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Abstract
Battery Energy Storage Systems (BESS) are becoming strong alternatives to improve the flexibility, reliability and security 
of the electric grid, especially in the presence of Variable Renewable Energy Sources. Hence, it is essential to investigate 
the performance and life cycle estimation of batteries which are used in the stationary BESS for primary grid applications. 
In this paper, a new approach is proposed to investigate life cycle and performance of Lithium iron Phosphate (LiFePO4) 
batteries for real-time grid applications. The proposed accelerated lifetime model is based on real-time operational param-
eters of the battery such as temperature, State of Charge, Depth of Discharge and Open Circuit Voltage. Also, performance 
analysis of LiFePO4 battery system has been carried out for different grid-scale applications. Proposed methodology helps to 
design the size of the battery system for particular grid applications. Applicability and reliability of the developed life cycle 
estimation model are demonstrated on the practical 500 kW/250kWh LiFePO4 battery system installed at 230/110/22 kV 
grid connected substation at Puducherry, India. The real-time operational challenges are addressed and recommendations 
made based on the field data.

Keywords  Battery energy storage system · Capacity degradation · Lithium-ion battery · Ancillary services · Frequency 
regulation · Energy time shift

1  Introduction

Distributed Energy Storage Systems are being promoted to 
become an integral part of the utility grid due to increased 
intermittent renewable energy penetrations into the grid. 
It acts as an energy buffer between generation and load 
by addressing imbalances due to the variable power gen-
eration and nonlinear loads. Recently, BESS attracted 
attention due to its faster response, higher ramp rate and 
modularity in size [1]. BESS became economically viable 
option compared to other energy storage systems, espe-
cially when it is integrated with Renewable Energy (RE) 
resources [2]. At present, various battery technologies 
are under research for the stacked applications of the grid 
including frequency regulation, RE energy time shift/peak 
shaving, RE capacity firming, voltage support/reactive 
power compensation, Power Quality and Reliability test, 
etc. Li-ion group attracted more attention due to its faster 
response, higher power and energy density, intrinsic safety 
and longer life [3]. Due to its faster response and higher 
power density, Li-ion batteries are suitable for Primary 
Frequency Regulation (PFR) and other ancillary services 
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support [4–6]. Based on its technical merits, usage of Li-
ion batteries has been increased in e-mobility [7–10] and 
grid storage applications [11, 12]. The sizing of Li-ion bat-
tery for storage applications and different control strategies 
for providing PFR has been addressed in [13, 14].

It is expected that the battery can provide enough energy 
output throughout its life, but its performance reduces con-
siderably due to varying operating temperatures, the num-
ber of cycles operated, C-rate and depth of discharge, etc. 
[15]. Hence, the investigation of performance degradation 
and lifetime estimation of any battery system is essential 
when it is used for commercial applications. Recent past, an 
extensive research has been carried out to study the perfor-
mance and capacity degradation of Li-ion batteries for vari-
ous applications [14, 16, 17]. Lifetime estimation, capacity 
and power fade of LiFePO4 batteries for the electric vehicle 
applications are presented in [18] and for frequency regula-
tion applications are presented in [19, 20]. These studies 
have been carried out on an experimental basis by consider-
ing synthetic data profiles by assuming the temperature and 
SOC levels. The performance and the life of the whole bat-
tery system depend upon the operational characteristics of an 
individual cell of the system. The performance of each cell 
varies concerning to others due to their chemical composi-
tion. It is essential to consider the individual cell parameters 
for accurate lifetime estimation and behavior degradation of 
a complete battery system when it is deployed in MW scale 
capacities. Also, the charge/discharge patterns of the grid 
connected BESS are intermittent in ancillary service appli-
cations, especially frequency regulation and RE firming, etc. 
The behavior of individual cell varies as the frequent vari-
ations in charge/discharge patterns. Hence it is also recom-
mended to consider and analyze the individual cell behavior 
in estimation of capacity degradation and lifetime of large-
scale battery systems.

