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a b s t r a c t

Our evaluation of various characteristics of large-capacity 40 Ah and 80 Ah Lithium-ion (Li-ion) cells devel-
oped for industrial use shows that these cells exhibit reduced voltage characteristics and increased internal
resistance in degraded conditions. We constructed a DC power supply system for telecommunications
equipment using 80 Ah Li-ion batteries incorporating a function to estimate the cell status from the volt-
eywords:
ithium-ion cell
C power supply system
00 Ah cell
apacity estimation

age characteristics during an automatic discharge of the battery. The Li-ion batteries in this system are
maintained by a floating charge method, and we miniaturized the battery unit. In a field trial test lasting
approximately 2 years, this DC power supply system performed well inclusive of the automatic discharge.
The specifications and characteristics of prototype 200 Ah and 400 Ah cells, which were assembled to
expand the application areas of Li-ion cells, are shown. Because these cells have similar characteris-
tics to those of current 40 Ah and 80 Ah cells, they can be widely used as a substitute for conventional
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. Introduction

Lithium-ion (Li-ion) cells have high energy density and have
een used to power a wide range of portable appliances. Large-
apacity Li-ion cells with high energy density characteristics have
een developed, and pre-production has progressed on industrial
i-ion cells that have sufficient capacity to serve as backup power
upplies for telecommunications equipment [1]. Considering the
ackground of these technical developments, we evaluated vari-
us characteristics of industrial Li-ion cells to clarify if they have
dequate performance for use as backup batteries in telecom-
unications power supply systems and to identify the battery
anagement functions that are required to keep the cell charac-

eristics stable for long periods in such applications [2]. In backup
atteries for telecommunications equipment, the cells need to be
ept fully charged, and if possible, an automated system for doing
o should be incorporated into the power supply system. Therefore,
e clarified the relationships between the capacity and various
arameters for these industrial Li-ion cells using deteriorated cells

nder high-temperature conditions. We then constructed a DC
ower supply system including Li-ion cells equipped with an auto-
atic battery discharge function, leading to the establishment of

his sort of automatic capacity estimation, and we conducted field

∗ Tel.: +81 3 5907 6421; fax: +81 3 5961 6630.
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ests at a base transceiver station providing actual telecommunica-
ions services.

Conventional DC power supply systems for telecommunications
quipment use valve-regulated lead-acid (VRLA) batteries with a
ated capacity around 5000 Ah, which is considerably more than
he industrial Li-ion cells that are currently available. Therefore,
e also fabricated large-scale Li-ion cells with a capacity of 200 Ah

nd 400 Ah per cell to expand their range of applications, and we
valuated the characteristics of these cells.

. Industrial Li-ion cells

.1. Industrial Li-ion cells and their basic characteristics

The industrial Li-ion cells we used to evaluate various charac-
eristics and to construct the power supply system in this study
re shown in Fig. 1, and the basic specifications of these cells are
isted in Table 1. The cells are configured with positive and nega-
ive electrodes that are rolled up together with polyethylene (PE)
eparator sheets and accommodated in a metal container with a
arbonate-based organic electrolyte. In these cells, lithium man-
anese oxide (LiMn2O4) spinel and graphite are used as positive

nd negative active material, respectively. LiMn2O4 was selected
ecause of its higher thermal stability compared to that of LiCoO2.
he shape of the cell is rectangular to improve the thermal radiation
nd to reduce the space needed for installation. The energy density
f these cells is approximately 2.5 times that of conventional VRLA

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:matusima@rd.ntt-f.co.jp
dx.doi.org/10.1016/j.jpowsour.2008.08.023
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Fig. 1. Industrial L

Table 1
Li-ion cell specifications

Cell model

40 80

Nominal capacity (Ah) 40 80
Nominal voltage (V) 3.8 3.8
Dimensions (mm) (LWH) 170-47-133 170-94-133
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nergy density (Wh kg−1) 72.4 74.1
Wh l−1) 143.0 143.0

ells. A comparison of energy densities of VRLA and Li-ion cells is
iven in Fig. 2.

