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Abstract

Energy storage plays a vital role in enhancing the resilience of the power
grid. Utilizing typical capacity and power energy storage application sce-
narios, coupled with industry research data and technical analysis of energy
storage, this study calculates the cost of energy storage per kilowatt-hour and
the associated mileage cost. The findings indicate that the current cost per
kilowatt-hour of electrochemical energy storage ranges from approximately
0.6 to 0.9 yuan/(kW·h), revealing a considerable gap between the target
cost for widespread application and the range of 0.3 to 0.4 yuan/(kW·h).
Therefore, the development of energy storage technologies (EST) should pri-
oritize achieving “low cost, long life, high safety, and easy recycling,” taking
into account a comprehensive assessment of system manufacturing, system
lifespan, system safety, and recycling. This paper delves into the changing
trend of battery costs and their impact on kilowatt-hours, presenting strategic
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suggestions to reduce the kilowatt-hour cost of ESP stations. The research
underscores that a continuous reduction in battery costs will contribute to
enhancing the economic benefits of ESP stations and provide robust support
for the future development of the energy storage industry.

Keywords: Battery cost, power storage technology, ESP station, KWH cost.

1 Introduction

Energy Storage Technology (EST) has emerged as a pivotal component
in modern power systems, offering solutions to challenges related to grid
stability, peak demand management, and the integration of renewable energy
sources. However, the widespread adoption of Energy Storage Power (ESP)
stations has been impeded by the significant costs associated with this
technology [1].

This paper endeavors to address this critical issue by conducting a thor-
ough analysis of the cost per KWH of ESP stations, with a particular focus
on the evolving landscape of battery costs. The core of this analysis lies
in understanding the dynamics of battery costs, a key determinant in the
overall cost structure of ESP stations. Analyzing the dynamics of battery costs
represents the linchpin of this comprehensive study, as batteries constitute a
significant proportion of the overall expenses associated with ESP stations.
The trajectory of battery costs is a crucial factor that shapes the economic
feasibility of ESP stations. Delving into historical trends and forecasting
future developments in battery costs, the paper endeavors to pinpoint strate-
gies and innovations that could lead to substantial reductions in the cost per
kilowatt-hour(KWH) for ESP stations.

The energy industry has undergone a transition towards renewable
sources due to environmental concerns and the depletion of fossil fuels. This
shift has posed challenges in maintaining a stable power system. EST has
emerged as a viable solution, contributing to enhanced system stability and
reliability. Furthermore, it exhibits significant market potential in the dynamic
and evolving power market [2].

Cost barrier associated with EST has historically hindered its widespread
adoption, posing a challenge to the integration of efficient energy storage
solutions into modern power systems. However, recent advancements in
manufacturing processes, the realization of economies of scale, and a surge
in demand for energy storage technologies have collectively contributed to
a notable decline in battery costs. This positive trend not only marks a
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significant milestone in the evolution of energy storage but also positions EST
as a more financially viable and attractive option for various stakeholders.

This paper analyzed and study the kilowatt cost of ESP station from
perspective of the changing trend of battery cost [3]. First, we introduced
concept, including improving power quality, reducing transmission and dis-
tribution loss, and meeting the peak and valley difference demand, etc. Then,
the changing trend of battery cost and its impact on the kilowatt cost of energy
storage plants is explained [4]. On this basis, we put forward strategic sugges-
tions to reduce the cost of KWH of ESP stations, including optimizing battery
selection, improving battery utilization, reducing operation and maintenance
costs, policy support and scientific research and other measures [5]. We intend
to propose strategic recommendations to minimize costs, which can serve as
valuable references and guidance for the future advancements of the energy
storage industry [6].

2 Overview of ESP Station

2.1 Concept of ESP Station

An ESP station employs advanced battery technology for the storage and
distribution of electricity, featuring a battery pack as a key component. The
ESP station contributes several advantages to the power system. It plays a
crucial role in enhancing power quality and stabilizing the power system
by mitigating power fluctuations and regulating grid frequency. Moreover, it
effectively reduces transmission and distribution losses through the optimiza-
tion of power dispatch and distribution. Additionally, energy storage stations
address peak demand by supplying extra power during high-demand periods
and storing surplus power during periods of low demand [7, 8].

