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Abstract: The capacity aging of lithium-ion energy storage systems is inevitable under long-term
use. It has been found in the literature that the aging performance is closely related to battery
usage and the current aging state. It follows that different frequency regulation services, C-rates,
and maintaining levels of SOC during operation will produce different battery aging rates. In the
simulations, the researchers used real frequency data to generate SOC curves based on the Taiwan
frequency regulation services under different C-rates and different battery SOC target levels. Then,
the aging formula of lithium iron batteries (LiFePO4 battery, LFP battery) and the proposed improved
rainflow counting algorithm were used. The capacity aging situation and economy under different
usage scenarios were analyzed. The simulation results showed that using a high C-rate and a low
SOC level had a higher net profit, and the income of dReg was more than that of sReg. The SOC of
BESS has an important impact on the life cycle. Keeping the SOC at a lower level will help prolong
the life cycle and increase the net income. In dReg0.5, maintaining the SOC at 30% would yield 8.5%
more lifetimes than 50%, 20.6% more lifetimes than 70%.

Keywords: battery energy storage system (BESS); frequency regulation service; battery degradation;
automatic frequency control

1. Introduction

In Taiwan, frequency regulation services can be roughly divided into two categories:
dynamic regulation (dReg) and static regulation (sReg). There are currently three different
modes on the power trading platform, dReg0.5, dReg0.25, and sReg. Applying the three
different modes mentioned, there are three different outputs under the same grid frequency.
Under long-term operation, the three different modes will obtain completely different state
of charge (SOC) battery curves. In the study of [1], the authors said that the higher the
SOC, the faster the aging of the battery, which is consistent with the experimental results
of [2].Therefore, the aging behavior of the battery energy storage system(BESS) has a great
relationship with the SOC curves. It follows that the aging speed of the batteries following
the different frequency regulation modes will have completely different aging behavior.

The global energy storage ancillary services market has grown rapidly in recent years,
with few large-scale battery storage systems operating and reaching the end of their life
cycle so far. Thus, the effect of different ancillary services and control methods on the
aging of the BESS is still unknown. Market managers and market participants need a more
accurate economic analysis to formulate better market structures or make better bidding
strategies [3]. Researchers in [4] evaluated the optimal battery capacity configuration for
the frequency regulation market in Germany but not the different frequency regulation
services. In [5], the frequency support technoeconomic analysis of energy storage working
in conjunction with wind power plants but not pure energy storage plants was evaluated.
For this reason, this study proposes to evaluate the aging situation of BESS which is used
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with different ancillary services and control methods. In this way, this research can help
market managers formulate reasonable bidding prices and can help market participants
make the best investment decisions.

The aging speed of a battery affects the profit of the system operators due to differences
in battery life. The purpose of this paper is to establish a battery aging model based on the
SOC curves simulated by different frequency modulation modes and the ratio of different
rated capacity to total battery energy, find out its aging characteristics, and evaluate battery
aging in each situation.

2. BESS and Frequency Regulation Service
2.1. BESS

BESS includes batteries, battery management systems (BMS), power conditioning sys-
tems (PCS), and energy management systems (EMS). Applications of lithium-ion batteries
are very common nowadays due to their several advantages, such as high energy and
power densities and longer lifetime than that of other technologies [6]. Specifically, the
lithium ternary battery (LiNiMnCoO2 battery, NMC battery) and the lithium iron phos-
phate battery (LiFePO4 battery, LFP battery) are in the mainstream of MW-level battery
energy storage systems.

The main applications of BESS can be roughly classified into five categories: large-scale
energy services, ancillary services, services for transmission and distribution, client services,
and renewable energy integration. Specifically, renewable energy smoothing, frequency
regulation services, voltage regulation services, peak-shaving, and load-shifting are some
of the most common applications in modern life [7,8]. This study will focus on frequency
regulation services, which is going to be discussed in detail in the following section.

2.2. Frequency Regulation Service

Presently, the frequency regulation services that the Taiwan Power Company (TPC)
promotes include two different types, namely, dReg and sReg; each service has its corre-
sponding efficiency offer price [9]. The efficiency offer prices corresponding to the frequency
regulation are shown in Table 1.

Table 1. Efficiency level and the price of each mode.