.1.1. Charge characteristics
Fig. 3 shows the charge characteristics of these cells under con-

tant current/constant voltage (CCCV) charge conditions at various
harge voltages. Like lead-acid cells, these Li-ion cells exhibit favor-
ble charging characteristics. The time taken to reach the preset
harging voltage varies depending on the charge current at the ini-
ial stage of constant charging, but discharged electricity is almost
ully restored after about 10 h of charging, even after a full discharge.

These Li-ion cells can thus be charged using CCCV charging
ethods, and they can be operated using the same float charging
ethods as conventional DC power supply systems for telecom-

unications equipment. As the −48 V DC power supply system

upplies power with an output voltage at −48 ± 5 V, the floating
harge voltage of the Li-ion batteries can be determined in this
oltage range. The selection of the floating charging voltage is

Fig. 2. Comparison of energy density of VRLA and Li-ion cells.

2
c

a

i-ion cells.

mportant for using Li-ion batteries in such DC power supply sys-
ems. In selecting the charge voltage, we must consider the battery
omposition (number of series-connected cells), off-load voltage,
nd available electricity from the cells that are governed by the off-
oad voltage, and in addition, the amount of electricity charged by
he voltage. On the basis of our assessment regarding the effects
f battery composition and charge voltages, we concluded that
battery comprising 12 cells and 4.1 V cell−1 are reasonable and

cceptable for the DC power supply systems. Thus, we selected
.1 V cell−1 as a standard float charging voltage for these Li-ion cells.

.1.2. Discharge characteristics
Next, we will discuss the constant-current discharge character-

stics. Fig. 4 shows the discharge characteristics of these Li-ion cells,
here the terminal voltages over 3.5 V were obtained except in the
nal discharge period, at a discharge current rate between 1 h and
0 h. Also, the amount of electricity discharged with a 10-h dis-
harge current is 10–20% greater than the nominal capacity, and
his discharge capacity was almost the same below a 1-h rate (1 CA).
n VRLA cells, the amount of discharged electricity decreases as the
ischarge current increases, especially over 0.6 CA. However, in the
i-ion cells, the discharged electricity is not influenced by the dis-
harge current, so features such as size and weight reduction are
specially promoted in applications where discharge current rates
re high.
.2. Deterioration of Li-ion cell and changes in their
haracteristics

For batteries used in backup applications, having not only
long lifetime but also some parameters or relationships that

Fig. 3. Charge characteristics of Li-ion secondary cells.
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mechanism in the test cells depending on the capacity ranges of
over and below 70% of the initial capacity. In past papers [1,3], these
kinds of two fitting lines were not reported. One reason was that
the degradation test period was not long enough for cell capacity
Fig. 4. Discharge characteristics of Li-ion secondary cells.

eflect the cell status during use are desirable. Therefore, we
tudied the relationship between the capacity and characteris-
ics of our Li-ion cells using deteriorated cells that degraded
nder high-temperature accelerating conditions. The samples
ere 40 Ah Li-ion cells that had been subjected to continuous

rickle charging (4.1 V cell−1) in high-temperature atmospheres
f 45 ◦C, 55 ◦C, and 60 ◦C with periodic capacity tests and inter-
al resistance measurements at 25 ◦C. After the capacity tests,
ecovery charging was performed at 4.1 V cell−1, and then trickle
harging was continued once again in the high-temperature atmo-
pheres.

.2.1. Changes in capacity
Changes in the capacity of 40 Ah cells degraded under high-

emperature acceleration conditions are shown in Fig. 5. Capacity
ecreased greatly in the early stages of the tests. After that, capac-

ty declined comparatively slowly, and an abrupt capacity decline
id not occur under any condition throughout the tests. The tem-
erature influenced capacity-reduction profiles, and the time the
apacity took to decrease to a certain level also decreased at higher
emperatures, thereby confirming the accelerated degrading effects
f temperature. In general, the deterioration of Li-ion cells and
ecline in capacity were mainly caused by the formation of a solid
lectrolyte interface (SEI) layer on the negative electrode surface

3–6], and decomposition of electrolyte was mentioned as another
ause of deterioration. It is reported that the growth of the SEI layer
rogressed gradually during use and capacity reduced in accor-
ance with the thickness of the SEI layer. In this condition, capacity
ig. 5. Capacity changes of samples during high-temperature acceleration tests.