ESP stations are classified into various types based on the technology and
principles used. These include hydraulic storage stations, which use water
height differences for electricity storage, and mechanical energy storage
plants, utilizing flywheels, compressed air, and liquid flow technologies.
Electron chemical energy storage stations involve sodium-sulfur batteries,
lithium-ion batteries, and flow batteries, while phase change energy storage
stations encompass molten salt heat and ice storage. These advanced tech-
nologies offer diverse application values, enhancing power system stability
and reliability, reducing transmission and distribution losses, meeting peak
and off-peak demand, and supporting the integration and advancement of
renewable energy [9]. Figure 1 illustrates Cost composition of ESP station.
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Figure 1 Cost composition of ESP station.

2.2 Application Scenarios of EST

EST has diverse application scenarios across the energy landscape, offering
solutions to various challenges and opportunities in power systems. One
notable application is the integration of renewable energy sources. ESS play a
pivotal role in mitigating the intermittent nature of renewable energy sources
by storing surplus energy during periods of high production and releasing it
during times of heightened demand. This capability helps stabilize the grid,
reduce reliance on traditional fossil fuel-based power generation, and con-
tribute to a more sustainable and environmentally friendly energy ecosystem.
By swiftly releasing stored electricity to adjust the frequency, ESS improve
the overall stability and reliability of the power system. Additionally, these
systems offer backup power supply during peak demand, ensuring uninter-
rupted power for essential loads and further bolstering the power system’s
reliability.

EST finds applications in demand-side management, enabling load shift-
ing and peak shaving to optimize energy consumption. Moreover, it offers
ancillary services, including frequency regulation, voltage support, and grid
stabilization, thereby contributing to enhanced grid resilience and efficiency.
In the transportation sector, EST is essential for electric vehicles, enabling
efficient energy storage and release for sustainable and clean mobility
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solutions. EST addresses power grid frequency instability by swiftly releas-
ing stored electricity to adjust the frequency, thereby improving the overall
stability and reliability of the power system. Additionally, EST offers backup
power supply during peak demand, ensuring uninterrupted power for essen-
tial loads and further bolstering the power system’s reliability [10]. EST
plays a crucial role in integrating renewable energy sources by storing
excess energy generated during periods of high production and releasing it
during times of high demand. This capability helps balance the supply and
demand of electricity, reducing the reliance on traditional fossil fuel-based
power generation and contributing to a more sustainable and environmentally
friendly power system. EST reduces energy losses, lowers reliance on con-
ventional energy sources, and supports the development of renewable energy
by improving reliability and utilization rates [11]. As technology advances
and costs decrease, its prospects in power systems will broaden [12].

3 Trend Analysis of Battery Cost Change

3.1 Composition and Influencing Factors of Battery Cost

The changing trend of battery cost is a complex process influenced by many
factors. From the historical data, battery costs have been falling, but the
specific trend is influenced by the material cost, production scale, manu-
facturing process, battery management system and other factors. Material
cost is an important part of the battery cost. As technology advances, new
battery materials have been developed, further driving the decline of battery
costs [13]. This trend is expected to continue as advancements in manufactur-
ing technology, economies of scale, and increased demand in the expanding
energy market further contribute to the decline in battery costs. Addition-
ally, ongoing research and development efforts are focused on enhancing
battery performance and efficiency, driving the anticipated cost reduction.
These advancements are expected to significantly impact the adoption and
integration of battery ESS in various applications, potentially revolutionizing
the energy storage landscape.

Secondly, the expansion of production scale stands as a crucial factor
contributing to the decline in battery costs. The rapid growth of electric
vehicles has propelled the continuous expansion of battery production scale,
thereby inducing the scale effect. This effect plays a pivotal role in fur-
ther diminishing the production cost of batteries. The phenomenon of mass
production facilitates the realization of scale effects, enhancing production
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Figure 2 Energy conversion process of ESP station.

efficiency, and subsequently reducing production costs. A notable example is
Tesla, which has effectively bolstered the competitiveness of electric cars by
engaging in mass production of both electric cars and battery packs [14].

