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Abstract 
Kyushu Electric Power Co., Inc and Mitsubishi Heavy Industries, Ltd. have been pursuing joint research on 
large-scale Li-ion battery development, and are working to create an electric power storage system, focused on 
extending the life of Li-ion batteries. The prototype 24 kWh power storage system has an output of 3 kW X 8h, 
and is composed of 22 module batteries made up of 88 cells lined up in a series, an inverter and a battery 
protection circuit. Each 270Wh cell has a 160Wh/kg maximum energy density and an expected life of 3,500 
cycles. After basic performance tests were conducted, including load leveling and peak clipping, the system was 
confirmed to have approximately 86% operation efficiency. This paper presents the capabilities of the 
developed Li-ion battery, and reports the composition and performance evaluation results of a 24kWh power 
storage system making use of the developed batteries. 
 
1. Introduction 

Power companies face an increasing gap in power consumption between day and night as well as through the 
seasons. This problem decreases the operation rate of a power facility and increases the cost of power supply, 
expressing an index called the load factor. In the case of Kyushu Electric, it is about 57%. As a solution to 
raise the load factor, focused is placed on the use of a power storage system with our Li-ion battery currently 
in development. The prototype 24 kWh power storage system, featuring an output of 3 kW X 8h, was newly 
developed. The system charges during the night and discharges in the daytime; and the gap in electricity use 
can be controlled. This results in an increase of the load factor. Fig.1 shows the image of a controlled gap for 
electricity use. 
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 Fig.1 Image of controlled gap in electricity use 

 
2. Li-ion battery 
2.1 Structure of Li-ion cell 
   Fig.2 shows the mechanism for the Li-ion cell. The cell uses Li-manganese oxide for the anode and carbon 

material for the cathode. The lithium ion moves from the anode to the cathode when charging; and from the 
cathode to the anode when discharging. Because charging and discharging occur through the movement of 
the lithium ion, the cell has a high charge and discharge efficiency.  
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Fig.3 shows the structure of the cell of the Li-ion battery as well as photographs of the battery. The cell is 
rectangular in shape and has a capacity of 270Wh. Anodes and cathodes are layered alternately with separators 
placed in between them. The cell contains 104 anodes and 105 cathodes. The four cells are connected in a series 
to form a single 1.1kWh module battery. Table 1 expresses the specifications of the 270Wh cell and 1.1kWh 
module battery. The battery developed is displays an adequate performance in comparison with the other 
batteries. 
 

1.1kWh module battery 

262 

238 

160 

270Wh cell 
11666.5 

175

About 500µm 

Separator Anode layer 

Current collector

Cathode layer 

4 series

 
 
 
 
 
 
 
 

Fig.3 Cell structure; and 270Wh cell and 1.1kWh module battery 
module battery  

 
 Table 1 Specifications of 270Wh cell and 1.1kWh module battery 
 

Specifications 270Wh 
cell 

1.1kWh 
module 

Weight (kg) 2.7 12.2 
W 66.5 160 
L 116 262 Size (mm) 
H 175 238 

Nominal voltage (V) 3.8 15.1 
Nominal capacity (Ah) 72 

Wh/kg 160 139 Max.       energy 
density Wh/L 320 169 

Max. energy capacity(kWh) 0.432 1.69 

 
 
 
 
 
 
 
 
 
 
 
2.2 270Wh cell performance 

Fig.4 reflects the cycle characteristics obtained by testing the 270Wh cell at a discharge depth of 70%. 
“Conventional” indicates the performance of the cells developed three years ago; while “Improved-1 
(production in 2001)” and “Improved-2 (production in 2002)” express the performance of the cells we 
recently developed. The characteristics here reveal a long cell life of over 3,500 cycles as well as a 
160Wh/kg maximum energy density. Based on these findings, the new cells appear to have potential as 
storage batteries. We expect an estimated life of about 5,000 cycles. Fig.5 shows the charge and discharge 
characteristics of the 270Wh cell. By having a charge and discharge efficiency of 97.3%, they can contribute 
to the creation of a highly efficient power storage system. 
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Fig.4 Life cycle of 270Wh cell Fig.5 Charge/Discharge characteristics 



3. 24kWh power storage system 

3.1 System configuration 
   Figs. 6 and 7, respectively, show a schematic of the 24kWh power storage system and its appearance. The 

system has an output of 3 kW X 8h. It is composed of: twenty-two 1.1kWh module batteries made up of 88 
cells lined up in a series; a 3kW bi-directional inverter; and a battery protection circuit which controls the 
system by measuring voltage, current and temperature. The system voltage is adjusted to Japan’s current 
single-phase, three-wire system; and the system works with voltages of 100V and 200V. 
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 Fig.6  Configuration of 24kWh power storage system
 
 
 
 
 
 
 

Battery 
capacity 

24kWh 
(1.1kWh × 22) 

Power system 
Voltage 

1φ3W AC101 / 202 
(50 / 60Hz) 

Rated power 3.6kW (charging) 
3.0kW (discharging) 

Charging voltage DC264- 370V 
(variable) 

Charging current Max 9.1A 
(variable) 

Weight 700kg 

Dimension W940 ×D550 × H2075 mm 

 
Fig.7  24kWh power storage system 
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Table 2  Specifications of power storage system  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
3.2 System operation modes 

Table 3 expresses the operation modes of the system. It is possible to discharge the battery 
automatically from any mode during a power failure, allowing for recovery from an outage. 
 