This paper focuses on the performance of individual cell 
based on operating temperature and SOC variations for dif-
ferent ancillary services. The field data have been considered 
from the 500 kW/250kWh capacity of the LiFePO4 battery 
system established by Powergrid at Puducherry in India. 
The capacity degradation and the life estimation made for 
individual cells of the system are based on field data inputs 
and accelerated lifetime models. This paper also investigates 
the performance of LiFePO4 battery system when it used 
for FR and ETS applications on various aspects. Recom-
mendations made based on performance analysis and field 
operating conditions.

The remaining paper is organized as follows. Section 2 
provides a detailed methodology of the battery cycle life esti-
mation model. Lifetime estimation for different grid applica-
tions and the proposed optimization framework is explained 
in Sect. 3. Besides, operational challenges of BESS for grid 
applications are addressed along with recommendations in 

Sect. 4. The conclusion made is based on the demonstrated 
system results under Sect. 5.

2 � Methodology for life cycle estimation

LiFePO4 batteries are effectively used for various grid appli-
cations, especially for ancillary services [21]. The capacity 
degradation and lifetime of these batteries depend upon its 
operational conditions and type of applications used [22, 
23]. The operating conditions and requirements of each 
application are unique which requires high level of flexibility 
and fastness along with the precise control of the sources. It 
is clear that the battery response time and charge/discharge 
pattern vary with respect to their utilization [24]. Hence, the 
estimation of capacity fade and lifetime of any BESS is quite 
challenging when it comes to grid applications. Also, it is 
difficult to estimate the battery life on the basis of number 
of cycles given by the manufactures because of random use 
of the charging and discharging patterns. Since the charge/
discharge patterns are intermittent in ancillary service appli-
cations, especially for frequency regulation, counting of 
number of cycles used per day is not possible precisely. For 
optimal operation and planning perspective, evaluation of 
battery health, life cycle and capacity degradation is essen-
tial for the BESS operator/ owner for economical operation 
of the system. The above factors are considered in the pro-
posed methodology and recommendations made for effective 
deployment of BESS in MW scale across the grid.

The Li-ion battery discharging process is an exothermic 
reaction while the charging process is an endothermic reac-
tion and in effect, the battery temperature is higher than the 
initial temperature after completing a charging and discharg-
ing cycle. If the temperature of the battery environment is 
higher, it results in heating of the battery and subsequently 
the battery temperature increases. During higher tempera-
tures, the battery reactions are aggressive and again increase 
the battery temperature leading to the thermal runaway, 
which results in the failure of the cell [25]. The temperature 
of operation and temperature at which the battery is stored 
also affect the performance of the battery (Fig. 1).

A novel approach is proposed to estimate the lifetime, 
capacity degradation and power fade of the LiFePO4 batter-
ies from the SOC, temperature and C- rate which are evalu-
ated using the real-time field operative data. It is assumed 
that the life of the battery ends when it reached 20% of deg-
radation. Based on the field operating conditions of each 
application, the life cycles and period of operation in years 
calculated. LiFePO4 battery technology offers the best bal-
ance of energy density and intrinsic safety compared to other 
Li-ion group of batteries [26]. The parameters which char-
acterize the LiFePO4 batteries are the SOC, Open Circuit 
Voltage (VOC), C-rate, discharging/charging current, internal 
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resistance, DOD and temperature (storage and operating) 
[27–29]. In general the capacity degradation of Lithium-ion 
batteries can be classified into cyclic aging and calendar 
aging.

a.	 Degradation on operation (Cyclic aging)
b.	 Degradation due to storage (Calendar aging)

2.1 � Degradation on operation (cyclic aging)

The cyclic aging of the battery is analyzed by considering 
the stress factors like operating temperature, the number of 
cycles, their cycle depths, and the current rate which directly 
influence the nominal capacity of the battery [30]. Based 
on design and manufacturing, there is a specific range of 
temperatures at which the batteries can be used safely, but 
due to excessive charging and discharging, the probability of 
variation in temperature is more [31, 32]. This causes more 
stress in the battery and leads to performance degradation.

