue conversion ratio
Considering the planned downtime due to maintenance and

the unplanned downtime due to failure during the life cycle of ES,

the revenue conversion ratio (rc) can be obtained as shown

below, which is the ratio of the actual benefit of ES to the ideal

benefit without considering downtime.

rc � 1 − rdt (8)
where rdt is the forced downtime rate.

3.3 Current operation strategy and profit
ability analysis

3.3.1 Participation in peak regulation market
IES is prioritized for dispatch in the peak regulation market,

resulting in the following expression for the peak regulation

amount of IES on day i (Qpr,i).

Qpr,i � min(Epr,irdd,Qpd,i) (9)

where Epr,i and Qpd,i are the capacity participating in peak

regulation and the peak regulation demand on day i, respectively.

According to the designed mechanism for IES to participate

in the peak regulation market, the upper limit of the second level

of the quotation of coal-fired units in deep peak regulation is

taken as the compensatory unit price (Cpr). The expression for

the annual profit of participation in the peak regulation market

(ppr) is as follows.

ppr � rc∑Npr

i
CprQpr,i (10)

where Npr is the number of days that IES participates in the peak

regulation market for the year.

3.3.2 Participation in medium and long-term
market

IES has a minimal capacity relative to other market entities

and is prioritized for clearing as a price taker in the province, so it

is assumed that its participation does not affect the clearing price

in the energy market. When IES is fully charged and fully

discharged, The expression for the annual profit of

participation in the medium and long-term market (pml) is as

follows.

pml � rc∑Nml

i
Eml,irdd(ηcdCml,dis,i − Cml,ch,i) (11)

where Nml is the number of days that IES participates in the

medium and long-term market for the whole year; Eml,i, Cml,ch,i

and Cml,dis,i are the capacity participating in the medium and

long-termmarket, the charging price and the discharging price in
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the medium and long-term market on day i, respectively; ηcd is

the charge-discharge efficiency of IES.

IES can be set to charge in the valley hours and discharge in

the sharp or peak hours. When IES participates in the energy

market in the self-dispatching mode, its charging price is not

exempt from transmission and distribution prices, governmental

funds and surcharges. Therefore, the expressions of charging and

discharging price of IES in the medium and long-term market

can be obtained as follows.

Cml,ch,i � Cml,v,i + Ctd,i + Cgs,i (12)

Cml,dis,i � { Cml,s,i, i ∈ Ds

Cml,p,i, i ∈ Dp
(13)

where Ctd,i , Cgs,i are the transmission and distribution prices,

governmental funds and surcharges on day i, respectively; Cml,v,i,

Cml,s,i and Cml,p,i are the valley price, sharp price and peak price

on day i, respectively; Ds and Dp are the sets of days with and

without shark hours, respectively.

3.4 Future operation strategy and profit
ability analysis

3.4.1 Participation in spot market
Consistent with the relevant analysis of participation in the

medium and long-term market, the expression for the annual

profit of participation in the spot market (psp) is as follows.

psp � rc∑Nsp

i
Esp,irdd(ηcdCsp,dis,i − Csp,ch,i) (14)

where N sp is the number of days that IES participates in the spot

market for the whole year; Esp,i,Csp,ch,i andCsp,dis,i are the capacity

participating in the spot market, the charging price and the

discharging price in the spot market on day i, respectively.

It can be assumed that IES is charged during the lowest price

hours and discharged during the highest price hours in the spot

market. Document 475 states that when the dispatching centre

dispatches ES, its charging power does not bear transmission and

distribution price and governmental funds and surcharges. Therefore,

the expressions of charging prices for participating in the spot market

in the self-dispatching mode (Csp,sd,ch,i) and in the mode dispatched

by the dispatching centre (Csp,dc,ch,i), respectively, are as follows.

Csp,sd,ch,i � Csp,l,i + Ctd,i + Cgs,i (15)
Csp,dc,ch,i � Csp,l,i (16)

whereCsp,l,i is the lowest electricity price in the spot market on day i.

The discharge price expression for participating in the spot

market is shown below.

Csp,dis,i � Csp,h,i (17)

where Csp,h,i is the highest electricity price in the spot market on

day i.

3.4.2 Participation in frequency regulation
market

Given that the ranked price is formed in favour of

frequency regulation resources with a highly

comprehensive performance indicator, it is assumed that

IES can be cleared.