The improvement of the manufacturing process is also an important factor
in the reduction of battery costs. Progress and innovation in manufacturing
processes, such as new coating technology, large-capacity continuous produc-
tion lines, etc., can improve production speed and quality, reduce waste and
scrap rate in the production process, thus reducing the cost of batteries [15].
For example, Ningde Times has greatly improved its production efficiency
and reduced the cost of batteries by using continuous production lines to
produce batteries. The optimization of battery management system is also
one of the factors in the reduction of battery cost. Battery management
system is an important part of electric vehicles and ESS. It can monitor
and control the charge and discharge state, temperature, voltage and other
parameters of the battery, and improve the reliability and life of the battery.
With the continuous optimization of the battery management system, the
cost of batteries is gradually decreasing. For example, BYD has successfully
improved the range and battery life of electric vehicles by adopting advanced
battery management systems, thus reducing battery costs [16, 17].

The changing trend of battery cost is affected by a variety of factors,
including material cost, production scale, manufacturing process, battery
management system, etc. As these factors are optimized and improved, the
cost of batteries will continue to decrease [18, 19]. Figure 2 is energy
conversion process.
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3.2 Change Trend of Battery Cost and Impact on Cost of ESP
Station

The changing trends in battery cost are influenced by various factors, includ-
ing material cost, production scale, manufacturing processes, and battery
management systems. These factors play a significant role in shaping the cost
dynamics of energy storage technologies.

Historical data reveals a fluctuating pattern in battery costs, with notable
decreases over recent years. This decline can be attributed to continuous
advancements in materials science and improvements in manufacturing pro-
cesses, as well as the expansion of production scale. These developments
have collectively contributed to the reduction in battery costs, making energy
storage technologies more economically viable.

The impact of shifting battery cost trends on the overall KWH cost of
ESP stations is significant. As battery costs decrease, the cost-effectiveness
of ESS improves, thereby enhancing their competitiveness and potential
for widespread adoption in power systems. This dynamic cost landscape
underscores the importance of examining and understanding the implications
of changing battery cost trends on the energy storage industry.

The changing trends in battery cost have a profound impact on the cost
of ESP stations. As technology continues to advance and costs decrease,
the future of energy storage technologies appears promising, with increased
potential for economic viability and widespread integration in the evolving
energy landscape.

The cost of batteries has a substantial impact on the overall KWH
cost of ESP stations [20]. Factors such as material cost, production scale,
manufacturing processes, and battery management systems influence the
changing trend of battery cost. Continuous development in materials science
and improvements in manufacturing processes, along with the expansion of
production scale, are driving the reduction in battery costs [21]. Additionally,
advancements in battery technology, such as the development of new and
more efficient battery materials, are contributing to the decreasing trend in
battery costs. Moreover, the evolution of battery management systems and
the increasing deployment of energy storage solutions are also playing a
significant role in driving down the overall KWH cost of ESP stations. As a
result, these factors collectively contribute to the ongoing reduction in the cost
of batteries, making EST more economically viable for widespread adoption
in power systems.

The decreasing costs of batteries will result in lower construction and
operation expenses for energy storage stations. The construction cost of ESP
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station mainly includes the cost of battery pack, charging equipment, dis-
charge equipment and management system. In addition, With the continuous
optimization of battery management system, it can help reduce the operation
and maintenance cost of energy storage station [22]. As battery costs fall, the
construction and operation costs of energy storage stations decrease, which
will help reduce the cost of KWH electricity. For example, assume a battery
life of an energy storage station of 10 years and a total charge of 100 kWh.
A 10% reduction in battery costs would also lead to a corresponding 10%
decrease in construction expenses for energy storage stations, effectively
lowering the overall energy storage cost by 10 kWh. Over a 10-year life cycle,
this would result in a cumulative reduction of 100 kWh in energy storage
costs, ultimately decreasing the cost per kWh [23, 24].