eduction/loss is expressed by the following equation [4]:

apacity loss = kf t1/2 (1)

here kf is rate constant and t is time.
Then we drew a figure of capacity changes on the basis of the

elationship described by Eq. (1). Fig. 6 shows the capacity loss
ependency on the square root of the test time. We found two kinds
f fitting lines in each test temperature. One was observed in the
apacity range over about 70% of the initial capacity (area 1), the
ther was observed below about 70% (area 2). The line had a larger
oefficient in the higher temperatures conditions; this means the
reas of higher degradation in the cell. On the other hand, in area 2,
he coefficients are small compared to those in area 1; this means
he areas of lower degradation. These kinds of plural fitting lines
re also found in the paper by Yoshida et al. [4] on trickle-charged
ells under 35 ◦C. However, in their report, the coefficient of the two
ines did not differ as much. The reason is thought to be that their
est temperature of 35 ◦C was not high enough to produce a distinct
ifference. Contrary to this, our test temperatures of over 45 ◦C are
hough to be high enough to make the differences distinct.

Our experimental results suggested two kinds of degradation
Fig. 6. Changes in discharge capacity retentions of 40 Ah Li-ion cells.
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higher temperatures in particular, internal resistances were higher
Fig. 7. Arrhenius plot of rate constant of step 1.

o reach lower than 70% of the initial value. Additionally, the fitting
ines in area 1 are thought to be useful to estimate the time for cells
o reach a capacity of about 70% of the initial capacity after their use
t any temperature, for example at 25 ◦C. Fig. 7 shows the Arrhenius
lots of the rate constants obtained in area 1. The extrapolation of
he fitting line gives a rate constant at any temperature required.
or example, using the extrapolated rate constant at 25 ◦C, the time
he cell capacity takes to reach 70% of the initial capacity can be

alculated to be approximately 6 years. The time for cells to reach a
ower capacity than 70% can be also estimated by additionally using
he rate constants in area 2.

a
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Fig. 8. Discharge characteristics
Fig. 9. Increase in internal resistance during acceleration tests.

The variation in discharge curves of sample cells subjected to
ontinuous trickle charging at 45 ◦C is shown in Fig. 8. As the test
rogressed, the discharge time decreased, and the capacity gradu-
lly decreased. The discharge voltage curves also changed during
his test, and in cells with reduced capacity, cell voltages were
learly reduced at any cut after the beginning of the discharge.

The change in internal resistance during these tests is shown
n Fig. 9. As time passed, the internal resistance increased, and at
t any cut after the tests. This behavior corresponds to the pro-
les of reduction in capacity with respect to time. When we take a

ook at the precise behavior of the internal resistances, we can see

of Li-ion cells during tests.
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unit and a power conversion unit including rectifiers and a control
ig. 10. Capacity vs. voltage relationships of samples that deteriorated under various
onditions.

hey increased rapidly in the duration that corresponds with area 1,
here rate constant was relatively high, and after that the increase

atio was reduced. This behavior can be observed especially in the
ample degraded at 60 ◦C.

.2.2. Relationship between residual capacity and cell parameters
We then studied the relationships between the discharge char-

cteristics and the internal resistance and cell capacity obtained in
he tests.

First, from the discharge characteristics of the Li-ion cells sub-
ected to accelerated degradation at each temperature shown in
ig. 8, we clarified the relationship between cell residual capac-
ty and cell voltages at arbitrary elapsed times. Fig. 10 shows the
elationship between the residual capacity and the cell voltage at
rbitrary elapsed times during discharge. A significant correlation
etween the cell residual capacity and the cell voltage was found,
egardless of the accelerated degradation temperature. We thus
nferred that high temperature acceleration caused degradation in
hese Li-ion cells. In this way, we found a correlation between the
esidual capacity and the cell voltage at any time elapsed during a

onstant current discharge in Li-ion cells used in this work. Thus,
ven in DC power supply systems, the residual capacity of the Li-
on cells can be estimated from the cell/battery voltage measured
uring a brief discharge at a constant current.

u
s
v
s

Fig. 12. DC power su
Fig. 11. Internal resistance vs. relative capacity.