The annual profit of participation in the frequency regulation

market (pfr) consists of the frequency regulation mileage

compensation (pfrmc) and the frequency regulation capacity

compensation (pfrcc) and is expressed as follows.

pfr � pfrmc + pfrcc (18)

When IES only participates in frequency regulation

simultaneously, the frequency regulation mileage

compensation can be obtained, but no frequency regulation

capacity compensation and the corresponding expressions are

as follows.

pfrmc � rc∑N fr

i
∑nfr,i

t
Di,tBi,tKp,i,tMk (19)

pfrcc � 0 (20)

where N fr is the number of days that IES participates in the

frequency regulation market for the whole year; nfr,i is the total
number of trading periods on day i; Di,t, Bi,t, and Kp,i,t are the

regulating mileage, clearing price and comprehensive

performance indicator of ES in the period t of the day i,
respectively; Mk is the regulation factor of ES, which is set to

0.7 in the province.

When IES participates in both the frequency regulation

market and the spot market, additional frequency regulation

capacity compensation can be obtained, and the expression is as

follows.

pfrcc � rc∑N fr

i
∑nfr,i

t
Pfr,i,tBcc (21)

where Pfr,i,t is the power capacity of ES participating in

frequency regulation in the period t of the day i; Bcc is the

unit price of frequency regulation capacity compensation in the

province.

3.4.3 Participation in capacity compensation
When the non-constructed IES participates in the spot

market, capacity compensation can be obtained. The

expression for the annual profit of participation in the

capacity compensation (pcc) is as follows.

pcc � ∑msp

j
Ccc

Tcd

24
max
i∈Ωj

Psp,i,j (22)

where msp is the number of months of participation in the

spot market; Ωj is the set of days in month j; Psp,i,j is the

maximum charging power in the spot market on day i in
month j; Ccc is the unit price of capacity compensation for

IES, as follows.
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Ccc � ∑Cgc

ng
(23)

where Cgc is the unit price of capacity compensation for other

generator sets in the spot market; ng is the number of other

generator sets in the spot market in the province.

4 Numerical simulations

4.1 Parameter setting and cost calculation
of independent energy storage

4.1.1 Parameter setting
In this paper, three cases of IES are analyzed respectively,

and the corresponding basic parameters are shown in Table 1.

Case 1 represents all the co-constructed NES that was

configured off-site in the province; Case 2 represents the

first demonstration of IES in Shandong Province

participating in the spot market; Case 3 is set as a

comparison with most of the same parameter types as Case

1, while the characters and power capacity are the same as those

of Case 2, and the energy capacity is less than that of Case2. The

benchmark rate of return is taken as 8%.

4.1.2 Parameter processing and cost calculation
According to Eqs. 1–8, the costs and parameters used for the

subsequent calculations of the three cases can be obtained, as

shown in Table 2.

For Case 1, the initial investment cost is included in the cost

of the corresponding new energy plant, so when the annual profit

is greater than the average annual O&M cost, the IES of Case 1 is

considered profitable. Case 2 or Case 3 is considered profitable

when its annual profit exceeds the annual cost.

4.2 Current profit calculation and analysis

4.2.1 Participation in peak regulationmarket only
From July 2021 to June 2022, the annual statistical results of

the peak regulation market profile in the province are shown in

Figure 3. According to the mechanism above of participation in

the peak regulation market, the peak regulation compensatory

unit price is 300¥/MWh, and IES is given priority to clear.

For Case 1, the annual profit is about 5,313,193¥, which is less

than its average annual O&M cost of 11,346,000¥. Therefore,

only participating in peak regulation throughout the year is not

profitable. The critical value of the compensatory unit price that

can be profitable is 640.63¥/MWh.

For Case 2, the annual profit is about 11,304,578¥, less than

its annual cost of 49,038,142¥. It is not profitable to only

participate in peak regulation throughout the year. The critical

value of the compensatory unit price that can be profitable is

1,301.4¥/MWh, and the number of years required to recover the

initial investment cost is 6.9742.

For Case 3, the annual profit is about 5,705,232¥, less than its

annual cost of 30,280,004¥. It is also not profitable to only

participate in peak regulation throughout the year. The critical

value of the compensatory unit price that can be profitable is

1,592.2¥/MWh, and the number of years required to recover the

initial investment cost is 6.3738.