4 Cost Analysis of ESP Station

4.1 Cost Composition of ESP Station

Battery cost is usually the key factor affecting the overall cost, because the
battery is the core component of the ESP station. The ESP battery energy
recovery system is an advanced technology applied to battery packs, which
can effectively recover the waste heat generated during the discharge pro-
cess of the battery and convert it into electrical energy for storage, thereby
improving the energy utilization rate and range of the battery. In addition, the
cost of system integration is also an important aspect, which includes the cost
of installation, connection, control system and so on [25]. The battery cost
includes purchase, maintenance, and replacement costs, while the charging
equipment cost encompasses purchase, operation, and maintenance expenses.
Figure 3 shows cost analysis.

The survey found that due to the lack of relevant grid-connected access,
scheduling operation, safety guarantee and recovery and disposal standards,
other cost accounting of energy storage projects lacks standardization at
present, and ratio to cost of energy storage reaches 10%∼20%. In the future,
with the standardization of the implementation standards for energy storage
projects, this cost will be significantly reduced. The calculation formula is
shown in Equations (1) and (2).

Coth−e = λothCsys−e (1)

Coth−p = λothCsys−p (2)
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Figure 3 KWH cost analysis of several types of typical energy storage technologies.

Where Coth−e (ten thousand yuan/(MW·h)) and Coth−p (ten thousand
yuan/MW) are the other costs of EST in capacity and power scenarios,
respectively; λoth for the ratio of the other costs to the system costs.

The civil construction cost of ESP stations covers design, construction,
and reconstruction expenses. In electron chemical EST, flow battery civil
construction costs are higher, while other electron chemical ESP station civil
construction costs are relatively similar [26]. The calculation formula is as
shown in (3) and (4).

Cbop−e = λbopCsys−e (3)

Cbop−p = λbopCsys−p (4)

Where, Cbop−e (Ten thousand yuan/(MW·h)) and Cbop−p (Ten thousand
yuan/MW) is the civil construction cost of EST in capacity type and power
type energy storage scenarios respectively; λbop is ratio of civil engineering
cost to the system cost.

Generally speaking, battery cost accounts for the largest proportion of
the total cost, so reducing battery cost is the key to reducing the KWH cost
of energy storage plants. But at the same time, the cost of other equipment
can not be ignored, especially the cost of charging equipment and discharge
equipment [27].
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In order to reduce cost of ESP station, a series of measures can be
token, such as optimizing design, reducing manufacturing cost, improving
equipment efficiency, extending the service life of equipment, etc. In addition,
it is also very important to choose the appropriate EST. Different energy
storage technologies have different advantages and disadvantages. We need
to choose the most appropriate technology according to the actual situation
to maximize the economic benefits of ESP station.

4.2 Influence of Different Factors on KWH Cost of ESP Stations

KWH cost of ESP station is affected by many factors. One of the most
important factors is the cost of batteries, which directly affects the overall
cost. Equipment costs, operating and maintenance costs, and system integra-
tion costs can also have an impact on costs. At the same time, technological
progress, economies of scale, policy support and other factors will also have
an impact on the cost.

Considering the development trend of lithium-ion battery technology,
the cost of KWH is expected to fall to 0.5 yuan/KWH in 2025, and to 0.3
yuan/KWH in 2030. This projected decrease in cost is driven by advance-
ments in manufacturing technology, economies of scale, and increased
demand in the expanding energy market. Additionally, ongoing research and
development efforts are focused on enhancing battery performance and effi-
ciency, further contributing to the anticipated cost reduction. These advance-
ments are expected to significantly impact the adoption and integration of
lithium-ion battery ESS in the coming years, potentially revolutionizing the
energy storage landscape.

