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Summary

1. Background

It is expected that a large number of used batteries will come into existence in the near future
due to the recent spread of vehicles with electric motors such as EVs. Prediction of newly available
used batteries is shown in Fig. S1.1.

Current technology to reuse batteries in vehicles is small scale and limited the same battery type
and similar level of remaining capacity, leaving most of the used batteries being exported together
with vehicles, and making the number of used batteries recovered and reused domestically quite
limited. Fig. S1.2 and S1.3 show the number of used cars exported and the number of used batteries
recovered.

Also, recycling technology is mainly about incineration followed by resource material recovery
from residue and slag because it is easy to implement, which makes purity and recovery rates of
recovered materials, including valuable metals, low and CO2 emissions from incineration an issue.

This demonstration project is to develop the following technologies with goals of achieving
significant reductions in CO2 emissions throughout the life cycle, developing a system to circulate
batteries with exhaustible resources domestically, preventing them from flowing out to overseas, and
promoting secondary use of used lithium ion batteries with large performance differences by
enhancing their safety, reliability, and price competitiveness.

» Safe and stable reuse control technology for used lithium ion batteries regardless of their
deterioration conditions and types

» Technology for utilizing automotive parts other than used lithium-ion batteries to further expand
the scope of reuse

Strategy for next
4000000 | generation vehicles 2010: 2030
T Share targets for each
passenger car type | Minimum | Maximum 3,500,000
(government target)

3.500.000 -

Hybrid vehicle 30% 40% N - -

. . QO\\'\ — -

Electric vehicle 20% 30% 4 52° P

3,000,000 | Plug-in hybrid vehicle ° ° wo\ec‘e _,—"
—_
Fuel cell vehicle up to 3% . - 2,500,000
-—
2.500.000 ~ -~ P -
SN =
7 - i \e¢Sa\es\’°\Ume
2,000,000 ra —proiee
7 —_
7 -
/ ~
1,500,000 a
-
- 2R

~
44 -
@5 1,044,000 // —

W
i\
1,000,000 \\y?»\%a = - - o - e 22 = =
o 9s1,000 |Next-generation ELVs will be picking up in oced -
884,000 ' pro¥ -
' i W
_—‘ \
p Lo

500,000 and after 2025. (Approx. 500,000 units)

646,000

0 - - - - = 2

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Fig. S1.1: Projected share of next-generation vehicles, Projected ELV (used vehicle) availability
Source: Material from the 2019 Joint Meeting of the Industrial Structure Council and the Central
Environment Council of the Japan Automobile Manufacturers Association, document 6-2
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Li-ion battery

Nickel hydrogen
battery

Suzuki Corporation

(Note) Totals from ELVs
for each company

FY 2018: 2,364
FY 2017: 943
FY 2016: 656

Isuzu Motors Limited Toyota Motor SUBARU Co., Ltd.
SUBARU Co., Ltd. Corporation Toyota Motor Corporation
1« |Nissan Motor Co., Ltd. Honda Motor Co., Nissan Motor Co., Ltd.
Manufacturer's Mazda Motor Corporation Ltd. Hino Motors, Ltd.
name Mitsubishi Fuso Truck and Bus Mitsubishi Motors Honda Motor Co., Ltd.
Corporation Corporation Mazda Motor Corporation
UD Trucks Co., Ltd. Yamaha Motor Co.,| Mitsubishi Motors Corporation
Ltd.
Actual FY 2019: 3,014 FY 2019: 6,694
recovery

FY 2018: 7,214
FY 2018: 6,140
FY 2018: 4,839

Source: Material from the 2020 Joint Meeting of the Industrial Structure Council and the Central
Environment Council of the Japan Automobile Manufacturers Association, document 4 -2

Fig. S1.3 Actual number of recovered used batteries




2. Implementation of the demonstration project

To develop a battery ecosystem to circulate used batteries, which are expected to come into
existence in large quantity in and after 2025, it is necessary to expand and optimize the configuration
of facilities using reuse batteries. Therefore, a minimum unit for a large-capacity power storage system
was developed as a pilot facility assuming real operation, and an operation test was conducted by
combining each control system and equipment. The main equipment used in the pilot facility is shown
in Table S2.1, specifications of the used lithium-ion batteries are shown in Table S2.2, and the system
configuration is shown in Fig. S2.1. The demonstration facility for reuse batteries was developed as a
135 kW power storage system, connecting 3 strings in parallel, each string connecting 22 cartridges
in a series, and each cartridge (DC44.4 V) being a minimum control unit. Also, a battery control system
has been developed that can charge and discharge batteries with different deterioration conditions
efficiently even when large numbers of them are connected to form large capacity. We also examined
the use of inverters in vehicles as PCS (Power Conditioning System) substitutes.