4.2.2 Participation in medium and long-term
market only

According to the statistics of the average monthly settlement

electricity price of the province for four periods from July 2021 to

June 2022, the 5 months containing the sharp periods are

January, July, August, September and December, and the

sharp and valley spread or peak-valley spread for the

12 months is shown in Figure 4. The annual average peak

TABLE 1 Basic parameters of independent energy storage cases.

Parameter type Case 1 Case 2 Case 3

Characters Off-site construction with new energy power plants Independence Independence

Power capacity (MW) 93 100 100

Energy capacity (MWh) 93 200 100

Life cycle (a) 25 25 25

Charge-discharge efficiency (%) 85.6 82.78 85.6

Winning price of EPC (¥/MWh) 1,930,000 1,710,000 1,930,000

Annual O&M cost (¥/MWh) 50,000 21,000 50,000

Battery replacement time period (a) 10 10 10

Battery price (¥/MWh) 900,000 800,000 900,000

Depth of discharge (%) 90 90 90

Annual battery capacity decay rate (%) 5 for year 1, 2 for years 2–10 2.5 for years 1–10, 1.7 for years 11–25 5 for year 1, 2 for years 2–10

Forced downtime rate (%) 2 2 2
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price and peak-valley spread are about 836.48¥/MWh and

553.49¥/MWh, respectively.

As with the relevant data of large industrial power supply of

35 kV level, the transmission and distribution price and the

governmental funds and surcharges for IES are set at 0.1585¥/

kWh and 0.0268¥/kWh, respectively.

For Case 1, the annual profit is about 6,863,694¥, which is less

than its average annual O&M cost of 11,346,000¥. Therefore, it is

not profitable to only participate in medium and long-term

market throughout the year. The annual average peak price

that can be profitable when the annual average valley price is

constant is 1,028.1¥/MWh.

For Case 2, the annual profit is about 13,384,642¥, less than

its annual cost of 49,038,142¥. It is not profitable to only

participate in medium and long-term market throughout the

year. The annual average peak price that can be profitable when

the annual average valley price is constant is 1,563.7¥/MWh, and

the number of years required to recover the initial investment

cost is 6.9742.

For Case 3, the annual profit is about 7,380,317¥, less than its

annual cost of 30,280,004¥. It is also not profitable to only

participate in medium and long-term market throughout the

year. The annual average peak price that can be profitable when

the annual average valley price is constant is 1,741.1¥/MWh, and

the number of years required to recover the initial investment

cost is 6.3738.

4.2.3 Participation inmedium and long-term and
peak regulation markets
4.2.3.1 Participation by division time

IES is set to participate in the medium and long-term market

in the 5 months that contain sharp periods and in the peak

regulation market in the other months. Given the above

calculation results are not profitable and there is a particular

gap between profitability, the compensatory unit price is set to

the upper limit of the fifth level of the quotation of coal-fired

units, which is 600¥/MWh, to calculate the profitability and the

conditions required for profitability in the medium and long-

term market.

For Case 1, the annual profit is about 11,936,084¥, which is

greater than its average annual O&M cost of 11,346,000¥.

Therefore, participating in the medium and long-term market

and peak regulation by division time throughout the year is

profitable. The profit in the medium and long-term market is

about 4,483,851¥, and the profit in the peak regulation market is

about 7,452,234¥.

TABLE 2 Costs and parameters of independent energy storage cases.

Data type Case 1 Case 2 Case 3

Initial investment cost (¥) 179,490,000 342,000,000 193,000,000

Average annual O&M cost (¥) 11,346,000 17,000,000 12,200,000

Annual cost (¥) 28,160,404 49,038,142 30,280,004

Average annual available capacity (MWh) 85.5848 184.3868 92.0267

Average annual continuous discharge time (h) 0.8282 1.6595 0.8282

Revenue conversion ratio (%) 98 98 98

FIGURE 3
Monthly peak regulation demand of the provincial power
system from July 2021 to June 2022.

