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Summary

1. Background

The recent popularity of hybrid arelectric vehicles is expected to produce a massive
quantity of used batteries for use in EVs (hereafter referred to as the "batteries"”) in the near future. At
the present, some batteries are reused on a small scale and in limited quantities. The meajority a
recycled without reusing. After incineration, residue is extracted for refinement. In addition, the
company is involved in initiatives to make more effective use of the electric power system and take
precise measures for adjusting to fluctuations imr@d of supply and demand for introduction of
renewable energy on a massive scale.

Even if the performance of the battery itself diminishes, it is hoped that proper control in
combination with other batteries will enable more efficient use of thermal Ebateams as well as
enabling adjustment to frequency fluctuations or adjustments in line with supply and demand along
with expansion of renewable energy introduction.

The objectives of this verification project are to realize an electric power system that
enables diffusion and expansion of renewable energy and at the same time realizing a low carbon
and recyclingoriented society through effective utilization of electric power systems by reusing
batteries and development of new recycling technologiesithadt require incineration, taking into
consideration CO2 reduction for economic efficiency and environmental impact reduction, by
establishing a recirculation system instead of discarding batteries for electric businesses that deal

with massive amountd electric power.

2. Implementation of verification project
2-1. Nickekhydrogen battery reuse business

In order to solve issues concerning electric power systems such as supply and demand
adjustment, equipment that utilizes reuse batteries must beigeredfto handle larger volumes
more efficientlyWe therefore developed minimal scale pilot equipment of a large capacity storage
battery system that could possibly be put to practical use and conducted test operation with a
combination of various contrglystems and apparatd$ie main devices of the equipment developed
are given in Table S2.1.1 and the system configuration is shown in Fig. S2.1.1. The equipment for
verification of reuse batteries employs system consisting of a string of 14 cartridgesingré
modules connected in series (43VDC) and 16 strings connected in parallel to fokiVeskirage
battery systenBecause the batteries have been used, they are in various degrees of deterioration.
We therefore developed a battery control systapable of efficiently recharging the batteries, even
if combined in large quantities to form a large capacity battery. The system monitors the status of

each cartridge and you can control the number of cartridges to be used, giving you control over



battere s i n various state of deterioratiaoep The cont

function. o The function was submitted to tests tc

Table S2.1.1 Function of each device in the system

Name Function

Power Conditioning | Bidirectional AGDC converter that converts 240VAC on the system side to 4(
System(PCS) VDC of battery voltage

The following is implemented by interactive communication with the host ser
1 Transmission of commands from host server to PMU

System Control PLC | _ .
I Notifies host server of data from PMU

1 Touch panel for operation

The following is implemented by interactive communication with the integrate
Power Management Uni| control PLC

(PMU) T Transmission of commands from integrated control PLC to PCS abd GC
1 Noatifies integrated control PLC of data from GCU and PCS

The following is implemented by interactive communication with the host sys
Group Control Unit | T Notifies host system of state of group

(GCU) 1 Transmission of commands from host syste!8@J
1 Detailed Data Collection Function (Power, Temperature, SOC, etc.)

The following is implemented by interactive communication with GCU
1 Transmission of connect/disconnect signals to SU to realize electric power
String Control Unit commands received from GCU

(SCU) 1 Determines SU to be cut off according to cartridge information (battery stat
from SU
1 Integrates status of SUs under SCU and notifies GCU

The following is implemented by interactive communication with SCU
1 Connects/disconnects cartridges according to connect/disconnect signals f
SCuU

1 Monitors cartridge information (battery status)

Sweep Unit
(SV)

1 Notifies SCU of cartridge information (battery status)
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Shorttime reaction characteristics ( kW) and longtime reaction characteristics (kWh)

that should correspond to the electric power system were verified by test@gpf8nction was

also verified by testing.