Efficiency Level Frequency Regulation Mode Efficiency Offer Price ( NTD
MWh ·Wh)

1 dReg0.25 350
2 dReg0.5, sReg 275

2.2.1. Dynamic Regulation (dReg)

dReg can dynamically follow the grid frequency and actively provide corresponding
power every second based on the current grid frequency to help maintain the stability of
the power system frequency. Such a service is required to respond within a second.

Depending on the corresponding system frequency range and operating power, it
can be divided into two types: dReg0.25 and dReg0.5. To be more specific, the operating
frequency range of dReg0.25 is from 59.75 to 60.25 Hz, while that of dReg0.25 is from 59.5 to
60.5 Hz. Figure 1 shows the response curve of dReg, and Figure 2 shows its corresponding
parameters [9]. The blue area in Figure 1 is the deadband, where the BESS can charge and
discharge to maintain the SOC.

2.2.2. Static Regulation (sReg)

sReg does not need to respond as fast as dReg but is required to output 100% of
its rated power within ten seconds when the frequency drops to a certain value. The
output should return to zero once the frequency increases and reaches a certain frequency.
Furthermore, the system is not allowed to start the charging operation until the frequency
is over 60 Hz. Figures 3 and 4 show the detailed specifications of sReg [9].
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3. Aging of Lithium-Ion Batteries
3.1. Aging Mechanisms of Lithium-Ion Batteries

The aging mechanisms of lithium-ion batteries are very complicated. With use, various
aging mechanisms lead to the loss of active materials and the increase of internal resistance.
Tracing back to the sources, the interaction between the electrolyte, the anode, and the
cathode, as well as the degradation of the electrolyte itself, are where the aging phenomenon
mainly comes from.

Since the aging behavior of batteries has a lot to do with the current degradation status,
even if the operating conditions remain the same throughout, they will be completely
different at every moment. Based on some research, it can be classified into two categories
according to the features of use: calendar aging and cycling aging [10–12], and the aging
formula of the lithium iron phosphate battery (LFP battery) quoted in this article can refer
to Equations (1) and (2) [13].

3.2. Calendar Aging

Calendar aging refers to the degradation behaviors of capacity and power capability
with saving under the same SOC level for a long period. Moreover, calendar aging is closely
related to environmental conditions such as storage temperature; that is, the speed of aging
varies according to the conditions mentioned above.

According to the study in [13], under 25 degrees Celsius, the capacity fade can be
described in Equation (1).

C f _cal = 0.1723·e0.007388·SOC·t0.8 (1)

where C f _cal represents the percentage of capacity fade, SOC refers to the storage SOC level,
and t represents the storage period (month).

Figure 5 shows the calendar aging curve drawn by Equation (1). From this figure, it
can be seen that the curve is nonlinear and tends to be flat as the storage time increases. In
other words, the higher the storage SOC level is, the faster the aging rate will be.
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3.3. Cycling Aging

Cyclic aging refers to the aging caused by the charging and discharging cycle of the
battery, and its aging performance has a great relationship with cycle depth (CD). Cycle
depth indicates the change in charge state during a cycle and is related to the amount of
charge gained or lost during the charge and discharge process.
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Based on the research in [13], the relationship between capacity fade and the operation
conditions, including cycle depth, average SOC, and the number of cycles (NC), under the
conditions of 25 ◦C storage temperature, is shown in Equation (2):

C f _cyc = 0.021·e−0.01943·SOC·cd0.7162·nc0.5 (2)

where C f _cyc represents the percentage of capacity fade caused by cycling aging, SOC
represents the average SOC level during the cycle, and cd and nc represent the cycle depth
and the number of cycles, respectively. Figure 6 shows the calendar aging curve drawn by
Equation (2).

Appl. Sci. 2022, 12, x FOR PEER REVIEW 5 of 24 
 

  
Figure 5. Calendar aging curves. 

3.3. Cycling Aging 
Cyclic aging refers to the aging caused by the charging and discharging cycle of the 

battery, and its aging performance has a great relationship with cycle depth (CD). Cycle 
depth indicates the change in charge state during a cycle and is related to the amount of 
charge gained or lost during the charge and discharge process. 