We also examined the relationship between the cell capacity
nd internal resistance. As Fig. 11 shows, the results indicate a good
orrelation between the two that demonstrates the residual capac-
ty can be estimated from the internal resistance. Thus, if equipment
or automatically measuring the internal resistance is installed in
C power supply systems, then this relationship should enable
s to estimate the cell capacity. However, measuring the inter-
al resistance of cells generally requires expensive high-precision
quipment.

Thus, we gave priority to a method using a discharge function
o ascertain the battery state from voltage measurements in a DC
ower supply system used in field tests, described next.

. DC power supply system

.1. Overview of power supply system

The DC power supply system produced for tests in the field trials
as a backup function, which was configured from a storage battery
nit. The configuration of the system and an illustration of it are
hown in Fig. 12. The upper stage is the housing for the power con-
erter, and the lower stage is the housing for the storage battery. The
torage battery can contain two 80-Ah Li-ion batteries in parallel;

pply system.
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Table 2
Specifications of DC power supply system for field test

Model

Conventional Developed

Battery type VRLA Li-ion
Battery model 12 V-65 Ah 80 Ah
Battery composition (number of cells) 4 series × 4p (24) 12 series × 2p (12)
Total capacity (Ah) 6240 1920

Output voltage (V) −54.6 −49.2
Output current (A) 30 30
Charge method Floating charge Floating charge
Backup time (h) 6 6a

Size (L/W/H) (mm)b 700/750/1680 700/750/1680
Total mass (kg) 802 414

Rectifier, case 269 269
Battery 432 98
Battery controller – 47
Battery box 101 –
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attery volume (L) 163 51

a Based on actual capacity.
b Exclusive of battery box.

he batteries are each composed of 12 cells connected in a series.
n the figure, the configurations of the Li-ion battery and the DC
ower supply system are also shown schematically. The battery is
onnected in parallel with the load at the output of the rectifier, and
t is constantly kept at a fully charged state by the floating charge

ethod. Because the battery is configured with an integral control
nit, each cell can be managed individually, and batteries can be

nstalled/replaced or removed by connecting them to the rectifier
utputs as necessary.

Table 2 compares the specifications of the DC power supply sys-
em used in the field tests with those of the conventional system.
he rated output voltage of the system was set to 49.2 V consid-
ring the optimal charging voltage of the Li-ion cell of 4.1 V cell−1

nd the number of cells in the battery. This value is about 5 V lower
han the 54.6 V voltage of conventional power supplies but is ade-
uate for the required voltage of the load. The maximum output
urrent of the DC power supply system used in the field tests is
0 A, and the backup time of the storage battery is 6 h. In a con-
entional power supply system equipped with VRLA batteries, four
ets of four series-connected 12 V/65 Ah VRLA batteries are used
n parallel. An additional battery enclosure is used outside the DC
ower supply main unit to cope with these batteries. In addition,
he same discharge time is compensated with two parallel sets of
0 Ah batteries. In this way, the number of cells that are used in a
erial/parallel configuration of Li-ion batteries is reduced. Conse-
uently, the total cell capacity of batteries is reduced to 1920 Ah,
hich is about one third that of VRLA batteries (6240 Ah). As a

esult, the net volume of the battery is also about one third that
f the VRLA battery, while the weight is reduced to approximately
ne quarter. Because a battery control unit is required in Li-ion bat-
eries, the weight of the control unit (47 kg for two units) is also
dded to the battery. However, even if this weight increase is taken
nto consideration, the overall weight of the battery is reduced to
pproximately one-third. The end result is that the total weight of
he system is reduced by about half due to the substantial reduction
n the weight taken up by the VRLA battery.

.2. Cell management and battery configuration
In general, when Li-ion cells are used as batteries by connecting
ingle cells in series, they must retain adequate performance and
afety over long periods of time. Therefore, each Li-ion battery we
sed in our DC power supply system is equipped with a dedicated

s
t
c
t
f

ources 189 (2009) 847–854

ontrol unit and cell-voltage equalizing circuits, and functions were
rovided for keeping the cell/battery safe inclusive of cell-voltage
anagement and adjustment to an appropriate voltage.