(1) Short time reaction characteristics
As aresult of measuring time it takes for commands output to reach their destinations for 6

patterns

charge

(a)

Y discharge,

time of 2 seconds or less.

stop Y

char

(f)

(2) Long time reaction characteristics
Charge/discharge test whereby batteries are charged and discharged repeatedly for a

certain amount of operation time was conductedt method is given in Tab&?2.1.2 and Fig.
S2.1.2. Because charge level is lower due to discharge power loss when charged and discharged by

ge, (b)

di s ¢ h atiogs@ccifreddnhaashod e ,

charge

v

stop,
it

same output, test conditions for charging were made uniform by raising charge output relative to

discharge output.

Table S2.1.2 Repeated chaigjscharge test conditions (fixed output / fixed time)

10

-10

Output (kW)
=

-5b0

2

Tine {S)

Conditions | Operating | No. of connected Charge Discharge
time [s] strings output [kW] output [KW]
(A) 300 50 45
(B) 1,800 11.2 9
(4) 300(5) 2 Patterns
(B) 1,800(S)
M
O M [ E M E e

Fig. S2.1.2 Repeated charge/discharge waveform diagram

(c

W a



Test method is given in Figs. S2.1.3 and S2.1.4. Batteries were charged and discharged
repeatedly in the commanded time for test conditions (A) and (B). The test confirmed operation by
commanded charge/discharge outfitie test also confirmed that a cargtoutput could be

sustained.

" Repeated charge/discharge test (300s)
===(utput electric pover

£ Pon Ny i e o b per P e e e e

20

=

-0

v

£

a

Bo

38

-40

rﬂhdumwnﬂu WM e
s 1000 2000 3000 4000 5000 6000 7000 8000 9000
Operating time [s]

Fig. S2.1.3 Repeated charge/discharge test (300s)

Repeated charge/discharge test (1800s)
15

——(Output electric power

10 “ ol m ﬁ m

Ll

Output pomer [kW]
=

|
Ly

i

0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Operating time [s]

Fig. S2.1.4 Repeated charge/discharge waveform t&80d)



(3) Sweegunction verification test
Test of full discharge Y f ulwasaidacedfer2and
patterns: guipped and not equipped with Swdepction; the tests confirmed controllability of
batteries in various states of deterioration compared with charge/discharge level (operativgetime).
also tested 3 cycles of maximum outf@ kW for 1 string. State of deterioration of batteries used is
as given in Table S2.1.3.
Table S2.1.Deterioration of batteries

Quantity used for each rank Average _
. : _ Cartridge array
Conditions [units] capacity

A|/B|C|D|E|F|G]| [An]

description

Pattern whereby
(a) -131314|2]|2] - 4.6 cartridges of each rank
are uniform

Pattern with collected
(b) - - 137211 - - - 4.6 cartridges from middle
rank

Pattern with maximum
(© - 19 - - -1 -15 4.6

disparity in ranks

Test results are given in Table S2.1.4. bomparison of cases where batteries were equipped and
not equipped with a sweep function for charging and discharging, operating time tended to be longer
for those equipped with the function. The test confirmed that batteries in various states of
deteriordion could be efficiently charged and discharged.

In a comparison of various conditions, (a) and (b) had approximately the same operating time and

(c) operated about 30 seconds longer in the case where batteries were equipped with sweep function.

As long & capacity is the same, operating time should theoretically be the sah®céase (c)

where operating time is longer, it is conjectured that there may have been some error in rank
selection of cartridges resulting in differences in capacity. In thendase batteries were not

equipped with sweep function, operating time was shorter for (a) and (c) which included cartridges
of lower rank. If not equipped with sweep function, cartridges of lower rank could have reached
upper/lower limit determination vaé before the other batteries, thereby causing them to stop

operating.

full



Table S2.1.4 Sweep function comparison / Test results

Equipped with swee| Not equipped with o tisenle [
function sweep function (Equipped / not equippe
Conditions| Times| oyerating time [sec] Operating time [sec] ~ with sweep function)
Charge | Discharge| Charge | Dischargel Charge Discharge
1 193 143 134 95 59 48
@) 2 198 164 131 105 67 59
3 223 183 137 112 86 71
1 199 150 150 118 49 32
(b) 2 203 165 155 128 48 37
3 220 180 169 141 51 39
1 231 164 124 93 107 71
(©) 2 234 190 123 103 111 87
3 262 215 133 111 129 104