Capacity and power fade of the battery due to the cyclic 
aging (Cfade[%]) can be calculated using the empirically 
derived Eqs. (1) and (2), respectively, which are functions 
of the number of cycles (nc), temperature in Kelvin (T) and 
Cycle Depth (cd) of discharge in percentage.

(1)
Cfade(nc,T , cd) = 0.00024 ∗ exp0.02717⋅T ∗ 0.02982 ∗ cd

0.4904 ∗ nc
0.5

(2)Pfade(nc,T , cd) =
1

3

(

5.78 ∗ 10−4 ∗ exp0.03∗T +1.22 ∗ 10−7
)

∗ 2.918 ∗ 10−5 ∗ exp0.08657∗cd ∗ nc
(0.00434∗T−0.008∗cd−0.1504)

The impacts of the of the temperature, cycle depth and 
the number of cycles on the rate of capacity and power fade 
of LiFePO4 battery are shown in Fig. 2. For Lithium-ion 
batteries the most suitable operating temperature is consid-
ered as 25 °C and the allowable depth of discharge of the 
battery while maintaining the health of the battery is 70% 
as per the manufacturer details of the battery under study. 
Nominal capacity of the battery is decreasing with increase 
in the temperature, the changes in the cycle depth and the 
number of cycles operated. In order to enhance the life of 
the battery, it has to operate at minimum temperature and 
optimal SOC/DOD.

2.2 � Degradation due to storage (calendar aging)

Li-ion cells do not only degrade as a result of utilization. 
While on rest, the Solid Electrolyte Interface (SEI) layer 
exposed to the electrolyte can slowly enhance its growth. 
The thermodynamic stability of the components and chemi-
cal side reactions inside the cell determine the aging rate on 
storage [33]. Under the right condition, capacity fade can be 
minimized, but in the case of exposure to elevated tempera-
tures, the activation energy of chemical reactions become 
lower and aging reactions can occur faster [34].

The capacity degradation due to calendar aging can be 
calculated from Eq. (3).

Fig. 1   Lithium iron phosphate battery structure and battery modules



70	 Electrical Engineering (2022) 104:67–81

1 3

Here the equation is a dependent function of SOC of the 
battery (in percentage), the duration of storage t (in months) 
and storage temperature T (°C).

Similarly, the power fade due to the calendar aging mecha-
nism can be defined as

From the results shown in Fig. 3, it is clear that the SOC 
at which the battery is being stored has a major effect than 
the storage temperature. The influence of high SOC is more 
profound during long storage time, but the amount of time 
spent at certain SOC during cycling can play a role in aging 
too. If the batteries are stored at 50% SOC, the degradation 
rate is less when compared to storing at high SOC. In this 
analysis the capacity degradation of Li ion BESS for both FR 
and ETS is calculated as a resulted sum of both calendar as 
well as cyclic aging.

(3)

C
fade

=
(

0.019 ∗ SOC
0.823 + 0.5195 ∗ 3.258 ∗ 10

9 ∗ T
5.087

+0.295) ∗
(

t
0.8
)

(4)
Pfade =

0.000375 ∗ SOC + 0.1363

0.155
∗ 0.003738 ∗ exp0.06778∗T ∗ t

It is verified with real-time SCADA data that, the estimated 
results through empirical equations are matching with real-
time analytics. Hence the applicability of equations holds good 
for estimation of power fade and capacity degradation for grid 
scale size battery systems.

3 � Capacity degradation in real‑time grid 
applications

The proposed methodology for lifetime estimation of 
LiFePO4 batteries has been verified with real-time system 
data. A pilot project has been established by POWERGRID 
with a capacity of 500 kW/250kWh LiFePO4 battery system 
connected to EHV grid at Puducherry in India. This system 
is established to test different applications such as Frequency 
regulation (FR), Energy time shift (ETS) and RE firming, 
Reactive power support etc.