FIGURE 4
Average monthly sharp and valley or peak-valley spread for
the province from July 2021 to June 2022.
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For Case 2, the annual profit is about 24,929,462¥, less than

its annual cost of 49,038,142¥. Participating in the medium and

long-term market and peak regulation by division time

throughout the year is not profitable. The average peak price

that can be profitable when the average valley price is constant is

2,164.9¥/MWh. The profit in the medium and long-term market

is about 8,972,242¥, and the profit in the peak regulation market

is about 15,957,220¥.

For Case 3, the annual profit is about 12,829,252¥, less than

its annual cost of 30,280,004¥. Participating in the medium and

long-term market and peak regulation by division time

throughout the year is also not profitable. The average peak

price that can be profitable when the average valley price is

constant is 2,639.2¥/MWh. The profit in the medium and long-

term market is about 4,821,345¥, and the profit in the peak

regulation market is about 8,007,907¥.

4.2.3.2 Participation by division capacity

IES will participate in peak regulation and medium and long-

term markets throughout the year. The proportion of

participation in peak regulation, whose value is from 0 to 0.9,

and the regulation accuracy is 0.1. The compensatory unit price is

still set at 600¥/MWh.

The annual average of the sharp or peak prices that can be

profitable for the three cases at a constant annual average valley

price (263¥/MWh) is shown in Figure 5.

For the three cases, IESs are not profitable, and as the value of

rc increases, the sharp or peak prices for IESs to be profitable also

increase gradually.

4.2.4 Results analysis
The above-mentioned situations of only participating in the

medium and long-term market, peak regulation market, and

participating by division time are summarized as shown in

Table 3.

Case 1 can only be profitable when participating in the

markets by division time, but all the calculation results in the

other two cases are not profitable. Therefore, the participation by

division time can take advantage of the characteristics of the

respective time distributions of the medium and long-term and

peak regulation markets, which is most beneficial for IES.

According to the current development of the medium and

long-term market in the province, when participating in the

medium and long-term market only, the annual average peak

prices that can be profitable are significantly higher than the

actual annual average peak price in all three cases. The reason is

that the peak-valley spread is not large enough and that the

transmission and distribution price and the governmental funds

and surcharges occupy a particular profit margin.

According to the current development of the peak regulation

market in the province, the number of trades conducted

throughout the year is small, and the daily peak regulation

demand varies greatly, resulting in a low utilization rate of

IES in the peak regulation market. Therefore, when Cases

2 and 3 only participate in peak regulation, significantly high

compensatory prices (1,301.4¥/MWh, 1,592.2¥/MWh) is

required to recover the cost.

According to the results of participation by division capacity,

it is clear that the annual medium and long-term market is more

favourable to IES than the annual peak regulation market. The

higher the sharp or peak price that can be profitable when

participating in the medium and long-term market only, the

faster the sharp or peak price that can be profitable increases with

the increase of rc.

4.3 Future profit calculation and analysis

4.3.1 Participation in medium and long-term
market only

For the future medium and long-termmarket that has not yet

been carried out in the province, the prices for the sharp, peak

and valley periods are taken as their latest price ceilings,

respectively, and the valley price is 161.8¥/MWh. The values

of the sharp and peak prices are taken in two ways depending on

the implementation scheme: 1) with a peak-to-valley price ratio

of 3:1, the sharp price is 1,033.6¥/MWh, and the peak price is

832.4¥/MWh; 2) with a peak-to-valley price ratio of 4:1, the sharp

price is 1,435.9¥/MWh, and the peak price is 1,167.7¥/MWh.

4.3.1.1 Peak-to-valley price ratio of 3:1

For Case 1, the annual profit is about 12,070,679¥, which is

greater than its average annual O&M cost of 11,346,000¥.

Therefore, it is profitable to only participate in medium and

long-term market throughout the year.

For Case 2, the annual profit is about 24,469,976¥, which is

less than its annual cost of 49,038,142¥. It is not profitable to only

participate in medium and long-term market throughout the

FIGURE 5
Annual average of the sharp or peak prices that can be
profitable for the three cases.
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year. The annual average peak price that can be profitable when

the annual average valley price is constant is 1,417.3¥/MWh.

For Case 3, the annual profit is about 12,979,225¥, less than

its annual cost of 30,280,004¥. It is also not profitable to only

participate in medium and long-term market throughout the

year. The annual average peak price that can be profitable when

the annual average valley price is constant is 1,599.5¥/MWh.