2-2. Nickekhydrogen battery recycle business

In order to facilitate detoxifying stored energy at low cost, recycling of rigjadogen
batteries primarily involves removing/refining marketable metals following incineration. Because
batteries are expected to be produced in large quantities in thieitoee, from the standpoints of
need for technologies to make recycling more efficient and reduce CO2, a recycling process that
does not involve incineration was adopted and verified. In specific terms, pilot equipment for a new
wet recycling process (@harge, cutting, disassembly, sorting) was developed and adopted. Test
operation of the equipment was simulated and proved efficacy of the equipment and collection rate

of recycled goodsThe equipment developed is shown in Figs. S2.2.1 to S2.2.4.

Tray

K . Robot feeder ~ Discharged
/ (Discharge unit battery) batterics

l@[’“"’“arg"‘g / Accumulation conveyor EEF’U il

batteries
i | et || [ il il

Tray
L L l,! il ) o\ (Discharge unit or faulty batteries that

cannot be discharged)
Battery Worker

Fig. S2.2.1 System employing discharge equipment designed to save labor

From discharge unit ©>

To water jet disassembly unit

Ooop Ooog

ooooi o |ooooo o
iWater|| oooo Ooog

ooooog |pooong

Electrodes

Frame
\Water
Il 158
To water jet disassembly unit
From discharge unit > 7 2

oo

oo
00

Fig. S2.2.2 Concept of cutter employing a press mold



To sorting unit
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==
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Adjustment | |Neutralizing
tank = tank Simple filtered water
Precipitation -
recovervtank:N:— Concentration g e
— tank
o7 U
H2504 ~  Filtered water
Active Actm.re
materials materials

Fig. S2.2.3 Devised water jet disassembly unit and active material recovery unit

. h .’Q
Vlbratlng

Transport conveyer conveyor - i

Positive Other
electrodes  (separators, etc.)

Negative
electrodes

Fig. S2.2.4 Devised sorting device

The verification test consists of 4 processes: discharge, cutting, disassembly and sorting.
The results of the test verified that 100wt% of introduced volume could be recovered for both
positive and negative electrodes and a recycling process that offered CObnealudtsafety was
established. The verified results and safety evaluation of active material of the respective processes

are as follows.



(1) Discharge process

A laborsaving system employing discharge through resistors was developed and adopted.
It wasalso verified as a prerequisite that the process offered safety and was achieved without
batteries emitting heat. As a result, it took about 4 hours to discharge batteries to be detoxified at

voltage of approximate maximum of 6 V. The process was ablshieve this automatically.

(2) Cutting process

Three methods of cutting were verified: cutting by press mold, circular saw blade and flat
blade knife.The tests showed that press molds were capable of cutting batteries and that it was the
most effective rathod in terms of cost and speed; it offered low cost because the only equipment
needed was a press and a single robot feeder and was faster than any of the other methods. The
process also ensured safety; it was designed to prevent heat emission byisghihmergjectrodes,
etc., in water when cutting. In the case of cutting by circular saw blade, testing showed that while it
was capable of cutting batteries, it presented two significant challenges: blade loss (durability) and
recovery of active materialittings. This method was therefore determined to be impractical. In the
case of flatblade knife, testing showed that while it was capable of cutting batteries, it not only
required 2 presses, but required multiple actuators to automate the procesetibiswas

burdened by the disadvantage of high cost.

(3) Disassembly process

During the previously mentioned cutting processes, electrodes were submerged in water
and introduced to the water jet disassembly process. The plastic cases on the electigbtarate
could be recovered by detaching them from the electrodes by water overflow. After recovering the
plastic cases, the separated electrodes are moved to the next tank where they are decomposed by
water jets, etc., while active material appliedne électrodes and adhering to the separator are
removed by washing. The separator rises to the top due to difference in specific gravity and is
recovered together with the plastic cases by overflowing. Active materials are recovered by passing
the materiafemoved by washing through a filter. The filtered water is reused after being neutralized
by sulfuric acid. The results of the tests confirm that by exposing electrodes to water jets the plastic
cases, positive electrodes, negative electrodes, separdtactave materials can be separated from
each otheDisassembly ratio of positive electrode and separator and that of negative electrode and

active material are 99% or higher.



