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Abstract

The cost of Energy Storage System (ESS) for frequency regulation is difficult to calculate due to battery’s degradation
when an ESS is in grid-connected operation. To solve this problem, the influence mechanism of actual operating
conditions on the life degradation of Li-ion battery energy storage is analyzed. A control strategy of Li-ion ESS
participating in grid frequency regulation is constructed and a cost accounting model for frequency regulation
considering the effect of battery life degradation is established. The estimated operating life and annual average
cost of the Li-ion ESS under different dead bands and SOC set-points are calculated. The case studies show that the
estimated operating life of the Li-ion ESS under the actual operating condition differs significantly from the nominal
life provided by the manufacturer under the standard condition and the full discharge mode. This paper provides
an accurate costing method for the ESS participating in grid frequency regulation to help the promotion of the ESS
to participate in the ancillary service market.

Keywords: Energy storage system, Estimated operating life, Cost accounting method, Frequency regulation, Dead
band

1 Introduction
Fossil fuel-based energy model has caused serious envir-
onmental problems whereas wind power development has
gradually become an important way to push low-carbon
energy transition. However, with increased large-scale
wind power being centrally connected to the grid and re-
placing traditional frequency regulation units, power sys-
tems with high wind power penetration are facing a severe
frequency regulation issue. In addition, the high random-
ness and variation of wind power lead to frequent action
of traditional frequency regulation units resulting in in-
creased abrasion of the mechanical devices and reduced
operating life. Therefore, it is urgent to develop a new fre-
quency regulation method for power systems.
The Li-ion ESS has flexibility and fast response charac-

teristic, and large-scale application of Li-ion ESS has
attracted extensive attention. However, current energy

storage costs are relatively high and there is no effective
frequency regulation compensation mechanism for ESSs
in China. Therefore, the incentive for ESS to participate
in power system frequency regulation has not been
established. Consequently, some energy storage stations
have not been fully utilized, resulting in a waste of re-
sources. Accounting the cost of energy storage for fre-
quency regulation is an important step for the
development of energy-saving frequency regulation com-
pensation strategy, which can help to promote the devel-
opment of ESS to participate in the frequency regulation
service market.
Energy storage frequency regulation cost is related to

not only the technology and economy of the ESS itself
but also energy storage frequency regulation strategy,
system frequency fluctuation characteristics etc. Previous
researches have provided useful insights in these re-
spects. The cost of ESS is closely related to its operating
life which is affected by the operating conditions
(charge-discharge power, depth of discharge) [1, 2],

* Correspondence: yangg@neepu.edu.cn
Department of Electrical Engineering, Northeast Electric Power University,
Jilin, China

Protection and Control of
Modern Power Systems

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made.

Yan et al. Protection and Control of Modern Power Systems  (2018) 3:4 
DOI 10.1186/s41601-018-0076-2

http://crossmark.crossref.org/dialog/?doi=10.1186/s41601-018-0076-2&domain=pdf
mailto:yangg@neepu.edu.cn
http://creativecommons.org/licenses/by/4.0/


ambient temperature and other factors. The nominal life
given by the manufacturers is the test result in a specific
charge-discharge mode measured by the cycle charge-
discharge time. When an ESS participates in grid fre-
quency regulation, the charge-discharge mode will not
be the same as the test conditions, resulting in the ESS
operating life under frequency regulation mode being
very different from the data given by manufacturers. Pre-
vious cost accounting method is based on the average
cost of nominal life, which is very different from the ac-
tual cost. Therefore, it is an urgent need to develop a
cost accounting method for frequency regulation of ESS
considering the effect of life degradation.
Some domestic researchers have proposed a method