Based on the research in [13], the relationship between capacity fade and the opera-
tion conditions, including cycle depth, average SOC, and the number of cycles (NC), un-
der the conditions of 25 °C storage temperature, is shown in Equation (2): 𝐶௙_௖௬௖ = 0.021 ∙ 𝑒ି଴.଴ଵଽସଷ∙ௌை஼ ∙ 𝑐𝑑଴.଻ଵ଺ଶ ∙ 𝑛𝑐଴.ହ (2) 

where 𝐶௙_௖௬௖  represents the percentage of capacity fade caused by cycling aging, 𝑆𝑂𝐶 
represents the average SOC level during the cycle, and 𝑐𝑑 and 𝑛𝑐 represent the cycle 
depth and the number of cycles, respectively. Figure 6 shows the calendar aging curve 
drawn by Equation (2). 

  
Figure 6. Cycling aging curves. 

Compared with calendar aging, the rising slope of cycle aging curve is steeper when 
the number of cycles is low but tends to be flat when the number of cycles increases. In 
some cases, the batteries with a deeper cycle depth will have a faster aging rate than the 
ones with a shallower cycle depth. Sometimes, the difference can be several-fold. 

  

Figure 6. Cycling aging curves.

Compared with calendar aging, the rising slope of cycle aging curve is steeper when
the number of cycles is low but tends to be flat when the number of cycles increases. In
some cases, the batteries with a deeper cycle depth will have a faster aging rate than the
ones with a shallower cycle depth. Sometimes, the difference can be several-fold.

4. Aging Model Establishment
4.1. Introduction of the Aging Model

Since the aging of a battery is a nonlinear problem, it is difficult to apply the traditional
mathematical programming method. This research proposes the use of the rain flow algorithm,
which has been widely used in the technical and economic analysis of BESS [2,14,15] to solve
this nonlinear problem. It extracts the aging features from SOC curves. For details, please
refer to Section 4.2.

The aging model of lithium-ion batteries in this study can be roughly divided into two
parts: the extraction of aging features and the superposition of aging quantity.

In cycle aging, the feature values of each cycle, such as cycle depth, cycle average SOC,
and cycle times, were extracted and recorded as cycle aging events. Meanwhile, in calendar
aging, the continuous SOC and its duration were recorded as calendar aging events.

The behavior of battery aging has a lot to do with the current aging state of the
batteries; thus, even if the operating conditions remain the same, different aging results
will be obtained corresponding to the state of aging. Therefore, it is vital to arrange the
aging event sequence in the correct order.

After the extraction, the aging features should be quantified and superpositioned.
Seeing that the result from each aging event can not be superpositioned directly because
the aging curves are not linear, this study proposed a method named the mapping super-
position method to solve the problem.
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4.2. The Rainflow Cycle Counting Method

In this study, the four-point algorithm [16] of the rainflow counting method [17] was
applied to extract the cycle depth and cycle times.

In the beginning, four consecutive points in the series must be identified and specified
as A1, A2, A3, and A4.Then, calculate the distances S1, S2, and S3 between every two
adjacent points. The schematic is shown in Figure 7.

S1 = |A1 − A2| (3)

S2 = |A2 − A3| (4)

S3 = |A3 − A4| (5)
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If it meets the condition:

S2 ≤ S1 and S2 ≤ S3 (6)

then A2 and A3 will be extracted from the series.
Then, the following four adjacent points will be repositioned, operating again until

there are no more adjacent four points in the series that meet the conditions. Finally, the
remaining sequence will be copied and attached to the end of itself, and then repeated.
Examples are described in Appendix A.

4.3. Aging Features’ Extraction

Before the calculation, aging features must be extracted. Figure 8 shows the schematic
diagram of the extraction architecture.

According to the concept of the rainflow counting method mentioned in [18], the
continuous SOC curve is processed to remove unnecessary values, leaving only the relative
peaks and relative valleys in the series. Therefore, the original SOC curve is filtered twice,
and then the rainflow counting algorithm is used. The schematic is shown in Figure 9.