Charge and discharge efficiency is also a key factor affecting the cost
per kilowatt hour of ESP station. The higher the charging and discharging
efficiency means that the less energy the battery loses during the charging
and discharging process, thus improving the utilization and benefit of the
battery. Therefore, the selection of efficient charging and discharge equip-
ment, as well as optimizing the charging and discharge strategy, can improve
the charging and discharge efficiency and reduce the KWH cost. Figure 4
shows the energy storage auxiliary AGC (Automatic Generation Control) FM
diagram.

Policy support is also one of the important factors affecting the kilowatt
cost of ESP stations. Policy support can reduce the investment cost and
improve the feasibility of industry development, thus indirectly reducing the
KWH cost. Effective policy measures often encompass a range of incentives,
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Figure 4 Energy storage auxiliary AGC frequency modulation diagram.

subsidies, and regulatory frameworks designed to incentivize establishment
and expansion of ESP networks.

The development of EST is also one of important factors affecting the
kilowatt cost of ESP station. For example, with the continuous progress of
lithium-ion battery technology, its charging and discharge efficiency will
be continuously improved, thus improving the economic benefits of ESP
station [28].

Battery life, charge, discharge efficiency, policy support and EST devel-
opment will all affect the kilowatt cost of energy storage stations. In order
to reduce the cost of KWH, it is necessary to consider various factors and
formulate corresponding strategies and measures. At the same time, it is also
necessary to strengthen the research and development and innovation of EST
to promote development and application of energy storage industry [29].

5 Kilowatt Hour Cost and Mileage Cost of Energy Storage

5.1 Kilowatt Hour of Electricity Cost

Calculation formula of KWH cost is shown in Equation (5), and the detailed
formula is shown in (6).

Kilowatt hour cost =
Csum

Esum
(5)

Cost =
Csys−p + Cpcs−p + Cbop−p + Com−p + Coth−p − Crec−p

Nc · β · γ · α
(6)

In the formula, Csum is the total cost of the whole life cycle of the ESP
station; Esum is total processing power of whole life cycle of energy storage
station; DOD (Depth Of Discharge) is the discharge depth (%), for physical
energy storage, DOD is set to 100%; n is cycle V of ESS under designed
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DOD; for physical energy storage, n = Service life (year) 365 daily operation
times (times) annual operation ratio (%); η is the system energy efficiency
(%); ζ is the equivalent capacity retention rate (%) for each cycle of ESS.
Capacity loss of physical ESS with time is very small, ζ is set to 1, for electron
chemical energy storage, such as formula (7):

ζ =

∫ n
1

[
1− (N − 1)1−ε

n

]
dN

n
(7)

Where ε is the capacity retention rate at the end of the system life. There
is no unified termination standard for the electron chemical ESS in capacity
energy storage scenarios. After investigation and research, and comprehen-
sively considering the system safety (especially the internal short circuit
risk) and the battery capacity attenuation characteristics (diving attenuation
inflection point), this article is the system termination scrap standard.

For lithium-ion battery EST, cost of power conversion and civil engineer-
ing has limited potential for reduction from a lifecycle cost perspective. Over
the past eight years, the energy cost of lithium-ion batteries has decreased
by nearly 80% [30], from 4.5–6 million yuan/(MW·h) to 1–1.5 million
yuan/(MW·h). The cost reduction rate is not linear and is constrained by
existing technology, necessitating the development of transformation bat-
tery technology. Improvements in battery structure and processes could
potentially reduce KWH cost to about 0.3 yuan/(kW·h), meeting the tar-
get requirements for large-scale commercial application of capacity energy
storage. Figure 5 shows analysis of influencing factors of KWH cost.

5.2 Mileage Cost

Primary power modulation refers to the governor and load characteristics
of the unit automatically absorbing high-frequency and low-amplitude load
fluctuations to mitigate frequency changes. This modulation occurs on a
timescale ranging from seconds to minutes, and the typical response time of
thermal power units falls within the range of 10 to 30 seconds. On the other
hand, secondary frequency modulation involves AGC frequency modulation.
The unit follows AGC instructions to address regional control deviations and
achieve no-difference adjustments. Figure 6 illustrates the annual electricity
expenditure in various regions.