Table S2.1 Function of each equipment

Equipment name Function

Power Conditioning
System (PCS) voltage DC 650 V

data collection unit, GCU, and PCS

Power Management Unit | « Transmission of various information to data collection equipment

(PMU) « Touch panel communication (command setting, monitor)
« Transmission of charge/discharge control command to PCS and GCU

. system
Group Control Unit y

(GC) « Transmission of the command from PMU to each SCU

» Collection of detailed information of each cartridge

Executing the following functions through two-way communication with GCU

. . i f
String Control Unit instructed from GCU

SCU .

( ) (battery conditions) from SU
« Summarization of conditions of each SU under the control of SCU and notification

of such to GCU.
Executing following functions through two-way communication with SCU
. « Connection/disconnection of a  cartridge according to
Sweep Unit . . L
(SU) connection/disconnection signal from SCU

 Monitoring of cartridge information (battery conditions)
« Notification of cartridge information (battery conditions) to SCU

Bidirectional AC/DC converter for converting system side AC 400 V to battery

Executing the following functions through two-way communication with the host

» Collection of information from GCU and PCS to perform charge/discharge control
Executing the following functions through two-way communication with the host

« Transmission of overall group conditions to PMU and the data collection device

« Transmission of connection/disconnection signal to SU to realize the power level

« Determination of which SU to disconnect based on the cartridge information




Table S2.2 Specifications of used lithium-ion batteries, etc. used in the project

ltemn Specifica}tions Specifi_cations
(per string) (3 strings)

Rated power 45 kw 135 kw

Rated voltage 650kV

Rated current 69.2A 207.6A
Rated power capacity 97 kWh 291 kWh
Operating temperature 0~40°C
Number of cartridges 22 \ 66
Cell conflgL_Jratlon ina 2 parallels x 12 series

cartridge

Data acquisition System
PC for data equipment
collection
. NAS for data storage -l
* r Distribution panel in the factory |
: b MAX138.6kVA) |
. Distributi
Y : T 1T 1T ] ! [
¢ ———————— » | power supply
z ' et e e
# /
} 4 Factory| | Factory| | Factory| | Factory| v
4 T e I Load 1| | Load 2| | Load 3| | Load 4 “1
| : / 200kVA
| / 200V~ 400V
== = | Touch 7/
| : panel « Current, voltage, power, power factor monitoring
| /
S —————
|
| PMU (MELSEC: 1set) 4 PCS panel
< it -
I ’ + Normal normal
+ Abl I reset AC400V/DCE50V
| - Communications (RS -485) Ol;:srnltl":o:rensaei\on (communication) r\J — | 135kN
| TSy - T T T 7 ===
1/0 signal +
|
: ** String x 3 parallels
I
! I = Soishashsem o envuy fh b en du s e sen v [ - | |
| «1 *1 . .l
R | ' Battery Rack 1-1, | Battery Rack 1-2; Battery Rack 1-3
! Il i beorr Jwoosiar i \1 cP1-2 fmcesl-2 i \Lcm-s MCeBI-3 !
| 11 ' \ 1 1 |
| 11 | Do acmest Slrinispeciﬁcauor\l [ Pz ¥ et | lsting specication R String specification |
| | (LANGROFINET) ' | powersupply | |49K U pomapy | | 45KR L[ powersuee | | 4558 |
| 0 1 (600M) 650V, 69.2A 1! { ) 650V, 69.2A ! { ) 650v,69.24 !
1 (] 1 —_—
' I . i |_ scu i |__ scu Hl! I__ scu Bl ¢
| « Charge and| V%USA?ST;') 1 (N} | I
: g:nsrzr:argz I 1 . Normal/Abnormal : SUX11 : : SUX11 : SUX11 :
+ Various data | | 1 N | 1
| 11 : Cartridge HA Cartridge : Cartridge :
| 11 DC Voltage: 44.4 DC Voltage: 44.4] DC Voltage: 44.4
| & ' v (N v : v :
+ Operation ! i )
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| ‘* . Curent | _ _ __ _ Seres [ Series 1 }_ o _SffE?S _____ |
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Fig. S2.1 System configuration of the demonstration facility