1) Cell voltage management and voltage equalization
The voltage of each individual Li-ion cell in the battery was

kept at a charge voltage suitable for maintaining the cell’s
capacity and lifetime. For this purpose, a cell-voltage equaliz-
ing circuit that is provided in parallel with each cell bypasses
the excess charging current when the voltage exceeds a set
value. In our system, the standard adjustment target value was
determined to be 4.1 V cell−1. However, for actual operation,
we revised this value by considering the change in the rectifier
output voltage.

2) Single-cell protection
• Prevention of overcharging and over discharging: To prevent

overcharging and over discharging from occurring, the cell
voltages are monitored, and the batteries are disconnected
from the system. The charging/discharging is stopped when
the system detects either an excessive increase or decrease in
the cell voltage during charging or discharging, respectively,
in any cell.

• Prevention of elevated temperatures: When a cell is detected
to reach a temperature above a prescribed value, the batteries
are disconnected from the power line to prevent charg-
ing/discharging of the battery.

3) Detection of control unit malfunctions
When a malfunction occurs in a control unit, the batteries are

disconnected and the charging is stopped.
4) Automatic operative functions

This DC power supply system is equipped with two functions:
one is for disconnecting the battery from the load during dis-
charge when the battery voltage falls at a preset value to prevent
excessive discharging of the cells, and the other is a periodic
battery discharge by automatically dropping the rectifier out-
put voltage within the working voltage range of the load. The
latter function is useful to check the health of the DC power
supply system during actual operating conditions as well as the
state of health of the battery. We measured the voltage charac-
teristics of the Li-ion batteries in the DC power supply system
when it was discharged to the real load by using the function
for automatically dropping the rectifier output voltage.

.3. Field test results

We installed the DC power supply system at a base transceiver
tation providing actual telecommunications services, and in June
006, we began field tests during actual service conditions. The test
ite is located in western Japan (northern Kyushu), where average
emperatures are high and where many typhoons occur in sum-

er. The test system is shown in Fig. 13. A measuring system was
nstalled beside the DC power supply main unit, and various kinds
f measurement data were collected from the DC power supply sys-
em during the tests and transmitted via a communication line to
ur R&D center in Tokyo. Any alerts generated in the power supply
ystem can also be transmitted to our Tokyo center.

.3.1. System stability
The system stability was checked by measuring parameters
uch as the rectifier output, the cell voltages, and current supplied
o/from the battery while rectifiers were feeding power to the load
ontinuously. The system has been operated in summer and win-
er since the start of the field test in June 2006, and so far, it has
unctioned well and has generated no alerts.
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during the final discharge stage, and the discharge capacity is more
Fig. 13. DC power supply system at field test site.

Fig. 14 shows the changes in cell temperature and cell volt-
ge during the test period. Because the environmental temperature
nfluences the rectifier output, the output voltage varies depend-
ng on the ambient temperature. Consequently, temporal changes
n the cell voltages occur as the temperature of the test site changes.
owever, the range of these voltage variations was within ±10 mV
f the adjustment target voltage (4.10 V), and we found that the cell
oltage equalizing circuit functioned well even during the actual
est conditions.

.3.2. Characteristics during automatic discharge tests
Fig. 15 shows the battery discharge characteristics resulting

rom the automatic discharge function incorporated into the DC
ower supply system. As shown in this figure, the battery was dis-
harged due to a drop in the rectifier output voltage without any
nstantaneous breaks in the supply current, and the telecommuni-
ations system continued to function well. Also, the voltages and
ischarge currents of the two sets of batteries were well aligned
uring the discharge, and afterwards, the system switched over to
ecovery charging without any difficulty.

Fig. 16 shows the battery voltage characteristics during auto-
atic discharge tests that were performed repeatedly during this

eld test. Although the cell temperature affects these discharge
haracteristics, the first and fourth characteristics, which were
btained at more or less the same temperature, show a similar

ischarge. Because the load currents were almost constant dur-

ng the field test, we can infer from these characteristics that
he Li-ion batteries installed in this DC power supply system did
ot undergo any large changes in their conditions. Thus, we are
onfident that the deterioration of Li-ion cells/batteries can be

Fig. 14. Cell-voltage variations during field test.

o
a
d

F

Fig. 15. System responses during automatic discharge tests.

stimated by monitoring the voltage in the DC power supply
ystems.