The original input SOC data has a resolution of 0.5%. Through the first filtering, we
can separate the continuous parts of the SOC value from the original SOC sequence and
record it as calendar aging events, including the placing time and storage SOC. Since the
values between the relative maximums and relative minimums are not meaningful during
the rainflow cycle counting method, these values should be removed from the sequence first
in the following second filtering to generate a new one with only the relative maximums
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and minimums. In the final stage, cycling aging features such as cycle depth, the number
of cycles, and the average SOC of the cycle will be identified through the rainflow counting
algorithm and recorded as cycling aging events in sequence.
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4.4. Superposition

Because the aging behavior of batteries is nonlinear and is affected by more than one
variable, the capacity decay caused by aging cannot be superposed directly. Such as the
example shown in Figure 10, we can regard the aging event that “maintains the SOC-level
at 50% for three months” as three identical continuous aging events that “maintains the
SOC-level at 50% for one month”. If we apply the direct superposition method on the latter,
which means to superpose the capacity decay by directly adding them together, we will
obtain a result that has a considerable disparity from the result of the former.

Seeing the incompleteness of the direct superposition method, another method, named
the mapping superposition method, is proposed in this study, as shown in Figure 11. In
other words, before the superposition, the equivalent quantity of aging features should be
calculated according to its former state of the amount capacity fade.
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In calendar aging, the former decay quantity must be “mapped” to the curve corre-
sponding to the SOC level of the aging event to be superposed, so as to obtain the equivalent
placing time. The equivalent placing time plus the placing time of this aging event is the
equivalent total placing time, which can be used to calculate the aging quantity further.

The relevant calculation formula can be derived from Equation (1):

teq = 9.00831·C f ,cal
1.25·e−0.009235·SOC (7)

C′f ,cal = 0.1723·e0.007388·SOC·(teq + ∆t)0.8 (8)

In Equation (7), teq represents the equivalent placing time, C f ,cal represents the former
calendar aging amount, and SOC represents the storage SOC level of this aging event.
According to this formula, the equivalent placing time teq under the conditions of the aging
event can be derived. Meanwhile, in Equation (8), C′f ,cal and ∆t represent the final calendar
aging capacity fade after superposing and the placing time in the aging event, respectively.

On the other hand, in the case of cycling aging, the former aging amount should be
“mapped” to the curve corresponding to the conditions including cycle depth and the
average SOC of the aging event to be superposed, so that the equivalent number of cycles
can be derived. The equivalent number of cycles plus the number of cycles of this aging
event is the equivalent total number of cycles, which can be used to calculate the aging
amount further.

nceq = 2267.573696·C f ,cyc
2·e0.03886·SOC·cd−1.4324 (9)

C′f ,cyc = 0.021·e−0.01943·SOC·cd0.7162·
(
nceq + ∆nc

)0.5 (10)

Similarly, in Equation (9), nceq, C f ,cyc, cd, and SOC represent the equivalent number of
cycles, the former cycling aging amount, the cycle depth, and the average SOC of this aging
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event, respectively. In Equation (10), C′f ,cyc stands for the capacity fade after superposing,
while ∆nc refers to the number of cycles of the aging event.

Applying the mapping superposition method, a result closer to the theoretical values
than that when using the direct superposition method can be obtained, as shown in
Figure 12.
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5. Result of Simulation
5.1. Simulation Scenario

Under the same frequency, different frequency regulation modes will have their
required output so that their corresponding SOC curves can be generated. Then, the
different aging features can be extracted and recorded from each by implementing the
aging model.

Based on the aging results of dReg0.25, dReg0.5, and sReg under different BESS
system parameters, including the rated power and the storage capacity, this study will
iterate them repeatedly in three months until the capacity fade reaches 20%, i.e., the end-of-
life (EOL) criteria. This paper uses SOC curves under nine different scenarios of different
modes and different BESS system parameters to simulate the aging results, then discuss
the performances of each. Table 2 shows each scenarios.The real frequency data of Taiwan
in three different seasons, December 2019, March 2020, and May 2020, were used as input
data for every scenario. The frequency distribution and features of the SOC curves are
described in Appendix B.

Table 2. Specification of simulation scenarios.