In the demonstration tests, the following was conducted: PCS response test to confirm the basic
characteristics of the developed power storage system; charge-discharge test at a fixed output level for
a fixed period of time, and a short cycle response test to confirm compliance with the requirements of
the supply-demand adjustment market and the capacity market in the electric power system; test to
evaluate operation with used products included and performance evaluation of used products; and
study of hybrids such as a combination of lithium-ion and nickel-metal batteries. We also examined
the use of inverters in vehicles as PCS (Power Conditioning System) substitutes.

(1) PCS response test

Durations were measured between transmission of command values and acceptance of the
command values in 6 patterns of (1) stop — charge, (2) charge — stop, (3) stop — discharge, (4)
discharge — stop, (5) charge — discharge, and (6) discharge — charge to confirm that all of them
operate at a response speed of a short duration of less than 0.2 seconds. The test method is shown in

C)=(D'tiﬁ @=0+Q (D:“§}+<)

e e e

T I T
130 :

} Command \ Command
0
Comm\d_
-130 -

Command Command

Output (kW)

W

Time (s)
Fig. S2.2 PCS Response test, waveform image



(2) Test for charging/discharging at a fixed output level for a fixed period of time

In order to confirm compliance with the requirements of the supply-demand adjustment market
and the capacity market, a test was conducted in which charging and discharging were repeated at a
fixed output level for a fixed period of time. The test method is shown in Table S2.3 and Fig. S2.3.

Table S2.3 Test for charging/discharging at a fixed output level for a fixed period of time

Conditions | Duration [s] | Charge [kW] | Discharge [kW]
1) 300 130 117
) 1800 130 117
3) 10800 48 43
(4) 39600 13 11
(5) 57600 9 8
A Duration t
D *The graph shows the discharge
operation on the positive side.
1‘1 ? b o s e i

Output (kW)
o

-130

.
=

Fig. S2.3 Test for charging/discharging at a fixed output 1eve?f0r a fixed period of time, waveform
image

The test results are shown in Fig. S2.4 through S2.8. Although there emerged about 2-5% SOC
deviation on the charging side, it was confirmed that charging and discharging were possible under all
test conditions (1) to (5). Also, there appeared a fluctuation of about £ 10 kW at the maximum in the
output power, which can be attributed to the influence of a ripple current generated from switching
control to control current.



When SOC is used in the vicinity of the lower limit of use, the output may be limited depending
on the set conditions, and the required output may not be supplied. Therefore, in actual operation, it is
necessary to configure a system in which the output or operation duration can be changed while
observing the state of the battery, instead of setting the output of the charge and discharge to a fixed
value. Also, in order to supply stable output power, it is necessary to suppress the ripple current as
much as possible on the AC equipment side.

(kW) 130 kW charge/ 117 kW discharge, 300 sec x 18 cycles ;sl;:)c
P M N e A R D N e e e
ANNNNNNNNNN NNV
A ALLLLLASALLLALSD,
0 2000 4000 6000 8000 10000  (sec)

Fig. S2.4 Test conditions (1) Measured waveform (Output power, SOC)



130 kW charge/ 117 kW discharge, 1800 sec x 5 cycles S0

(kW) ®
150 80
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100 70

50 60
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-50 40

-100 30

-150 20

0 2000 4000 6000 8000 10000 12000 14000 16000 18000
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~— Output power ——NO.1 String SOC " NO.2 String SOC " NO.3 String SOC
Fig. S2.5 Test conditions (2) Measured waveform (Output power, SOC)
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Fig. S2.6 Test conditions (3) Measured waveform (Output power, SOC)