that the ESS life is expressed as a sum of the available
throughputs (A·h). This method introduces the grid’s
previous scheduling function to build a dynamic
optimization model to calculate the cost and economic
aspect [3, 4]. Overseas researchers tend to convert en-
ergy storage life into a percentage to combine with the
control strategy for participation in frequency regulation
to calculate its economic aspect [5–7]. Real-time price
of energy storage market should be considered for cost
calculation. The current market price of the Li-ion ESS
is 2500–4500 (yuan / kWh), which has gone down by
60% compared to 2010 [8, 9]. Taking primary frequency
regulation as an example, references [10, 11] analyzed
the model combining wind power and energy storage,
and proposed an ESS’s control strategy to reduce wind
curtailment and to participate in primary frequency
regulation. With the maximum profit of wind-storage
combination as the objective, an optimization model of
ESS was established. For secondary frequency regulation,
references [12–14] drew a conclusion that the annual in-
vestment cost of one ESS is 2.7–4.7 times as a heat-
engine plant. However, the ESS is superior in the oper-
ation and maintenance costs. Existing researches have
focused on the optimization of control strategies and the
economic benefits, while the degradation of life was only
considered under a given control strategy and given fre-
quency regulation modes [15–18]. Therefore, current
studies are short of a comprehensive and effective cost
accounting method, which does not encourage the for-
mation of ancillary service compensation mechanism,
restrict the development of the ESS, and even hamper
the grid integration of large-scale wind power.
This paper focuses on the cost accounting of the ESS

to participate in power system frequency regulation. In
Section 2, Li-ion battery life degradation model is con-
structed. Section 3 shows the influence mechanism of
actual operating conditions on energy storage life deg-
radation. A frequency regulation control strategy and an
ESS frequency regulation cost accounting model consid-
ering life degradation are established in Section 4. The

estimated operating life and the annual cost of the ESS
under different frequency dead bands and SOC set-
points are analyzed in Section 5, whereas Section 6
draws the conclusions.

2 Methods
2.1 Li-ion battery life degradation model
Under given charge-discharge mode and ambient
temperature, the Li-ion battery cycle life refers to the
cycle charge-discharge time until the battery capacity re-
tention rate drops down to the specified nominal cap-
acity value.
The Li-ion energy storage life degradation refers to life

loss caused by the deterioration of battery functional
properties and changes of working conditions. The life
degradation is closely related to battery cycle time,
charge-discharge status, temperature and other factors.
It is expressed as a percentage reduction of Li-ion bat-
tery cycle life, and includes static degradation and dy-
namic degradation as:

X ¼ XS þ XD ð1Þ
The static degradation XS is caused by the degradation of

functional properties of the Li-ion battery, including the
thickening of the electrolyte interface film, the oxidation of
electrolyte and the loss of electrode active material. Such
functional property degradation will increase the internal
resistance of the storage battery and lead to capacity reduc-
tion. Since XS is independent of the operating condition, it
is generally considered to be linear with shelf life of the
battery. The yearly static degradation can be expressed as:

XS ¼ 100%
T

ð2Þ

where T represents the battery shelf life/year. For ex-
ample, if the Li-ion battery shelf life is 20 years, one
year’s static degradation is 1/20 = 5%.
The dynamic degradation XD corresponds to the deg-

radation caused by changes in the operating status of the
Li-ion battery. Operating conditions include the depth of
discharge and the charge-discharge rate, corresponding
to the battery’s charge-discharge process. As actual
charge-discharge cycles are aperiodic, the dynamic life
degradation is non-linear. Therefore, actual operating
conditions should be considered to calculate the dy-
namic degradation given by:

XD ¼
Xn
k¼1

1=Ck ijð Þ ð3Þ

where k refers to the kth charge-discharge interval, i and
j represent the start and end of charge-discharge with
the SOC values being SOCi and SOCj, respectively. n is
the number of charge-discharge cycles in the sampling
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time. Ck (ij) is the number of cycles when the Li-ion
ESS’s SOC charges and discharges between i and j until
the actual capacity of the storage battery drops down to
60% of its nominal capacity, and is given by:

1
Ck ijð Þ

¼ 1
2

1
Ck ið Þ

−
1

Ck jð Þ

� �
ð4Þ

where, as regards to the kth interval, Ck(i) and Ck(j) are
the cycle numbers when the SOC charges and dis-
charges from SOCi and SOCj to 100%, respectively, until
the actual capacity of the storage battery drops down to
60% of its nominal capacity. 1/Ck(i) and 1/Ck(j) are the
dynamic cycle degradation that the SOC charges and
discharges between SOCi and SOC100%, and SOCj and
SOC100%, respectively. The derivation of (4) can be ex-
plained by considering the dynamic degradation (1/Ck(ij))
to be the dynamic degradation of SOC from SOCi to
SOCj which equals half the value of the cycle dynamic
degradation between SOCi and SOC100% minus that be-
tween SOCj and SOC100%.
Since the Li-ion battery life is measured by the num-

ber of cycles, the static degradation and the dynamic
degradation need to be equivalent to the reduction of
the number of cycles. Assuming the lithium battery cycle
life is 4500 times under a given condition (80% DOD),
and at this time, the capacity retention rate drop to 60%.
Similarly, if the Li-ion battery idles for 20 years, the cap-
acity retention rate will also drop to 60%. As the static
degradation is linear, it can be considered that it will
consume 4500 × 5% = 225 cycle times if the Li-ion bat-
tery remains idle for one year. So the percentage of life
degradation caused by the static degradation and dy-
namic degradation can be considered in a similar
process causing the Li-ion battery capacity retention rate
to drop to 60%.
In summary, the Li-ion battery life degradation mode

under actual operating conditions is given by:

X ¼ XS þ XD ¼ 100%
T

þ
Xn
k¼1

1
2Ck ið Þ

−
1

2Ck jð Þ

����
���� ð5Þ

Therefore, it is only necessary to analyze the relation-
ship between the cycles of Li-ion ESS and the state of
charge (SOC) or the depth of discharge (DOD). Thus,
the Li-ion ESS life degradation of any charge-discharge
interval under actual operating conditions can be calcu-
lated and the operating life of energy storage battery can
be estimated.

2.2 Influence of depth of discharge on Li-ion ESS operat-
ing life
Li-ion batteries are tested at normal room temperature
(20 ± 5 °C), and are charged and discharged with con-
stant current and constant voltage (1C model). Using

different depth of discharge as each charge-discharge in-
dicator, Li-ion battery cycle life refers to the number of
cycles until the actual capacity of the battery drops down
to 60% nominal capacity.
The measured data of the LiFePO4 battery (one kind

of Li-ion battery) shown in Fig. 1 is given by manufac-
turers. Under standard conditions, with different DOD
as each charge-discharge indicator, it shows the varia-
tions of the LiFePO4 battery actual capacity retention
rate as the number of cycles changes.
It can be seen from Fig. 1 that the relationship be-

tween battery capacity retention rate and the number of
cycles is analogously parabolic. The deterioration rate of
the battery is reflected in two stages. In the first stage,
the battery decay rate gradually decreases, indicating
that the battery tends to self-stabilize its state. In the
second stage, the battery decay rate increases, indicating
that the battery begins to accelerate its aging. It can also
be seen from Fig. 1 that the higher the DOD value is,
the faster aging rate of the battery becomes, and the
fewer the cycle is. The relationship between the dis-
charge depth and the cycle life is approximately expo-
nential [3] and for the LiFePO4 battery it can be fitted
as:

Ci ¼ 28270e −2:401DODið Þ þ 2:214e 5:901DODið Þ ð6Þ
where Ci is the number of cycles when the depth of dis-
charge is DODi.
Fig. 2 shows the relationship between DOD and cycle

life calculated using (6). For other kinds of batteries
similar fitting methods can also be used.
The formula DODi = 1-SOCi means that battery

charges and discharges repeatedly between SOCi and
SOC100% at DODi. According to DODi = 1-SOCi and (6),
the relationship between the cycle life and SOC can be
expressed as:

Ci ¼ 28270e −2:401 1−SOCið Þð Þ þ 2:214e 5:901 −SOCið Þð Þ ð7Þ

Fig. 1 Battery capacity retention under different DOD
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In summary, combing with the depth of discharge and
state of charge, the annual life degradation model of energy
storage battery under actual operating conditions is given as:

X ¼ 100%
T

þ

X
k¼1n

1

2� 28270e−2:401 1−SOCk ið Þð Þ þ 2:214e5:901 1−SOCk ið Þð Þh i

−
1

2� 28270e−2:401 1−SOCk jð Þð Þ þ 2:214e5:901 1−SOCk jð Þð Þh i

����������

����������
ð8Þ

2.3 The cost accounting model for the frequency
regulation of the Li-ion ESS considering the effect of life
degradation
2.3.1 The cost accounting model
The cost accounting model of the Li-ion ESS is deter-
mined by the total initial investment cost, estimated oper-
ating life, operation and maintenance costs, and is give as:

CA ¼ CINV=TLC þ COM ð9Þ

where CA is the annual cost of the Li-ion ESS, CINV is the
total cost of the initial investment of the Li-ion ESS,TLC is
the estimated operating life (in years) of the Li-ion ESS
considering the life degradation. CO&M is the annual oper-
ation and maintenance cost. Because the Li-ion ESS
CO&M is much less than the initial investment, it is consid-
ered to be fixed in the case setting. The total cost of the
initial investment of the Li-ion ESS is given by

CINV ¼ λPPESS þ λEEESS ð10Þ

where PESS and EESS are the respective rated power and
capacity of the Li-ion ESS, λP is the unit price of the Li-
ion ESS power, and λE is the unit price of the Li-ion ESS

capacity. These parameters are given in Table 1 of the
case setting.

2.3.2 The control strategy of the Li-ion ESS participating in
power grid frequency regulation
(1) Energy storage power output constraints

Pmin
t ≤Pt ≤Pmax

t ð11Þ
where Pt is the charge-discharge power of the Li-ion
ESS. The ESS works in the charge state when Pt > 0, and
in the discharge state when Pt < 0.

(2)Storage SOC constraints

SOC t þ Δtð Þ ¼ SOC tð Þ þ wfrη

EESS
ð12Þ

SOCmin≤SOC t þ Δtð Þ≤SOCmax ð13Þ
where wfr is the energy of the Li-ion ESS participating in
the grid frequency regulation, is the efficiency of the
Li-ion ESS. Because manufacturers usually only provide
the total efficiency ( ) of ESSs, it is considered as the
balanced result of charge and discharge efficiency in this
paper. SOCmin and SOCmax are the minimum and max-
imum values of allowed ESS’s SOC.
The ESS utilizes the bi-directional flow of the battery

energy to support network frequency to prevent it from
deviating the standard range. The ESS charging and dis-
charging power is given as [2]:

pt ¼ KESS � f t−f ref 1
� �

f t > f ref 1

pt ¼ 0 f ref 2 < f t < f ref 1
pt ¼ KESS � f t−f ref 2

� �
f t < f ref 2

8>>><
>>>:

ð14Þ

Fig. 2 The relationship between DOD and cycle life

Table 1 The LiFePO4 battery ESS System installed capacity and
the power/capacity parameters

Parameter Number

PNWF/MW 54.4

PESS/MW 5

EESS/MWh 2.5

λP/(yuan·kW-1) 1000

λE/(yuan·kWh-1) 1880

CO&M/(yuan·kW-1) 24

SOCset-point 0.5

SOCmin 0.1

SOCmax 1
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When the power supply is higher than the load de-
mand, the system frequency rises above fref1. The ESS
charges and absorbs power from the power grid until
the system frequency drops down to fref1. When the
power supply is less than the load demand and the sys-
tem frequency drops below fref2, the ESS discharges and
releases power to the power grid until the system fre-
quency moves up to fref2. The ESS’s unit adjustment
power KESS is directly related to the effect of the control
strategy. Because of the limitation of energy storage cap-
acity, this control strategy is only suitable for the pri-
mary frequency regulation of an interconnected system.
It can be seen from (14) that the frequency regulation

dead band (fref1, fref2) directly affects the charge-
discharge power (pt) of the ESS, and its life degradation
and operating life TLC.