Fig. 2   Cyclic Aging a. Capacity fade at 25 °C, b. Capacity fade at 70% DOD, c. Powers fade at 25 °C, d. Power fade at 70% DOD



71Electrical Engineering (2022) 104:67–81	

1 3

3.1 � System architecture

The basic architecture of the Battery Energy Storage Sys-
tem is presented in Fig. 4. It basically consists of Battery 

modules, Power Conversion System (PCS), Battery Manage-
ment System (BMS), Power Management System (PMS) 
and Bay Control Unit (BCU). Technical specifications of 
LiFePO4 batteries used in this project are mentioned in 

Fig. 3   Calendar Aging—a Capacity fade after 1 year of storage, b Capacity fade at 50% SOC, c Power fade at 50% SOC, d Power fade after 
1 year of storage

Fig. 4   a Single Line Diagram, b.Architecture of Battery Energy Storage System
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Table 1. Each cell is of 3.2 V and 80Ah capacity. Total 1728 
nos. of cells used to get the required capacity. All individual 
cells are connected in series/parallel combinations and sepa-
rated into four clusters to get the required capacity. All the 
clusters are connected to the common DC bus and the DC 
bus voltage is 691.2 V.

The major components of BESS are:

A.	 Power Management System (PMS) PMS senses the grid 
frequency and analyze the frequency samples as per con-
trol algorithm. Based on the grid frequency, it passes 
command to PCS for charge/discharge of power to sup-
port the grid.

B.	 Power Conversion System (PCS) PCS plays major role 
in the Battery system. Based on inputs from PMS and 
BMS, it controls the amount and rate of charge/discharge 
power. It acts as both AC-DC converters and vice-versa.

C.	 Battery Management System (BMS) BMS plays active 
role in maintenance of healthiness of battery system. It 
consists of sensors for measuring individual cell volt-
age, current, temperature and software for monitoring & 
control. Total 864 nos. of voltage sensors and 432 nos. 
of temperature sensors used to monitor real-time param-
eters of individual cells. It also manages the cell bal-
ancing by controlling/restricting charge/discharge power 
based on operational limits of voltage and temperatures 
of individual cells. Passive cell balancing methodology 
is  used in this system. BMS broadly classified into Bat-
tery monitoring units (BMU), Local/slave BMS units 
and Master BMS. Battery monitoring units collects all 
input data such as voltage, temperature, current. from 
individual cells and communicates to local/slave BMS. 
Each BMU collects date from group of individual cells. 

Various numbers of BMUs installed for group of bat-
tery clusters. After collection of data from BMUs, the 
local/slave BMS sends all individual cell data to master 
BMS. Master BMS analyzes the data and provides com-
mands/signals to PCS for charge/discharge power. BMS 
will control/restrict the amount of power flow (based on 
pre-programmed values) in case of any abnormality in 
individual cell parameters such as voltage and tempera-
tures. BMS also balances the flow of currents among 
clusters based on the healthiness of the battery packs.

All the control logic performed by the PMS and it pro-
vides input signal to PCS for the required amount of charge/
discharge power. Bay control unit (BCU) collects all the data 
from various field devices and communicates to Supervisory 
Control and Data Acquisition (SCADA) servers for monitor-
ing and control of the entire system. The real-time data have 
been captured from BMS, PCS and SCADA system for the 
impact demonstration.

3.2 � System analysis

Since the major grid applications of BESS are Frequency 
Regulation and Energy Time Shift/Peak Shaving, capac-
ity degradation and life cycles estimation of the proposed 
battery system are estimated for both applications. Field 
data samples and estimated results presented for both grid 
applications.