4.3.1.2 Peak-to-valley price ratio of 4:1

For Case 1, the annual profit is about 20,645,367¥, which is

greater than its average annual O&M cost of 11,346,000¥.

Therefore, it is profitable to only participate in medium and

long-term market throughout the year.

For Case 2, the annual profit is about 42,334,973¥, which is

less than its annual cost of 49,038,142¥. It is not profitable to only

TABLE 3 Summary of profit of participation in current electricity markets.

Current analysis Profit (¥) Cost to be recovered
(¥)

Profitable or not Critical value of
peak or compensation
price (¥/MWh)

Peak regulation only Case 1 5,313,193 11,346,000 No 640.63

Case 2 11,304,578 49,038,142 No 1,301.4

Case 3 5,705,232 30,280,004 No 1,592.2

Medium and long-term market only Case 1 6,863,694 11,346,000 No 1,028.1

Case 2 13,384,642 49,038,142 No 1,563.7

Case 3 7,380,317 30,280,004 No 1,741.1

Participation by division time Case 1 11,936,084 11,346,000 Yes \

Case 2 24,929,462 49,038,142 No 2,164.9

Case 3 12,829,252 30,280,004 No 2,639.2

TABLE 4 Critical values of discharging price and charging-discharging spread in self-dispatching mode.

Self-dispatching Charging price (¥/MWh) Capacity compensation profit
(¥)

100 200 300 400

Critical value of discharging price (¥/MWh) Case 1 814.37 931.19 1,048.01 1,164.83 0

Case 2 1,019.90 1,140.70 1,261.50 1,382.31 15,857,726

Case 3 1,215.21 1,332.04 1,448.86 1,565.68 7,914,528

Critical value of spread (¥/MWh) Case 1 714.37 731.19 748.01 764.83 0

Case 2 919.90 940.70 961.50 982.31 15,857,726

Case 3 1,115.21 1,132.04 1,148.86 1,165.68 7,914,528

TABLE 5 Critical values of discharging price and charging-discharging spread in the mode of dispatched by the dispatching center.

Dispatched by dispatching center Charging price (¥/MWh) Capacity compensation profit
(¥)

100 200 300 400

Critical value of discharging price (¥/MWh) Case 1 597.90 714.72 831.54 948.36 0

Case 2 796.05 916.86 1,037.66 1,158.46 15,857,726

Case 3 998.74 1,115.56 1,232.39 1,349.21 7,914,528

Critical value of spread (¥/MWh) Case 1 497.90 514.72 531.54 548.36 0

Case 2 696.05 716.86 737.66 758.46 15,857,726

Case 3 898.74 915.56 932.39 949.21 7,914,528
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participate in medium and long-term market throughout the

year. The annual average peak price that can be profitable when

the annual average valley price is constant is 1,417.3¥/MWh.

For Case 3, the annual profit is about 22,199,320¥, less than

its annual cost of 30,280,004¥. It is also not profitable to only

participate in medium and long-term market throughout the

year. The annual average peak price that can be profitable when

the annual average valley price is constant is 1,599.5¥/MWh.

4.3.2 Participation in spot market only
Given that the spot market has not yet been developed at

this time, the average discharging price is set as a variable. If

the charging price is fixed and the cost can be recovered, the

critical value the average discharging price needs to reach is

calculated in the following. The upper and lower price limits

of the spot market are 0¥/MWh and 1,500¥/MWh,

respectively, so the charging price is set between 100¥/

MWh and 400¥/MWh, and the regulation accuracy is

100¥/MWh.

For the self-dispatching mode, the calculation results of

the critical values of the discharging price and the charging-

discharging spread for the three cases are shown in Table 4.

For the mode dispatched by the dispatching centre, the

relevant calculation results are shown in Table 5.

4.3.3 Participation inmedium and long-term and
spot markets

IES is set to participate in the medium and long-term

market in the months containing the sharp period and in the

spot market in the remaining months in the mode dispatched

by the dispatching centre. The calculation results of the

critical values of the discharging price and the charging-

discharging spread in the spot market are shown in Table 6.

4.3.4 Results analysis
Since the valley price ceiling for the future medium and

long-term market set by the provincial government is low and

the sharp and peak price ceilings are high, the peak-valley

spread is widened compared to the current situation, thus

making it more favourable for IES. However, Cases 2 and

3 still do not recover their costs by only participating in the

medium and long-term market.