2.3.3 The calculation of the ESS frequency regulation power
The main benefit of the Li-ion ESS for frequency regula-
tion is from frequency regulation energy wfr. As for the
frequency regulation period from ti to tj, the frequency
regulation energy wfr is given as:

wfr ¼
Z tj

ti

ptdt ¼
Xtj
t¼ti

pt � Δt ð15Þ

where pt is the charge-discharge power of the Li-ion ESS
in the period from ti to tj.

2.3.4 Calculation of the ESS estimated operating life TLC
As for the energy storage frequency regulation period ti
to tj, the change of the ESS SOC is:

SOC tj
� � ¼ SOC tið Þ þ wfrη

EESS
ð16Þ

According to SOC(tj) and SOC(ti), and combining (4)
and (7), the dynamic degradation XD can be obtained.
As previously described, the static degradation XS of the
period is calculated according to (2). In summary, the
life degradation of the frequency regulation period (ti, tj)
is calculated as (17).

X ti;;tjð Þ ¼ XS þ XD ¼ tj−ti
T � 365� 24� 60

�
100%þ

1
2� 28270e−2:401 1−SOC tið Þð Þ þ 2:214e5:901 1−SOC tið Þð Þ½ �
−

1

2� 28270e−2:401 1−SOC tjð Þð Þ þ 2:214e5:901 1−SOC tjð Þð Þh i

����������

����������
ð17Þ

Similarly, according to the given frequency curve and
dead band, ΔSOC changes within one year can be calcu-
lated. Combining with the life degradation model of the

energy battery in (8), one-year life degradation (Xy) of
the Li-ion ESS is expressed as:

Xy ¼ XS yð Þ þ XD yð Þ ¼ 100%
T

þ

X
k¼1

n

1

2� 28270e−2:401 1−SOCk ið Þð Þ þ 2:214e5:901 1−SOCk ið Þð Þh i

−
1

2� 28270e−2:401 1−SOCk jð Þð Þ þ 2:214e5:901 1−SOCk jð Þð Þh i

����������

����������
ð18Þ

where n is the number of charge-discharge cycles in one
year. Fig. 3 shows the calculation flowchart to obtain Xy.
It can be assumed that the annual demand for frequency

regulation in late years is similar to the demand of the first
year. The actual capacity of the Li-ion ESS at the end of
the first year is the rated capacity of the Li-ion ESS at the
second year. So the Li-ion ESS life degradation of the sec-
ond year can be calculated and so on for the rest years.
When the Li-ion ESS operation life degradation process
reaches 100% as shown in (19), the estimated operating life
(TLC) under the corresponding dead band can be obtained.

Xy¼TLC

y¼1

Xy ¼ 100% ð19Þ

According to different estimated operating life TLC of
the Li-ion ESS under different dead bands, the average
cost CA can be calculated according to (9) and (10).