Scenario Mode Spec. of BESS SOC Level Target

1 dReg0.5 5 MW/6.25 MWh 70%
2 dReg0.5 5 MW/6.25 MWh 50%
3 dReg0.5 5 MW/6.25 MWh 30%
4 dReg0.5 5 MW/3.125 MWh 50%
5 dReg0.25 5 MW/6.25 MWh 50%
6 dReg0.25 5 MW/3.125 MWh 50%
7 sReg 5 MW/6.25 MWh 90%
8 sReg 5 MW/12.5 MWh 90%
9 sReg 5 MW/6.25 MWh 70%

5.2. Result and Discussion of Each Scenario

This section compares the battery aging results under each scenario, discussing the
relationship between the capacity fade behavior and the system conditions, including the
frequency regulation service mode, the rated power, and the storage capacity. Table 3
shows the detailed information of the comparisons.
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Table 3. Overview of comparison between scenarios.

Battery Life Comparison Scenarios for Comparison

A dReg0.5 with different SOC level targets 1,2,3

B dReg under different C-rates 2,4(dReg0.5)
5,6(dReg0.25)

C dReg0.5 and dReg0.25under the same spec. 2,5
D sReg under different C-rates 7,8
E sReg under different SOC level targets 7,9

A. dReg0.5 with the same rated capacity and battery energy but a different SOC level target:

Scenario 1, 2, and 3 were all in dReg0.5 mode with a 5 MW/6.25 MWh BESS. The only
difference was the SOC level targets, with 70%, 50%, and 30%, respectively. As shown in
Figure 13, Scenario 1, the one that had the highest SOC level target had the shortest lifetime,
as described in Section 3.2.
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Calendar aging was the main source of capacity fade of the three scenarios, as shown in
Figure 14. Since the SOC level target of Scenario 1 was the highest, its capacity fade caused
by calendar aging was the highest among the three. Calendar aging was continuously
accumulating, so the higher the calendar aging rate, the shorter the life it had. This was
probably the reason why Scenario 1 reached its end-of-life the earliest. Maintaining the
SOC at 30% yielded 8.5% more lifetimes than 50%, 20.6% more lifetimes than 70%.

B. dReg with the same rated capacity but a different battery energy:

Both Scenarios 2 and 4 used the dReg0.5 mode with the same rated power of 5 MW
but had different storage energies of 6.25 and 3.125 MWh, respectively, with the results
shown in Figure 15. Similarly, both Scenarios 5 and 6 used the dReg0.25 mode but also
differed in the storage energy.

As shown in Figure 16, although most of the aging in the four different situations came
from calendar aging, the fade caused by cycling aging in Scenario 4 was significantly higher
than that in Scenario 2, and in Scenario 6 it was also higher than that in Scenario 5. Since
the SOC level target was 50% for each scenario in this comparison, theoretically, the rate of
calendar aging should not have been significantly different. Therefore, it was estimated
that with the same SOC level target, the cycle times and depth of the scenario with a higher
C-rate would be more than that of the one with a lower C-rate, and thus, it would reach
EOL faster.
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C. dReg0.5 and dReg0.25 with the same rated capacity and battery energy:

Scenario 2 and Scenario 5 were dReg0.5 and dReg0.25 at 5 MW/6.25 MWh, respectively,
with the results shown in Figure 17. In this case, it can be estimated that for the energy
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storage system with the same rated capacity and the same total battery energy, the battery
lifetime of dReg0.5 mode would be longer than that of dReg0.25.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 12 of 24 
 

rate of calendar aging should not have been significantly different. Therefore, it was esti-
mated that with the same SOC level target, the cycle times and depth of the scenario with 
a higher C-rate would be more than that of the one with a lower C-rate, and thus, it would 
reach EOL faster. 

 
Figure 16. The aging ratio of Scenarios 5 and 6. 

C. dReg0.5 and dReg0.25 with the same rated capacity and battery energy: 
Scenario 2 and Scenario 5 were dReg0.5 and dReg0.25 at 5 MW/6.25 MWh, respec-

tively, with the results shown in Figure 17. In this case, it can be estimated that for the 
energy storage system with the same rated capacity and the same total battery energy, the 
battery lifetime of dReg0.5 mode would be longer than that of dReg0.25. 

 
Figure 17. The result under dReg0.5 and dReg0.25. 