Due to the limitation of energy conversion mechanical process, the
response speed of thermal power unit providing secondary frequency modu-
lation is slower than that of primary frequency modulation, and the response
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time generally needs 1∼2 min. Frequency reflect the amount of the unit
completed frequency modulation task as formula (8). Intricacy of the sec-
ondary frequency modulation process stems from the need for thermal power
units to make nuanced adjustments in response to fluctuations in the grid’s
frequency. This involves intricate coordination of various components within
the power unit.

Smil =

T−1∑
k=1

|P fr
k+1 − P fr

k | (8)

Where k is the running time; T is the total statistical time; SmilP
fr
k modu-

lation mileage; frequency modulation output power at time k. Formula (9) is
an example of the calculation method of FM mileage:

Kilowatt hour electricity consumption =

∑n
i=1Ci∑n
i=1Ei

(9)

Where Ssum is total frequency modulation mileage; η is the system
energy efficiency (%); α should be close to 1; β is the frequency modulation
output coefficient, Actual response frequency modulation power and the rated
power of the power station for example formula (10):

β =
Pk

P0
(10)

Among, Pk Actual frequency modulation power (MW) for the effective
AGC at time k; P0 is the rated power (MW) of the power station. In this paper,
β is 0.8, the higher the system utilization rate. Effective frequency modulation
response times in the whole life cycle of the plant, and the calculation method
is as shown in (11) and (12):

Nc =
24 · 60 · y · 365 · Y

teff + tint
(11)

Wc =
12 · 30 · y · 365 · Y

tf + ti
(12)

Among them, ψ is the annual operation ratio (%) of the power station;
The teff value is related to application scenario; AGC auxiliary frequency
modulation is generally 0.5∼3 min, here 1.8 min; Y is the system life (year).

The power conversion cost is about 500,000 yuan/MW, and the civil
construction cost of the power station is about 200,000 yuan/MW. According
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Figure 7 Energy cost of ESP life cycle.

to the life of the ESS is 5 years, the operation and maintenance cost of the
power station is about 350,000 yuan/MW, and the other costs are 180,000
yuan/MW. The cost of the system power components of the power type
lithium iron phosphate ESP station is relatively large, and the residual value is
relatively high, so the residual value of the power station can be calculated as
370,000 yuan/MW. At present, the power type lithium iron phosphate battery
has been able to obtain good profits in the local power auxiliary service
market. Figure 7 shows energy cost of ESP life cycle.

6 Conclusion

The cost of energy storage technology is a key factor determining its feasibil-
ity for industrialization and large-scale application. At present, the investment
cost of pumped storage power stations is about 5500–7000 yuan/kW, and the
cost of kilowatt hours is between 0.21–0.25 yuan/(kW·h). The development
of site selection economy in the future may lead to a slight increase in kilowatt
hour costs. Although capacitive EST is superior to lead batteries and lithium
iron phosphate batteries, it still has shortcomings compared to pumped stor-
age, with a cost of 0.6 to 0.8 yuan/(kW·h) per kilowatt hour. Relying solely
on the peak valley price difference may not ensure profitability. In electric
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power scenarios, the mileage cost of lithium iron phosphate battery energy
storage stations ranges from 6 to 9 yuan/MW, which may generate revenue in
the local auxiliary frequency regulation service market.

In line with the goal of achieving “low cost, long lifespan, high safety,
and easy recycling”, future research on electrochemical EST should focus on
specific fields. This includes developing destructive internal safety and con-
trollable technologies for ESS to elevate safety to a completely controllable
level. Destructive repair and lifespan extension technologies are also needed
to extend the lifespan of ESS to 10 to 20 years. In addition, the development
of battery structure technology and low-cost recycling methods is crucial
for achieving efficient and environmentally friendly resource regeneration,
with a target regeneration rate of over 90% for precious metal elements. The
pursuit of low-cost system manufacturing technology aims to reduce system
costs by more than 40%, which will help promote the widespread adoption
and localization of high-performance energy storage equipment to serve the
global energy storage market.
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