 Table 3  Operating modes 

 
Operation mode Mechanism Description 

Load leveling in 
system 

interconnection 

 

Charge power system to power storage unit, and 
discharge from power storage unit to load 

Peak clipping 
in system 

interconnection 

 

Discharge excess contract power from power 
storage unit 

Forced 
charging 

 

Charge power storage unit from power system 
manually 

Forced 
discharging 

 

Discharge from power storage unit to load 
manually 

Inverter Load 
Discharging

Inverter
Charging 

Load

Inverter
Discharging

Load

Inverter
Discharging

LO
ADCharging 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

3.3 Battery protection function 
   Fig.8 shows the system’s battery protection circuit. Monitoring of both temperature and voltage, as well as 

cell balancing compensation, are performed for each cell. The system uses battery pack control cells. The 
original voltage difference might be small, but it may gradually increase due to variations in internal 
resistance within the cells after repeating charging and discharging cycles. As a result, over-charging or over-
discharging may occur, thereby, affecting the lifecycle and safety of the batteries. The function of cell 
balancing compensation has been added to prevent such an occurrence. The system is controlled through 
communication between the module battery and the battery pack controllers; and a control signal is sent from 
the inverter if an abnormality is detected. In addition to cell balancing compensation, we included protective 
functions against over-charging, over-discharging, over-current, over-heating and any ambient temperature 
abnormality in case of fire. 

 
 
 
 
 
 
 
 
 
 
 
 
 



Cease battery charging/discharging 
Cease inverter operation 

Detection of abnormal condition

Monitoring of each cell 

Functional Flows 

Features 
 ・Cell balancing compensation 

 ・Prevention of over-charging  

 ・Prevention of over-discharging

 ・Prevention of over-current 

 ・Detection of over-heating 

 ・Detection of ambient temp.  

: Inverter 
: Battery protection circuit 

DC 

U
P
C

detection 
Over-voltage

Module battery 

Module battery 

Module battery
control board 

Voltage 
monitoring 

Over-current
detection 

Inverter 
controller

Battery pack 
control board 

CPU 

Th AC100V 

Temperature 
monitoring 

 Temp. 
monitoring

 Cell balancing 
monitoring 

 

 

T

T

T

 AC 

 Battery/ Inverter 
condition 

monitoring signal 

 Battery 
abnormality 

alert 

  Control signal 
for cell 

balancing

T

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.8 Battery protection function  
 
Fig.9 displays the results of the performance test for cell balancing compensation. The red lines express 
differences between the cells’ maximum voltage and minimum voltage. In the graph on the left, the increase in 
voltage variation is shown with charging and discharging cycles. The graph on the right shows the voltage 
variation getting smaller after cycle repetition, even though the variation is noticeable at first. For better 
system operation efficiency, the cell balancing circuit effects compensation over a number of cycles rather 
than trying to compensate for cell balance all at once. Consequently, charging and discharging of the already 
deteriorated cells was controlled, which contributed to the longer life and improved safety of the battery pack. 
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Fig.9 Cell balancing compensation  

 
3.4 Responsiveness to load fluctuation 
   Fig.10 expresses the system’s performance test, which evaluated the system from the view that reverse current 

could flow from the battery to the power system upon a sudden load decrease if the system lacked good 
responsiveness. We fluctuated the load and measured the response speed of the system. The graph below is 
the waveform of the battery current during a load fluctuation from 0 to 50%. The 5A segment indicates one 



vertical graduation, and 50ms is the horizontal one. We took measurements when the load was increased 
from 0 to 100% and 50 to 100%, and also when it was decreased from 50 to 0%. The results are within 
300ms. 
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 Fig.10 Performance test (Forced discharging) 
 
3.5 Total system efficiency 

The system obtained a high operation efficiency, or 86%, when operated under the load leveling mode 
while linked to the power system. As shown in Fig.11, the loss includes 3% from battery charging and 
discharging, 0.2% and 0.3% from the charging and discharging of pilot lamps, and 6.2% and 4.3% from the 
charging and discharging of the inverter. Total power loss comes to 14%.   

 
 

Battery loss
Power loss factors: 

Control power loss: discharge 
Control power loss: charge
Inverter loss: discharge
Inverter loss: charge 
AC input/output

3.0
0.3
0.2

4.3

6.2

86.0

100.0 

 
 100
 

8

9

K
W

h 
（

%
）

 95

0

5

 
 
 
 
 

80 
 75

 Input Output
Fig.11 Performance evaluation (Loss factors)  

 
4. Conclusions 

The authors have developed a 270Wh Li-ion battery for the power storage system, and have improved 
charging/discharging characteristics to reach a life of 3,500 cycles. Voltage among the cells has been leveled 
out through a battery protection function, thereby improving the safety and estimated life of the battery. We 
have managed to keep the system’s load response characteristics within a maximum of 300ms. The system 
operates under the load leveling mode and peak clipping mode in system interconnection, and has attained a 
system efficiency of 86%. 
 
 
 
 
 
 



Weight (kg) 4200 
Capacity (kWh) 144 
Voltage (ACV) 200 

Power (kW) 18 
System efficiency (%) 86 
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Fig.12 Future challenges 

 
 
 
 
 
 
 
 
 
 
 
 

In the future, as shown in Fig. 12, we plan to create a larger system by connecting the 24kWh systems in 
parallel. Also, we plan to adjust the system for a three-phase load, if there is a need for it, by altering the 
current inverter unit. 
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