3 Results and discussion
3.1 Case analysis
3.1.1 Case setting
The selected case is a wind farm with an ESS in Liaoning
power grid, which is an interconnected system. In 2015,
the installed capacity of the Liaoning power grid was
4.32 × 104 MW, and the maximum load was 2.34 ×
104 MW. The wind farm is rated at 54.4 MW (PNWF)
and equipped with 64 G58-850 kW doubly-fed asyn-
chronous wind generators, whereas the rated power of
the ESS is 5 MW. In order to achieve similar effect as
synchronous generator frequency regulation, the fre-
quency coefficient of the Li-ion ESS is set the same as
the synchronous generators, i.e. KESS = 0.4 × PNWF =
21.76 MW/Hz. According to the power system fre-
quency regulation need (including the primary frequency
regulation and the secondary frequency regulation), the
regulation time is about 30 min. Thus, the storage sys-
tem capacity EESS is set as 5 MW× 0.5 h = 2.5MWh. In
the case study, the ESS is only used for frequency regu-
lation. The LiFePO4 battery energy storage system is
chosen as it has the best prospect of the current market
application. The unit ESS price is shown in Table 1, the
sampling period of the wind farm frequency is 1 min
and the data amount is 525,600.
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3.1.2 Calculation results and analysis
In this study, the frequency of the wind farm is used as
the frequency regulation target, and fref (1,2) = 50 ± x Hz
is selected as the frequency regulation dead band. When
the system frequency offset exceeds the rated frequency
by ±x Hz, the ESS will participate in system frequency
regulation.

3.1.3 Frequency regulation cost accounting under the given
dead band

(1)The sharing cost accounting without considering the
impact of life degradation

When the impact of ESS life degradation is not taken
into account, traditional storage cost accounting is just a
sharing accounting method, which uses the nominal life
provided by the manufacturers. The initial investment of
the Li-ion ESS is 970× 104 yuan, and the Li-ion ESS
nominal life is 15 years from manufacturers. The average
life degradation is 6.67%. The annual sharing cost equals
76.7 × 104 yuan (including the cost of operation and
maintenance). If the given discharge depth is 80% DOD,
the nominal life of the energy storage battery is 4500

times and the annual sharing number is 300 times,
equivalent to the ESS being fully charged approximately
once a day.

(2)The annual average cost accounting considering the
impact of energy storage life degradation under the
given frequency regulation dead band.

The given frequency regulation dead band is 50 ±
0.04 Hz and when the system frequency offset exceeds
the rated frequency by ±0.04 Hz, the ESS will participate
in the system frequency regulation. Fig. 4 shows the cal-
culated variations of the Li-ion ESS charge-discharge
power and the SOC in a typical day. As seen, the Li-ion
ESS is charged fully twice a day. One day’s frequency
regulation power and life degradation are 3.297MWh
and 0.0359%, respectively. According to the actual an-
nual frequency curve of the wind farm, this model can
be applied to calculate the annual life degradation of the
Li-ion ESS, and the result is 11.59%. The annual fre-
quency regulation power is 1175.9MWh. This indicates
that the ESS is fully charged 432 times within one year,
and the estimated operating life is 8.6 years, representing
a significant reduction from the nominal life of 15 years.
The annual average cost is thus 124.4 × 104 yuan, higher
than 76.7 × 104 yuan from the traditional sharing
accounting.

3.1.4 The annual average cost accounting under different
frequency regulation dead bands
Using different frequency regulation dead bands, the es-
timated operating life and annual average cost of the Li-
ion ESS are compared in Table 2.
As can be seen from Table 2, if the frequency regula-

tion dead band is ±0.06 Hz, the annual average cost is

Fig. 3 The calculation flowchart of Li-ion ESS estimated operating
life and annual average cost

Fig. 4 Variations of the Li-ion ESS charge-discharge power and the
SOC in a typical day (frequency regulation dead band is
50 ± 0. 04 Hz)
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72.4 × 104 yuan, which is close to the 76.7 × 104 yuan ac-
cording to the nominal 15-year life provided by manu-
facturers. When the frequency regulation dead band is
±0.033 Hz, the estimated operating life of the energy
storage is reduced to 5.95 years and its annual average
cost is increased to 175 × 104 yuan. It can be concluded
that smaller frequency regulation dead band results in
more frequent Li-ion ESS operation, leading to shorter
battery operating life and higher average annual cost.
The above example was analyzed when the SOC set-