3.2.1 � Case 1: frequency regulation

Frequency regulation is one of the significant ancillary ser-
vices that entail moment-to-moment reconciliation of the 
difference between supply and demand. During frequency 
regulation, grid frequency is maintained in the specified 
band to ensure the stability and reliability of the grid. Com-
ing to the ancillary services, complete commercial guide-
lines for operating frequency regulation and other services 
have not yet been established in India, even across the globe. 
As per grid code regulations, the operational grid frequency 
in India is 50 Hz and the lower cut off frequency is 49.7 Hz. 
The allowable operating frequency range is 49.95–50.05 Hz 
without penalties. In this operation, the frequency control 
settings for ESS are defined as per grid code regulations as 
mentioned in Fig. 5. Based on the real-time grid frequency 
variations, the battery system charges from the grid if the 
grid frequency is more than 50 Hz and it discharges to the 
grid if the frequency is less than 49.95 Hz. During SOC 
mode (between 49.95 and 50 Hz), battery system charges 
or discharges to maintain optimum SOC (optimum SOC is 
80%).

Variation in the Indian grid frequency is more com-
pared to European countries grid frequency variation due 

Table 1   Technical specifications of the battery under study

Sl. No. Description Details

1 Type Lithium iron 
phosphate 
(LiFePO4)

2 Cell voltage 3.2 V
3 Cell capacity 80 Ah
4 Total no. of cells used 1728 Nos
5 Total number of strings/clusters 4 Nos
6 DC Bus/string voltage 691.2 V
7 Total capacity 357 kWh
8 Maximum discharge 500 kW
9 Response time 1 s
10 DOD 70%
11 SOC limits 30–100%
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to various real-time operating conditions. As the variation 
in the grid frequency is more, the charge/discharge power 
from BESS also varies continuously as per frequency vari-
ation. One-minute interval data of real-time grid frequency, 
BESS power and SOC for one day have been presented 
in Fig. 6a. SOC of the battery system measured through 
BMS software in both frequency regulation and energy time 
shift application. BMS estimates the SOC based on charge/
discharge currents and its operation timings. SOC of each 
cluster measured separately and integrated with SCADA 
system for effective monitoring and control. The individual 
cell voltages and temperatures vary as per the rate of change 
in power charge/discharge. It also depends on amount and 
duration of charge/discharge power. Due to continuous vari-
ation in grid frequency, the BESS operates either in charge/
discharge mode continuously. So, the average temperature 
of the system is high throughout the day which affects the 
internal resistance and life of the battery.

The response of the individual cell depends upon its inter-
nal chemistry. Each cell has an optimal range of operating 
voltage and temperature. Some of the weaker cells cannot 
sustain sudden changes in charge/discharge power. If the cell 
discharges deeper frequently, its voltage falls below lower 
limits, and temperature rises accordingly. These cells turn 
into faulty after a certain period of operation and do not 
support FR application further. The weaker cells need to 
make fit either by charging fully or it has to be replaced with 
healthy/spare cells, if it is faulty permanently. Variations in 
individual cell temperatures measured during the FR appli-
cation and are shown in Fig. 6c.

The temperature of each cluster depends on the health 
of the cells in the said cluster as well as the cooling meas-
ure distribution. The overheating of the cells can be caused 
mainly due to the sudden charge and discharge of the bat-
teries, lack of effective cooling mechanism as well as the 
presence of poor health cells in the cluster.

The voltage and temperature variation of each battery 
pack with 15 s interval has been captured through the battery 
management system. It is clear that the rate at which the bat-
teries undergo capacity fade is different for each individual 
cell due to temperature variation and chemistry of the cell. 

Capacity degradation of each individual cell has been esti-
mated for 4000 cycles (as per manufacturer specifications) 
based on real-time temperature variations under frequency 
regulation application. Figure 7 presents cluster wise single 
cell temperature variation and capacity degradation. The 
effect of charge and discharge operation on each cell is dif-
ferent and hence the variation in capacity degradation as 
well as the temperature variation. The temperature of each 
cell during the FR operation is recorded from the BMS of 
the system and using the data the capacity degradation of 
individual cell is calculated. The cells having high tempera-
tures tend to degrade fast, as the increase in temperature also 
accelerate the capacity fade of a cell.

Based on the temperature variation range, the cells have 
been categorized into three groups and presented in Table 2. 
Capacity fade and power fade have been calculated for each 
group of cells. The average capacity degradation under 
frequency regulation for 4000 cycles of operation is esti-
mated as 14.74%, and power fade is estimated as 4.23%. It 
is assumed that the life of the battery ends when it reaches 
20% of its capacity fade. Based on real-time field data, the 
total number of life cycles estimated as 5849 cycles and it 
supports 4 years of calendar years if it is operated under 
frequency regulation application alone.