. Development of Li-ion cells with larger capacity

.1. Single-cell characteristics

We made prototype large-scale Li-ion cells with capacities of
00 Ah and 400 Ah to test the potential of these cells for indus-
rial applications. Fig. 17 is a photograph of the prototype 400 Ah
i-ion cell. The cell is fabricated by enlarging components based on
similar design concept to that of the 40 Ah and 80 Ah cells. Active
aterials for positive and negative electrode are the same as that

sed in the 40 Ah cells. Specifically, the width and length of the
lectrode sheets were determined by taking into consideration the
mount of active material required to store the electricity, and the
ell-components were placed in a metal case. In these cells, elec-
rode sheets with a width of approximately 300 mm were applied.
ue to the cell design, the energy density was slightly higher than

hat of the current 40 Ah and 80 Ah cells.
Fig. 18 shows the discharge characteristics of the 400 Ah Li-ion

ells. In the discharge current region from the 10-h rate (0.1 CA) to
he 1-h rate (1 CA), the cell has a high voltage of over 3.5 V except
r less the same regardless of the discharge current. Similar char-
cteristics were also obtained for the 200 Ah Li-ion cells, and these
ischarge characteristics were more or less the same as those of the

ig. 16. Discharge characteristics of Li-ion battery in automatic discharge tests.
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Fig. 17. 400-Ah Li-ion cell.
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Fig. 18. Discharge characteristics of 400 Ah Li-ion cell.

i-ion cells (40 Ah and 80 Ah cells) described earlier. Because these
ischarge characteristics contribute to reducing the battery size,
he 200 Ah and 400 Ah Li-ion cells should also reduce the battery
ize to the same degree as the current Li-ion cells when the VRLA
atteries are replaced with the Li-ion batteries.

.2. Application range

Fig. 19 shows the range of loads to which the 200 Ah and 400 Ah
i-ion cells should be applied. In general, with a VRLA cell, the
mount of discharged electricity decreases as the discharge current
ncreases, dropping down to approximately 60% of the rated capac-
ty at the 1 CA current. Thus, for example, a cell with roughly 1.7
imes the rated capacity is required for back up batteries with a 1 CA
oad current. However, with a Li-ion cell, the discharged electricity
emains more or less constant regardless of the discharge current.

ccordingly, if we compare VRLA cells and Li-ion cells with the same
ated capacity, then the Li-ion cell can handle larger load currents
or the same backup duration, as shown in the figure. Thus, 200 Ah
i-ion cells can be substituted for 500 Ah VRLA cells at a backup time
f 1 h, for example, and for a backup time of 30 min, they can replace

[

[

[

Fig. 19. Applicable range of Li-ion cells.

000 Ah VRLA cells. Furthermore, 400 Ah cells can replace 500 Ah
RLA cells for over 10 h and replace 1000 Ah VRLA cells for around
h. This shows that Li-ion cells with capacities of 200 Ah and 400 Ah
an be used as replacements for VRLA cells with capacities ranging
rom 1000 Ah to 2000 Ah. They are used in large quantities in the
elecommunications power systems. And, as mentioned, because
he number of Li-ion cells in a battery can be reduced to about half
12 cells) the number of cells in a conventional VRLA battery (24
ells), the total cell capacity installed in these large-capacity Li-ion
atteries is much less than that of conventional VRLA batteries.

. Summary

We studied the relationship between the capacity and char-
cteristics of industrial Li-ion cells in deteriorated states, and we
larified that the capacity is related to the internal resistance and
he cell voltage during constant current discharge. By focusing on
he relationship of the capacity and voltage characteristics during
ischarge, we constructed a DC power supply system with auto-
atic discharge functions, and we performed field tests. The use

f Li-ion batteries enables substantial reductions in the size and
eight of battery units in power supply systems. The cell status

an be diagnosed by the automatic discharge test function in DC
ower supply systems based on the cell/battery voltages during a
rief discharge.

We also fabricated 200 Ah and 400 Ah Li-ion cells, and we
ound that large-capacity Li-ion cells can be produced with sim-
lar characteristics to current 40 Ah and 80 Ah Li-ion cells, thereby
emonstrating the potential of Li-ion cells as replacements for the
RLA batteries in telecommunications systems.
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