(i 13 kW charge/ 11kW discharge, 11 hours x 1 cycle ?%:
50 80

20
0 10000 20000 30000 40000 50000 60000 70000 80000
=== Output power ~—NO.] String SOC ~—NO.2 String SOC ~—NO0.3 String SOC (gec)

Fig. S2.7 Test conditions (4) Measured waveform (Output power, SOC)

soc
(kw) 9 kW charge/ 8 kW discharge, 57600 s (16 h) x 1 cycle %)

50 80

(sec)

-50 20
0 20000 40000 60000 80000 100000

—Output power ——NO.1 String SOC —NO.2 String SOC —NO.3 String SOC

Fig. S2.8 Test conditions (5) Measured waveform (Output power, SOC)



(3) Short cycle response test

In order to confirm compliance with the requirements of the supply-demand adjustment market
and the capacity market, a test was conducted in which charging and discharging were repeated in a
short cycle (2 seconds). The test method is shown in Table S2.4 and Fig. S2.9.

Table S2.4 Short cycle response test

» Duration Charge Discharge
Conditions [s] (kW] (kW]
(1) 300 130 117
(2) 1800 130 117
(3) 39600 26 23
A Duration t *The graph shows the discharge

operation on the positive side.

Output (kW)

RN
o

130 p---t AL

v

Time (s)

Fig. S2.9 Short cycle response test, waveform image

The test results are shown in Fig. S2.10 through S2.12. Although there emerged about 2-4.5%
SOC deviation on the charging side, it was confirmed that charging and discharging in a short cycle
were possible under all test conditions (1) to (3). Also, there appeared a fluctuation of about + 10 kW
at the maximum in the output power, which can be attributed to the influence of a ripple current
generated from switching control to control current.

When SOC is used in the vicinity of the lower limit of use, the output may be limited depending
on the set conditions, and the required output may not be supplied. Therefore, in actual operation, it is
necessary to configure a system in which the output or operation duration can be changed while
observing the state of the battery, instead of setting the output of the charge and discharge to a fixed
value. Also, in order to supply stable output power, it is necessary to suppress the ripple current as
much as possible on the AC equipment side.



Short cycle response (2 s interval): 130 kW charge/ 117 kW discharge 300 s x 18 cycles (enlarged)
(kW)
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Fig. S2.10 Test conditions (1) Measure(; waveform (Output power, SOC)
) Short cycle response: 130 kW charge/ 117 kW discharge, 1800 sec x 5 cycles
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Fig. S2.11 Test conditions (2) Measured waveform (Output power, SOC)



(W) Short cycle response: 26 kW charge/ 23 kW discharge, 39600 s (11 h) x 1 cycle 2"
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20
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——Output power (sec)

Fig. S2.12 Test conditions (3) Measured waveform (Output power, SOC)



(4) Test to evaluate operation with used products included and performance evaluation of used
products

In order to evaluate performance with used batteries included, batteries simulating 50%
deterioration (hereinafter referred to as “degradation simulation batteries”) were included in a string
in which reuse batteries were connected in a series, and charge/discharge tests with the Sweep function
enabled/disabled were conducted to confirm the full usage of all battery capacities regardless of the
deteriorated simulated batteries. The test was conducted with output set at 65 W.

The test results are shown in Table S2.5 and Fig. S2.13, S2.14. From the measurement results,
it was confirmed that the amount of electric power was (1) > (2) for both charge and discharge and,
by enabling the Sweep function, it was confirmed that all battery capacities can be used to their fullest,
regardless of the degradation simulation battery.

Table S2.5 List of test results, Test to evaluate operation with used products included

(1) Degradation (2) Degradation
ltemn simulation battery + simulation battery +
Sweep function Sweep function
enabled disabled
Charged power
[KWh] 150.6 75.2
(SOC25-75%)
Discharged power
[kWh] 142.9 73.1
(SOC25-75%)
soc Degradation simulation battery + Sweep function enabled (65 kW charge/discharge)
(%) (kw)

80

70
40

60

50

40

-40

30

20
-80

10 -100
9:36:00 10:48:00 12:00:00 13:12:00 14:24:00 15:36:00 16:48:00

——SRT1_CTRO SRT1_CTR1 SRT1_CTR2 SRTL CTR3 ——SRT1 CTR4 —— SRT1 CTRS ——SRT1 CTR6 ——SRT1 CTR7 ——SRT1 CTRg (11M€)