3.3 � Case 2: energy time shift

Energy time shift (ETS)/Peak shaving is one of the fre-
quently used ancillary services due to increased RE integra-
tion. Due to ETS application, the burden on the grid reduced 
during peak-load hours. Here, the ETS planned based on the 
load profile of the distribution feeder. Energy gets stored in 
the battery during off-peak hours and the same discharges 
during peak hours to share the burden on the grid. Different 
timings for charge/discharge can be programmed based on 
load of the distribution feeder. In this study, ten different 
time slots configured for charge/discharge power based on 
the load profile of the feeder. It is possible to program the 
charging, discharging as well as the idle time of the BESS 
prior to the operation after considering the previous load 

Fig. 5   a Frequency Regulation 
Curve, b Frequency Regulation 
Conditions



74	 Electrical Engineering (2022) 104:67–81

1 3

Fig. 6   Frequency Regulation—a Power and SOC versus Frequency, b Power versus Temperature, c Cluster-wise temperatures
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patterns. Once the time slots and amount of energy to be 
either charged or discharged are decided, the BESS will 
work accordingly irrespective of the grid conditions. Unlike 
in FR, in Energy time shift application the battery will have 
idle states which the capacity fade is mostly due to the cal-
endar aging rather than cyclic aging.

The status of power and SOC are shown in Fig. 8a. Unlike 
in FR application, BESS supports the grid during peak hours 

only. The rate of change in power variation and amount of 
power discharges is also less compared to FR application. 
Hence, individual cell voltage and temperature variations are 
minimum. The average temperature w.r.t power and cluster 
wise temperatures are shown in Fig. 8b, c.

From Fig. 8a, it is clear that the battery either charges or 
discharges during the allocated timeslots, which is defined 
in the BESS controller and the remaining time the battery 

Fig. 7   Heat Map—Average temperature and corresponding capacity degradation of each battery pack for 4000 cycles of operation under FR 
application (each block—the upper value is average temperature in °C and the lower value is capacity fade in percentage

Table 2   Cluster-wise capacity fade and power fade during frequency regulation for 4000 cycles of operation under FR application (T – operating 
temperature in °C)

Cluster
T >35 °C 30 °C <T< 35°C T < 30 °C

Average Cfade
Average

PfadeCfade Pfade Cfade Pfade Cfade Pfade

Cluster 1 16.4218 5.0165 14.5653 3.7484 13.1659 2.9328 14.7177 3.8992

Cluster 2 16.2359 4.8797 14.5702 3.7515 12.9447 2.8146 14.5836 3.8153

Cluster 3 16.802 5.3033 14.5455 3.736 13.3674 3.0431 14.9050 4.0275

Cluster 4 16.5038 5.0776 14.556 7.7426 13.1653 2.9325 14.7417 5.2509

Total degradation under FR application 14.7370 4.2482
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Fig. 8   Energy Time Shift Application – a Power versus SOC, b Power versus temperature, c Cluster-wise temperatures
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is in stable state. In order to calculate the capacity degrada-
tion of batteries during the ETS application, both cyclic and 
calendar aging are considered. Since the BESS discharges 
during peak hours only, the rate of change in variations in 
individual cell temperature is less.Under this application, 
capacity degradation of each battery pack has been calcu-
lated for 4000 cycles of operation and presented in Fig. 9.