Compared with dReg0.5, dReg0.25 often needs to carry out more output outside the 
deadband, so the cycle depth of dReg0.25 is higher than that of dReg0.5 under the same 
frequency conditions. Therefore, the capacity fade rate caused by cycling aging of 
dReg0.25 is much faster than that of dReg0.5, which indirectly leads to dReg0.25 reaching 
the end of battery life faster. 
D. sReg with the same rated capacity and SOC level target but different battery en-

ergy: 
As shown in Figure 18, Scenario 8 with a lower C-rate did lived longer than with a 

higher C-rate (Scenario 7), but the difference was almost negligible. Considering the cost 
of installation, the total battery energy of Scenario 8 was twice that of Scenario 7, which 
may not be economical. 

Figure 17. The result under dReg0.5 and dReg0.25.

Compared with dReg0.5, dReg0.25 often needs to carry out more output outside the
deadband, so the cycle depth of dReg0.25 is higher than that of dReg0.5 under the same
frequency conditions. Therefore, the capacity fade rate caused by cycling aging of dReg0.25
is much faster than that of dReg0.5, which indirectly leads to dReg0.25 reaching the end of
battery life faster.

D. sReg with the same rated capacity and SOC level target but different battery energy:

As shown in Figure 18, Scenario 8 with a lower C-rate did lived longer than with a
higher C-rate (Scenario 7), but the difference was almost negligible. Considering the cost of
installation, the total battery energy of Scenario 8 was twice that of Scenario 7, which may
not be economical.
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As shown in Figure 19, in the scenarios of the sReg mode with the SOC level target
at 90%, the proportion of calendar aging was significantly higher than that of cycle aging,
especially in the case of Scenario 8, which almost dominated the battery life. Outputting
the same power, the SOC variation of the scenario with a lower C-rate will be lower than
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that of the one with a higher C-rate, so in the long run, the overall capacity fade caused by
cycling aging will indeed be lower. However, as the proportion of cycling aging in these
scenarios was not high, the effect of reduced cycle aging on the overall battery life was
not significant.
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E. sReg with the same rated capacity and battery energy but different SOC level target:

As shown in Figure 20, Scenario 7, which had a SOC level target of 90%, reached its
end-of-life after only 159 months, while Scenario 9, with a 70% SOC level target, reached
EOL through 180 months of use. In conclusion, it could be preliminarily supposed that
those with a lower SOC level target had a longer battery life.
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Figure 20. The result under different SOC levels (sReg).

As shown in Figure 21, in Scenario 7, because the SOC level target was higher than
that of Scenario 9, the calendar aging rate was higher, which made it reach the end-of-life
faster. Simply by lowering the SOC level target, the battery life of Scenario 9 would be
about 20 months longer than that of Scenario 7. Therefore, if the SOC level target could be
as low as possible within the allowable range, the battery could have a longer lifetime.

Table 4 shows the battery life of all the scenarios. From (Scenario 1, 2, 3), (Scenario 7,
9) it was found that lowering the SOC level significantly improved battery life. From
(Scenario 3, 4), (Scenario 5, 6), and (Scenario 7, 8) it was found that the battery life with a
lower capacity was shorter.
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Figure 21. The aging ratio of Scenarios 7 and 9.

Table 4. Battery life overview for each scenario.

Scenario Mode Spec. (Pr/Er) SOC Level mEOL(Month)

1 dReg0.5 5 MW/6.25 MWh 70% 189
2 dReg0.5 5 MW/6.25 MWh 50% 210
3 dReg0.5 5 MW/6.25 MWh 30% 228
4 dReg0.5 5 MW/3.125 MWh 50% 195
5 dReg0.25 5 MW/6.25 MWh 50% 189
6 dReg0.25 5 MW/3.125 MWh 50% 165
7 sReg 5 MW/6.25 MWh 90% 159
8 sReg 5 MW/12.5 MWh 90% 162
9 sReg 5 MW/6.25 MWh 70% 180

5.3. Profit Estimation and Comparison

Table 5 is a rough estimate of the system construction costs based on the statistics of
the data from various manufacturers [19]. CSB

t , CSBOS
t , and CPE

t represent the cost of the
storage block (SB), storage-balance of system (SBOS), and power equipment (PE), while Pr
and Er stand for the rated power and battery energy, and finally, CBESS

t refers to the cost of
the entire BESS.

Table 5. Establishment cost estimation of each scenario.