TABLE 6 Critical values of discharging price and charging-discharging spread.

Dispatched by dispatching center Charging price (¥/MWh) Capacity compensation
profit
(¥)

Profit in
medium
and long-term
market
(¥)

100 200 300 400

Peak-to-valley price
ratio of 3:1

Critical value of discharging
price (¥/MWh)

Case
1

490.58 607.40 724.22 841.05 0 6,250,219

Case
2

1,079.02 1,199.82 1,320.62 1,441.43 9,083,585 12,735,679

Case
3

1,414.61 1,531.43 1,648.25 1,765.08 4,533,581 6,720,665

Critical value of
spread (¥/MWh)

Case
1

390.58 407.40 424.22 441.05 0 6,250,219

Case
2

979.02 999.82 1,020.62 1,041.43 9,083,585 12,735,679

Case
3

1,314.61 1,331.43 1,348.25 1,365.08 4,533,581 6,720,665

Peak-to-valley price
ratio of 4:1

Critical value of discharging
price (¥/MWh)

Case
1

196.96 313.78 430.60 547.42 0 10,253,443

Case
2

785.40 906.20 1,027.00 1,147.80 9,083,585 21,076,227

Case
3

1,120.99 1,237.81 1,354.63 1,471.45 4,533,581 11,025,208

Critical value of
spread (¥/MWh)

Case
1

96.96 113.78 130.60 147.42 0 10,253,443

Case
2

685.40 706.20 727.00 747.80 9,083,585 21,076,227

Case
3

1,020.99 1,037.81 1,054.63 1,071.45 4,533,581 11,025,208
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When participating in the spot market, as the set charging

price increases, the cost corresponding to the charging and

discharging loss increases, so the critical value of the charging

and discharging spread required for profitability increases.

When IES participates in the medium and long-term and

spot markets by division time, compared to the case where IES

only participates in the spot market, the medium and long-term

profit increases, while the time and capacity compensation for

participation in the spot market decreases. For Case 1, the

increased medium and long-term profit is more, and the

reduced capacity compensation is 0, so the critical values are

lower. Conversely, for Cases 2 and 3, the increase in medium and

long-term profit is less while the decrease in capacity

compensation is more, such that the critical values are higher.

Given that the frequency regulation market in the province

has not yet been developed, the regulation mileage and the effect

of IES cannot be reasonably estimated. Therefore, the profit

calculation of IES participating in the frequency regulation

market needs to be studied according to the actual operation

and trading situation.

5 Conclusion

Based on the actual development of IES and electricity

markets in the province, this paper designs a mechanism for

IES to participate in various types of markets in the province and

conducts modelling and numerical simulations on the operation

strategy and profitability. The analyses and results can provide a

theoretical analysis basis for developing IES and formulating

policies related to IES participation in the market in the province

and other regions of China. The main conclusions are as follows.

(1) The technical cost of electrochemical IES power plants is still

very high. Further research should be conducted on low-cost,

high-efficiency, high-reliability and high-safety ES

technologies based on different technical routes.

(2) There is currently only the peak regulation variety in the

province’s auxiliary service market, and only the frequency

regulation variety has been designed for the future in the

province. The development of other auxiliary service trading

varieties should be gradually promoted to improve the

construction of the auxiliary service market while

expanding the space for IES to participate in the market.

(3) The peak-valley price spread is the key factor that dominates

the profitability of ES participation in the electricity energy

market and the development of user-side ES. The province

should moderately widen the peak-valley price spread

according to the actual situation to further support the

development of user-side ES.

(4) IES operation mechanism needs to be further optimized, and

the dispatching centre needs to study the application

scenarios of ES in the power system. The IES entity needs

to strengthen maintenance to improve the utilization rate of

the ES.

In future research, the values of ES in electricity markets

can be further explored by considering other types of

participants and optimization techniques. For instance,

virtual bidders can utilize energy storage to increase their

profits in electricity markets (Xiao and Qiao, 2021), and

stochastic dominance-based stochastic optimization

(AlAshery et al., 2020) and information gap decision

theory-based optimization (Li et al., 2019) can be adopted

to manage the market risks for ES.
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