Based on the temperature variation range, the cells have 
been categorised into three groups and capacity degrada-
tion and power fade have been calculated for each group 
of cells as presented in Table 3. The average capacity deg-
radation under Energy Time Shift application for 4000 
cycles of operation estimated as 13.104% and power fade 
estimated as 2.01%. It is assumed that the life of the bat-
tery ends when it reaches 20% of its capacity fade. Based 
on real-time field data, the total number of life cycles 

Fig. 9   Heat Map—Average temperature and corresponding capacity degradation of each battery pack for 4000 cycles of operation under ETS 
application (each block—the upper value is temperature and the lower value is capacity fade)

Table 3   Cluster-wise capacity fade and power fade during frequency regulation for 4000 cycles of operation under ETS application (T – operat-
ing temperature)

Cluster
Group 1
T > 25°C

Group 2
25 °C < T < 20 °C

Group 3
T < 20°C Average   

Cfade

Average
PfadeCfade Pfade Cfade Pfade Cfade Pfade

Cluster 1 0 0 13.0422 1.9885 12.4589 1.7568 12.7448 1.8690
Cluster 2 14.5301 2.6195 12.9847 1.9650 12.3774 1.7253 12.6816 1.8439
Cluster 3 14.6334 2.6652 13.4912 2.1732 0 0 13.6101 2.2231
Cluster 4 14.9718 2.8157 13.3149 2.1000 0 0 13.3703 2.1229

Total degradation 13.1017 2.0147
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estimated as 6543 cycles and it supports more than 5 years 
of calendar years if it is operated under energy time shift 
application alone (Fig. 10).

4 � Performance analysis 
and recommendations

1.	 At present, BESS are using in various grid scale applica-
tions and usage of the battery system is different from 
each application. It is clear from the above results that, 
the capacity degradation as well as power fade rate of 
the battery system during the frequency regulation are 
much more compared to the energy time shift applica-
tion. Since the rate of change in charge/discharge power 
is more and due to continuous operation under FR appli-
cation, approximately 4 to 5 cycles of energy exchange 
happen per day. It is estimated that, the total life of the 
battery operates for 5849 cycles and approximate 4 years 
of life time under FR operating conditions.

2.	 In case of energy time shift application, the battery sys-
tem is allowed for charge and discharge with prior time 
schedules and also the rate of change in charge/discharge 
power is less. Since it operates during peak hours, it 
completes 2 cycles of energy exchange per day. So, it is 
estimated that, the total life of the battery system is 6543 
cycles and operates for more than 5 years under ETS 
operating conditions. The life of the battery may affect if 
it is used for combination of different grid applications.

3.	 The amount of energy discharge and charge per day of 
the BESS during ETS is almost the same pattern once 
the system is programmed with the necessary condi-
tions. In the case of frequency regulation, the amount of 
energy discharge and charge from the BESS is depends 
on grid frequency variation and it is very much greater 
than that of ETS. The comparison of the ETS as well 
as the FR application is shown in Table 4. The capac-
ity degradation and power fade depend on its operating 
time and temperatures and amounts of power charge/
discharge. As the variations in the grid frequencies are 
more, the amount of charge/discharge power is more to 
maintain frequency within the specified limits. Hence, 
system needs to operate continuously which leads to 
increase in temperature and finally affects the life of the 
system.

4.	 Performance of BESS has been evaluated and the effi-
ciency of the overall system calculated. In general, 
the major power loss presence in battery modules and 
minor losses are due to PCS and HT switch gear equip-
ment like Transformer, etc. The overall losses of the 
system found as 18% excluding auxiliary power con-
sumption. The auxiliary power consumption is for all 
auxiliary loads such as air condition systems, lighting 
loads and other local loads of battery container. The 
auxiliary consumption varies depending upon ambient 
temperature and type of application also. Due to ambi-
ent temperature, the energy consumption for air condi-
tion is more during summer period. Since the BESS is 
under continuous operation during FR application, the 
temperature of the system is more. Hence the auxiliary 
power consumption also high to provide proper cooling 
of the battery system. The average energy consumption 
of auxiliary system is 4–5%. Hence, the total average 
loss of the BESS is around 22–24% including auxiliary 
consumption.