——SRT1_CTR9 ——SRT1_CTR10 ——SRT1_CTR11 SRT1_CTR12 SRT1_CTR13 SRT1_CTR14 ——SRT1_CTR15 ~SRT1_CTR16 —— SRT1_CTR17

——SRT1_CTR18 ——SRT1_CTR19 —— SRT1_CTR20 ——SRT1_CTR21 —— STR1 SOC STR2S0OC STR3SOC —— Output power

Fig. S2.13 Measured waveform when degraded simulated battery + Sweep function enabled, test to
evaluate operation with used products included



(SQ)C Degradation simulation battery + Sweep function enabled (65 kW charge/discharge) (kw)

Vi 60
70 /
/ “
.
/ 20
50 - . 0
Change in SOC is
large in cartridge 20 -
40
\—(_/ -40
30 " "
Waveform is omitted because SOC
adjustment was conducted at the time of -60
charge/discharge switching.
20
-80
10 —L 100
16:19:12 16:48:00 17:16:48 17:4536 18:14:24 18:43:12 19:12:00 19:40:48 20:09:36 20:38:224 (Tlme)
——STR1S0C ——5STR250C STR3SOC ——SRT1 CTRO ——SRT1 CTR1 ——SRT1 CTR2 ——SRT1_CTR3 ——SRT1_CTR4 ——SRT1_CTRS
——SRT1_CTR6 ——SRT1_CTR7 ——SRT1_CTR8 ——SRT1_CTRS —— SRT1_CTR10 SRT1_CTR11——SRT1_CTR12 —— SRT1_CTR13 —— SRT1_CTR14

——SRT1_CTR15 —— SRT1_CTR16 —— SRT1_CTR17 ——SRT1_CTR18 —— SRT1_CTR19 —— SRT1_CTR20 —— SRT1_CTR21 —— Output power
Fig. S2.14 Measured waveform when degraded simulated battery + Sweep function disabled, test to
evaluate operation with used products included



(5) Study of hybrids such as a combination of lithium-ion and nickel-metal batteries

By utilizing the Sweep function developed this time, it is possible to construct a storage system
using different types of batteries with battery specifications unified within a string unit, and the system
should satisfy the required characteristics of both output and capacity simultaneously with the
minimum battery quantity. The equipment configuration image is shown in Fig. S2.15.

200
System
- 180
Insulation equire
circuit 160 characteristics
- No surplus if batteries are
L combined
AC/DC
circuit

Power [MW]

n; n Surplus
= r = ( 40 50 60 70 80 90 100
-"-:——L 'L—(_ Energy [MWh]

Fig. S2.15 Facility configuration combining different types of batteries (image)



(6) Reuse of automotive inverters

A simulation of the measurement circuit of Fig. S2.16 and demonstration facility were
developed and tests were conducted. A battery simulator (BTS1), an in-vehicle inverter, a filter, and a
power supply generator were connected, and synchronization with grid voltage and a 4.5 kW charging
test were conducted. The test results are shown in Fig. S2.17 and S2.18. From the test results, it was
confirmed that the voltage and current were in opposite phase (Power Factor -1), and the charging
operation was performed while synchronizing with the grid voltage. However, since some distortion
remains in the waveform of the voltage and current, it is necessary to study the wave formation that
meets the grid requirements in order to connect to the grid.

Oscilloscope
(Current and voltage measurements
comm—m—m——_—_————_—_———— 3 before and after the filter)

Inverter in a vehicle

1l

1

-@4

L]
L) L]
L] L]
' 1 4 Filtor Power meter
' e — 3-phase  power
' U-phase v T : H supply
: -1 1
BTs1|] = V-phase i3} I_L :
L]
]
E W-phase :
i i
1 1
: 1
3 ]
L

Fig. S2.16 Study circuit of automotive inverter reuse
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Fig. S2.17 Synchronization with grid voltage
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3. Impact on environment improvement and CO2 emission reduction
Fig. S3.1 shows the main processes of manufacturing new batteries as the baseline and the reuse
business this time reusing collected batteries.