Scenario Pr
(MW)

Er
(MWh)

CSB
t

(Thousand NTD)
CSBOS

t
(Thousand NTD)

CPE
t

(Thousand NTD)
CBESS

t
(Thousand NTD)

1 5 6.25 31,850 7350 11,900 51,100
2 5 6.25 31,850 7350 11,900 51,100
3 5 6.25 31,850 7350 11,900 51,100
4 5 3.125 15,925 3675 11,900 31,500
5 5 6.25 31,850 7350 11,900 51,100
6 5 3.125 15,925 3675 11,900 31,500
7 5 6.25 31,850 7350 11,900 51,100
8 5 12.5 63,700 14,700 11,900 90,300
9 5 6.25 31,850 7350 11,900 51,100

This study calculated the profit earned until EOL in each situation, and the related
formulas are shown in Equations (11) and (12). To simplify the calculation, there were some
simple assumptions in this paper:

REOL
t =

mEOL

∑
m=1

dm

∑
d=1

24

∑
h=1

(
pcap(m, d, h) + pe f f (m, d, h)

)
× q(m, d, h) (11)
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REOL
net = REOL

t − CESS
t (12)

q(m, d, h) = 1 {m , d, h |1 ≤ m ≤ mEOL, 1 ≤ d ≤ dm, 1 ≤ h ≤ 24} (13)

where REOL
t and REOL

net represent the total revenue and net profit estimated until the battery’s
EOL; mEOL represents the number of months until the battery reaches its EOL. pcap, pe f f ,
and q represent the capacity offer price described in Table 1, the efficiency offer price varying
with the market bidding price every day, and the quality factor of operation, respectively.

A. dReg0.5 with the same rated capacity and battery energy but different SOC level target:

As shown in Figure 22, Scenario 3 had the highest net profit among the three. The
BESS specifications of the three Scenarios were the same so that the construction cost was
also the same. Scenario 3 had the longest battery life and could thus earn the most profit.
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B. dReg with the same rated capacity but different battery energy:

As shown in Figure 23, either under the dReg0.5 or dReg0.25 mode, those with a higher
C-rate had a higher net profit in the simulation results of this study. Although the battery
life of those with a higher C-rate was shorter, the construction cost of their BESS was lower.
Therefore, the net profit was still higher than that of those with a lower C-rate. However,
these results are only the conclusion from the simulated data in this study; thus, the real
results may vary due to the actual construction cost of actual sites and many other factors.
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C. dReg0.5 and dReg0.25 with the same rated capacity and battery energy:

As shown in Figure 24, the net profit difference between Scenario 2 and Scenario 5
was small. The two scenarios had the same specifications of BESS, so the construction
cost was similar, but dReg0.5 (Scenario 2) had a slightly longer life. dReg0.5 and dReg0.25
have different efficiency offer prices, which is one of the main factors that determine the
profits; thus, in this case, the one that had a longer battery life did not necessarily give more
net profit.
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D. sReg with the same rated capacity and SOC level target but different battery energy:

As shown in Figure 25, the battery life in Scenario 8 was slightly longer than that in
Scenario 7, but the difference was almost ignorable, so the total revenue should have been
about the same. Since the construction cost of Scenario 8 was significantly higher than that
of Scenario 7, the former had a dramatically lower net revenue than the latter.
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E. sReg with the same rated capacity and battery energy but different SOC level target:

Figure 26 shows that a lower SOC level target led to a higher net profit because of its
longer battery life; thus, Scenario 9 had a higher net profit than Scenario 7 did.
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Figure 26. Net profit under different SOC levels (sReg).

For the results of this study, considering the operational requirements of dReg0.5 and
dReg0.25 modes, it was not necessary to maintain SOC at a high level. On the contrary,
a high SOC level target was necessary for the sReg mode to cope with the situation of
long-time full-power output.

Figure 27 shows the net profit curves of all scenarios. The net profits of the scenarios
under dReg0.5 were close to those under dReg0.25, but they were all generally higher than
that under sReg.
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From this simulation, it was estimated that for either dReg0.5 or dReg0.25 modes, the
net profits of those with a higher C-rate would indeed be higher than that of those with a
lower C-rate, but the effect did not seem to be that significant. Under the sReg mode, the
reduction of C-rate did not bring much benefit to the battery life but led to a significant
decrease in net profit due to the increased construction cost. Finally, SOC-level-targeting
had a significant impact on overall net profits regardless of what the frequency regulation
mode was, so evaluating to which level to set the SOC target is critical to enhancing
the profits.