5.	 As mentioned in above sections, each cell has opti-
mal range of operating voltage and temperatures. The 
response of the individual cell depends upon its internal 
chemistry. Some weaker cells may not sustain sudden 
changes in charge/discharge power. Its voltages and tem-
peratures vary momentarily according to power varia-

Table 4   Comparison of ETS and FR applications

Sl. No. Description FR ETS

1 Time of operation Continuous During peak/
off-peak 
hours

2 Number of cycles per day 4–5 2
3 Capacity fade 14.7370 13.1017
4 Power fade 4.2482 2.0147
5 Expected life time 4 years 5 years

Fig. 10   Li-ion battery cells 
(new cells on left side and used/
faulty cells on right side)
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tions. These cells become faulty after certain period of 
operation and it cannot support FR type applications 
further. Figure 11 shows the new and faulty cells. Due 
to more temperature variations the cell is bulged and 
became faulty and it needs to be replaced with healthy/
spare cells.

	   In case of large-scale battery systems (MW scale), 
thousands of cells used to make the required useful 
capacity. In such scenario, it is most difficult to attend/
replace the faulty cells if it fails frequently. Hence, all 
the cells in the system need to properly designed and 
packed to operate efficiently.

6.	 It has been observed that, after continuous operation, 
some of the clusters either over charge/discharges which 
will create unbalance among clusters. BMS plays key 
role in entire battery storage system. Proper cell balanc-
ing taken care by BMS by monitoring individual cell 
voltage, temperature and SOC. Hence effective BMS 
system is recommended for efficient operation of BESS. 
BMS also used to control individual cluster SOCs by 
monitoring charge/discharge currents.

7.	 The uneven SOC of clusters (shown in Fig. 11) leads 
to chances of circulating currents due to variation in 
cluster voltages which leads to loss of power. Also, the 
over charged/discharged clusters undergo high currents 
which create more heat/temperature and leads to degrade 
earlier compare to other cluster cells.

8.	 As the temperature of the battery system increases while 
both charging and discharging modes, air conditioning 
of the battery container also plays major role. It has been 
observed that, the temperature of individual cells which 

are placed at different locations varied differently due to 
uneven cooling environment. Hence, uniform cooling 
arrangement has to be provided for all battery cells.

9.	 If the system operates continuously under ancillary ser-
vices such as FR application, majority of cells lose its 
capability to respond sudden change in charge/discharge 
power after certain period of operation. The variations 
in voltages are more even if it has higher SOC levels. 
Hence it is recommended to use the same system for 
peak shaving or load following type of applications 
where the rate of change in power variations are less to 
get maximum utilization of the battery system.

5 � Conclusion

Battery Energy Storage Systems are becoming an integral 
part of the electrical grid to provide ancillary services sup-
port as the integration of intermittent renewable energy sys-
tems increases into the grid. It is essential to estimate the 
life cycles and capacity degradation of such BESS which 
are used in critical grid applications. In this study, the capac-
ity degradation and lifetime of LiFePO4 batteries have esti-
mated when it is used for different grid applications. It is 
observed that the operational conditions of each application 
are unique and hence the performance and life of the system 
also change with respect to the type of application. The life-
time of the system also varies w.r.t usage of the application.

In this study, the capacity fade and lifetime estimation 
of LiFePO4 batteries have been estimated when it used for 
FR and ETS applications. The lifetime estimation is formu-
lated based on the accelerated lifetime models considering 
the real-time operational parameters of the battery such as 
temperature, State of Charge (SOC), Open Circuit Voltage 
(Voc) and Depth of Discharge (DOD). A real case installa-
tion of 500 kW/250kWh capacity of LiFePO4 battery sys-
tem into the Indian distribution grid has been considered 
for the demonstration of the proposed approach. Based on 
field operational data, it is estimated that the proposed bat-
teries will operate for 5849 cycles and 4 years of timeline 
under FR application. It will operate for 6543 cycles and 
more than 5 years of time line under ETS application. The 
lifetime and capacity vary if it operates for a combination 
of different grid applications such as FR, ETS, RE firming. 
The proposed battery life cycle estimation approach shall be 
used for the design of the size of the battery system for the 
pre-specified grid applications.
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Fig. 11   Uneven SOC of clusters due to continuous operation
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