R = S This time
E | (Reuse of recovered
' Dbatteries, etc.)

' R s No reuse

Recovery of used
batteries, etc.

E S

Transportation

e

Manufacture of
batteries, etc.

Screening

-

Reassembly

Fig. S3.1 Processes of new battery manufacturing and reuse business

(1) Impact on environmental improvement

Although not subject to evaluation in this demonstration project, reuse of in-vehicle batteries is
expected to have a positive impact on reducing resources and energy required to manufacture new
batteries in the baseline.

(2) Impact on CO2 emissions reduction

In the impact evaluation of the environmental improvement, 10 MW and 10 MWh were assumed
for a power storage system to be connected to the grid.

For the baseline, the estimated CO2 emissions per 10 MW and 10 MWh is 1016.18 tons. On the
other hand, CO2 emissions calculated based on this project is estimated to be 5.50 tons, confirming its
superiority over the baseline.



4. Efforts to improve economic efficiency
(1) Potential economic improvement

Through this demonstration project, technological issues have been addressed as confirmation
was made about the usefulness of the reuse power storage system in the electric power system, and
control technology for batteries with different degradation conditions has been established.

A typical power storage system consists mainly of new batteries, PCS, BMS, housing, etc. Since
the housing, etc., will be the same regardless of reuse or not, the reuse storage system needs to have
price competitiveness against the remaining portion of new batteries, BMS, and PCS.

Price competitiveness against new batteries will be attained by reusing batteries from vehicles.
In addition, as for the BMS, since the BMS of the vehicle-mounted batteries can also be used here,
price competitiveness will be attained. On the other hand, with regard to the PCS, the same level of
existing PCS is thought to be attainable when the Sweep function developed in this project is used and
in-vehicle inverters whose function has been verified are used. Fig. S4.1 shows the construction cost
of new battery storage system and reuse battery storage system.

For commercialization, it is necessary to secure price competitiveness against new battery power
storage systems by further optimizing facility designs, including cost reductions, etc.

New battery power Reuse battery power
storage system storage system
Housing, etc. | “~., _
~. ~=.| Operating cost
LY
PCS “~.|_Housing, etc.
Sweep function
+
BMS .l Inverter in a
L vehicle
Tl BMS
New battery
Reuse battery

Fig. S4.1 Construction cost of new battery storage system and reuse battery storage system (image)

(2) Business potential

Since it has been confirmed that the system can meet the requirements of the supply-demand
adjustment market and the capacity market, and can be beneficial to solve grid issues that may arise
as introduction of renewable energy expands going forward, the business has the potential to expand
by redeploying used batteries, which are expected to emerge in a large quantity on and after FY 2025,
to the reuse power storage system and by using the system in the supply-demand adjustment market
and the capacity market.

In addition, as it is possible to configure the system with various deterioration levels and
different types of batteries, the system can take into account available volume and types of used
batteries in the future and can be configured to meet the requirements of business owners and their
situations at the time. Location and use case of the stationary power storage system are shown in Fig.
S4.2.
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Fig. S4.2 Location and use case of the stationary power storage system

Source: Joint Meeting Material 2 of Subcommittee on Energy Conservation and New Energy,

Subcommittee on Electricity and Gas, Subcommittee on Mass Introduction of Renewable

Energy and Next Generation Power Network (Part 24) Subcommittee on Basic Policy,

Subcommittee on Reform of the System for Mainstay Renewable Energy Sources (Part 12);
Advisory Committee for Energy

(3) Future prospects for commercialization

On the other hand, in order to commercialize reuse on a large scale, it is necessary to establish a
system to recover a large number of batteries. In recent years, in the automobile industry, studies
toward development of a recovery system for automotive batteries are gaining traction, such as the
establishment of a joint recovery network for lithium-ion batteries by automobile manufacturers and,
in the future, recovery of automotive batteries will become a matter of surety and domestic recycling
will be accelerated. The current recycling system flow for end-of-life vehicles is shown in Fig. S4.3.

In light of these changes in the environment, we aim for early commercialization of the system
by pushing the study together with automobile manufacturers and other suppliers toward the
establishment of an ecosystem that reuses batteries on a large scale.
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