point is 50%. Analyzing data reveals that the SOC is usu-
ally in the range of 30 to 100% when the energy storage
participates in frequency regulation. Therefore, it is ne-
cessary to analyze whether SOC set-point of 50% is the
optimal condition.
Fig. 5 shows the statistics histogram of the occurrence

of different system frequency whereas Fig. 6 illustrates
the annual duration of the energy storage frequency
regulation power for different frequency dead bands.
From Figs. 5 and 6, it can be seen that over-frequency
occurs 70.19% in one year and the duration of charge is
longer than that of discharge. Therefore, the choice of
SOC set-point is very important and affects the number
of energy storage fully charging times and life
degradation.

3.1.5 The annual average cost accounting under different
SOC set-points and different frequency regulation dead
bands
If the SOC set-point is reduced, the number of the ESS’s
fully charging times can be reduced. However, the deep
charge-discharge mode will increase the life degradation
of the Li-ion ESS. Fig. 7 and Fig. 8 show the life degrad-
ation and estimated operating life of the energy storage
under different SOC set-points and frequency regulation
dead bands. It is shown that under the same frequency
regulation dead band, the smaller the SOC set-point is,
the higher the annual life degradation and the shorter of
estimated operating life of the energy storage are. For
example, when the SOC set-point is 20% (deep charge-
discharge state) and the frequency regulation dead band
is ±0.033 Hz, the estimated operating life of the storage
is the shortest, only 4.3 years, and the annual average
cost is the largest at 237.6 × 104 yuan. This compares to
16.05 years and 72.4 × 104 yuan with the SOC set-point

Table 2 Estimated operating life and annual average cost of
the Li-ion ESS under different frequency regulation dead bands

frequency regulation dead
bands /Hz

±0.033 ±0.04 ±0.05 ±0.06 nominal
life(15y)

wfr/10
4 kWh 189.62 117.59 54.34 21.14 –

Annual life degradation/% 16.81 11.59 8. 21 6.23 6.67

TLC/year 5.95 8.63 12.18 16.05 15

CA/10
4 yuan 175.0 124.4 91.6 72.4 76.7

Fully charging cycle 696 432 201 78 –

Fig. 5 The statistics histogram of frequency amount

Fig. 6 Annual energy storage frequency regulation power
duration curve

Fig. 7 The life degradation of the ESS under different SOC set-points
and different frequency regulation dead bands
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of 50% and the frequency regulation dead band of
±0.06 Hz as previously discussed.
As small SOC set-point leads to high frequency regula-

tion power and thus, it is necessary to assess the life
degradation caused by the unit frequency regulation
power to determine the optimal SOC set-point. Fig. 9
shows the life degradation of unit frequency regulation
power under different SOC set-points and different fre-
quency regulation dead bands. It shows that when the
frequency regulation dead band is ±0.033 Hz and the
SOC set-point is 50%, the ESS life degradation of the
unit frequency regulation power is the smallest. The esti-
mated operating life of the Li-ion ESS is 5.95 years and
the annual average cost is 175 × 104 yuan. In this case, it
will consume relatively little life to complete more fre-
quency regulation tasks.

4 Conclusions
In order to improve the accuracy of the cost accounting
method for frequency regulation of the Li-ion battery
energy storage system, a model of Li-ion battery life

degradation is developed in this paper. The influence of
DOD on the Li-ion ESS operating life is analyzed and
the ESS life degradation in any frequency regulation
period under actual operating conditions are obtained.
Finally, an effective frequency regulation cost accounting
method is proposed to calculate the annual average cost
and the estimated operating life of the Li-ion ESS under
different frequency regulation dead bands and SOC set-
points, which are significantly different from the sharing
cost calculated by traditional method and the nominal
life. The proposed method provides an accurate annual
average cost of the ESS and is thus of great significance
to accelerate the construction of the pricing mechanism
of the frequency regulation ancillary service.
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