6. Discussion

From (Scenario 1, 2, 3), (Scenario 7, 9) it was be found that a low SOC level gave a
higher net profit. Therefore, market participants can increase revenue by reducing the SOC
level. From (Scenario 3, 4), (Scenario 5, 6), and (Scenario 7, 8), it was found that no matter
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how the price changed, the income of a high-C-rate battery was always relatively high
and its construction cost was relatively low. It could be inferred that this market is more
suitable for high-C-rate batteries. The net profit in Scenario 8 was below zero most of the
time, which meant that if the capacity selection is wrong, it may lead to loss of money in
the sReg market.

7. Conclusions

This research has shown that there are differences in battery life under different
frequency regulation. The following can be observed for each type of frequency regulation:

For systems under dReg0.5, those with a lower SOC level target had a longer battery
life and, thus, a higher net profit.

Then, comparing the systems in dReg0.5 and dReg0.25 modes, although the battery
life of the system with a lower C-rate was longer, when considering the construction cost, it
did not mean that the net profit would be more than that of the system with a higher C-rate.

Finally, for the sReg, since most of the aging comes from calendar aging, the SOC level
maintained for a long time seriously affected its battery life. Furthermore, the lower the
SOC level, the longer the life. In addition, the effect of a low-C-rate battery on increasing
the lifetime was not significant, and the cost was relatively high, so the high C-rate scenario
had higher net profit. For a BESS with the same rated power and the same total energy
capacity, due to sReg usually being used in response to possible emergencies which needs
BESS to maintain a higher SOC level than that in the other two services, it results in a
shorter battery life and a lower net income for the batteries operating with sReg.

The limitation of the proposed method is that even for batteries of the same chemical
material, batteries manufactured by different battery manufacturers will still have differ-
ent aging properties, and the parameters of the model need to be adjusted according to
different batteries.

Future research will focus on evaluating the optimal capacity configuration of BESS
in various ancillary services. Because the BESS of more than hundreds of MW will be
composed of dozens of PCS with batteries of a specific capacity, the overall C-rate can be
very fine; any number between 0.25–1C is possible, and it is not limited to a specific C-rate.
It depends on how many PCS and how many batteries are used. The method proposed
in this study can iterate the most suitable configuration according to various regions and
various auxiliary services.
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Appendix A

Figures A1 and A2 show the iteration procedure of the rainflow cycle counting algorithm.
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Figure A1. Example of extracting a single cycle using the rainflow counting algorithm. (a) It shows a
line graph of the original sequence [4, 7, 2, 10, 5, 9, 4, 6] (b) Using rainflow counting method extract
cycle: 5-9, the depth of this cycle is 4, the average is 7. (c) It shows the sequence after the extraction
(d) Concatenate the original sequence with other sequences.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 21 of 24 
 

  
Figure A2. Example of extracting several cycles using the rainflow counting algorithm. (a) Extract 
the cycle of the blue triangle and use the red dotted line to fill the interval, the cycle depth is 2, the 
average is 5. (b)Using the same method to extract cycle [4,7], depth is 3, average is 5.5. (c) Use the 
same method to extract cycle [2,10], depth is 8, average is 6. (d) Sequence after Extraction  

Appendix B 

 
Figure A3. Frequency distribution of December 2019. 

Figure A2. Example of extracting several cycles using the rainflow counting algorithm. (a) Extract
the cycle of the blue triangle and use the red dotted line to fill the interval, the cycle depth is 2, the
average is 5. (b)Using the same method to extract cycle [4,7], depth is 3, average is 5.5. (c) Use the
same method to extract cycle [2,10], depth is 8, average is 6. (d) Sequence after Extraction.
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Figure A5. Frequency distribution of May 2020.

Features of SOC Curves

The aging features extracted from SOC curves could be roughly classified into two
types, one about cycle depth, and another about storage SOC, which closely relate to
cycling aging and calendar aging, respectively. Figures A6–A8 show the SOC curves for
the simulations of Scenarios 2, 5, and 7 based on the three-month frequency, as described in
Section 5.2, and the distribution charts of the two main feature types mentioned above.
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