(4) Sorting process
The water adhering to the positive electrodes, negakatrodes and approximately 5%
of separators (hereinafter referred to as fdelectr
unit is removed by a dryer. To enhance precision of magnetic sorting in the next process, the
electrodes discharged fromet dryer are placed on a vibrating conveyor to break up overlapping and
at the same time discharge volume is adjusted. Because of difference in their magnetic properties,
the positive and negative electrodes are recovered separate of each otherntbhgnedic

separators are recovered last.

(5) Safety assessment of active material

Potential for dust explosion was checked by raising dust concentration in stages and
repeating the test 5 times at the maximum concentration of 200C° nidyentest confirmedhe
material was not susceptible to dust explosion. Conducting the test while additionally assessing heat

stability revealed the potential for spontaneous combustion at 100 degree C or higher.



2-3. Lithium -ion battery recycle business

Recycling of discard&batteries is primarily achieved by recovering marketable metals
from incineration. However, from the standpoint of CO2 reduction and the recycle ratio of all
recovered materials, establishing a better recycling process is required. In order to estedvlish
recycling process for lithiuron batteries which are expected to increase in the future, we assessed
the potential for sorting materials employing jets of water*, which is an underlying technology. The

primary results of assessment are as follows.

(1) Extraction and removal of electrolyte from lithitiom batteries

If the electrolyte in the batteries contains the electrolyte salts**, which is a fluorine
compound that produces corrosive gases if it comes in contact with water, it therefore must be
removed prior to sorting by water jets. As a result of attempting to remove electrolyte salts and
electrolyte from cuup batteries, we succeeded in removing at least 98% of the electrolyte and

electrolyte salts by simple washing with organic solvent thatlisble in the electrolyte.

(2) Sorting of lithiumion components by water jets (Fig. S2.3.1)

As a result of sorting battery materials from which electrolyte salts were removed by water
jets using a commercial food washing machine (200 L of washing)wateivere able to separate
and recover that total amount of active material (nickel and cobalt) from the current collectors
(aluminum foil) of the positive electrodes. A small amount of active material (carbon) remained on
the negative electrode (coppdrit it was easily removed by ultrasonic cleaning. Recovered
materials contain few impurities, suggesting that pretreatment can be simplified on
hydrometallurgical process at a later stage. Electrolyte salt elution that could not be completely
removed by petreatment was however found in water used for washing following sorting by water
jets. It was therefore determined that more precise removal of electrolyte and electrolyte salts would
be required to enhance efficiency of sorting by water jets.

More costeffective technologies for removing electrolyte and electrolyte salts that also
reduce amount of CO2 produced will be subsequently assessed and a rreffecidst process
will be established for recycling lithitiion batteries. (Fig. S2.3.2)

* Method of sorting and recovering each component ofupubatteries separately using water for
washing. Utility has already been confirmed for nickel hydrogen batteries.

** |ithium hexafluorophosphate: Reacts with water to produce hydrogen fluoride (HF) and
phosghoryl fluoride (POF3).
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3. Life cycle assessment
When performing life cycle assessment, the foill@ircomparisons were obtained based

on assuming the equivalent of new nickel hydrogen batteries of 10,000 EVs.

3-1. Nickelhydrogen battery reuse business
The primary processes of new battery manufacturing as a baseline and those of reuse of

recovered ba#gries in this project are shown in Fig. S3.1.

Baseline _ Proposed method
(New battery manufacturing) (Reuse of recovered batteries)

Material mining Battery recovery

Transport |

4 Transport
Refinement, etc. |

Transport | Sorting

Reassembly
Transport |

r
1
]
1
1
]
1
]
]
1
1
1
1
1
1
1
1
1
]
1
L

‘ Used by business requiring battery power

Fig. S3.1 Processes of new battery manufacturing and reuse of recovered batteries

The baseline would be 3300t of CO2 discharges as a result of calculating amount of CO2
discharged when new batteries ar@nufactured. As a result of calculating amount of CO2
discharged by this project, it would be 50t of CO2 discharged, thereby confirming it to be

advantageous relative to the baseline.

3-2. Nickelhydrogen battery recycling
The primary processes of thensentional method of incineration as a baseline and those

of the new recycling method that does not involve incineration are shown in Fig. S3.2.

Baseline

(Method employing incineration) Proposed method

Crushing Discharge
<
Cutting

e———————

]
i

1

- - - I
Incineration :
1

1

1

I

Separation Disassembly
s e o
Refinement _ | Sorting
o
Reuse

Fig. S3.2. Processes of nickeldrogen battery recycling



Concerning the baseline, the amount of G2 harged by incineration and electric power
consumed for crushing, incinerating and separation would be a total of 38.82t of CO2 discharged in
the respective calculations. The calculation of amount of CO2 discharged by electric power
consumed for dischging, cutting, disassembling and sorting for the new method described herein

would be 29.74t, thereby confirming it to be advantageous relative to the baseline.

3-3. Lithium -ion battery recycle business

The primary processes of the conventional methadarieration as a baseline and those
of the new recycling method that does not involve incineration are shown in Fig. S3.3. Only a
fundamental study of recycling of lithiuman batteries was conducted, so pretreatment was added to
the previously mentionegickethydrogen battery process and the amount of CO2 discharged was

trial calculated.

Baseline

L . Proposed method
(Method employing incineration) f

= = 1
| Dischargedbatteries | W) | Discharge !
| | [ A—
: Crushing | H Cutting !
1 S ] ! 1
: Incineration ! i Pretreatment 1
1 1 1
i i ! - i
i Separation i H Disassembly i
e St i o |
Refinement <:| i Sorting !
O L-================.

Reuse

Fig. S3.3. Processes of Lithidion battery recycling business

Concerning the baseline, the amount of CO2 discharged would be 38.82t as previously
mentioned. Becaugbhe amount of CO2 discharged by the pretreatment process would be minimal,
assuming it to be the equivalent of 29.74t, it would probably be advantageous relative to the
baseline. It is therefore necessary to consider the equipment configuration thatedaakl CO2 as

expected.



4. Future commercialization

Preparing reuse and recycling for commercial use on a large scale would simultaneously
realize a low carbon and recycliogiented society. It would also however require establishment of a
scheme to mover a massive quantity of batteries. Establishment of a recovery scheme would require
studies of commercialization that can utilize a massive quantity of reuse batteries as well as include
automobile manufacturers who are the source of reuse batteyyg and would seek to solve these
problems early on by continuing to cooperate with related businesses.

The reuse business can determine the optimal equipment configuration and can solve the
technical aspects of these issues by establishing technolog@mifrolling batteries in various
states of deterioration. Commercialization would require further optimizing equipment design to
reduce cost, etc. Utilization for adjusting to supply and demand along with expanding use of
renewable energy and handlinigfi@quency variation are possible, but it is necessary to establish a
suitable price for these activities. Establishing the previously mentioned recovery scheme will
further enlarge the scale, so more effitient operation of thermal power stations banexpected.

The technical aspects of the problems involving recycling of nickgfogen batteries
have been solved by establishment of a new recycling technology that does not involve incineration.
Commercialization would require further optimizing emuent design to reduce cost, etc. It will
also be necessary to enhance value of recovered materials obtained by this technique and we are
hoping to prepare it for commercial use as soon as possible.

A recycling process is expected to be established byngdlive technical aspects of the
two issues extracted by this project for the lithiiom battery recycling business. Commercialization
requires preparing a cesfficient equipment configuration that reduces CO2 emission and
continuing to conduct studiésr contracting cost of processing by enhancing value of recovered
materials.
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