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Evaluating Remanufacturability of Electric Vehicle Batteries
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ABSTRACT

The demand for electric vehicles (EVs) is increasing worldwide, and with mandatory recycling of End-of-life batteries,
interest in remanufacturing used batteries is also growing. The product structure and physical properties of batteries, de-
termined during the design process, are critical factors in the feasibility, profitability, and environmental impact of battery
remanufacturing. This study presents a model to evaluate the remanufacturability of EV batteries from economic and envi-
ronmental perspectives by integrating considerations of battery design, the quantity and quality of recoverable used bat-
teries, and market demand for remanufactured batteries.

Key words: electric vehicle battery, end-of-life vehicle, remanufacturing, circular economy, eco-design, life cycle
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Fig. 1. Overview of the study.
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item() _ [state i1 2 3 4 s 6 7 8 9 j10 1 j12 13 14 15 16 17 RE
i1 V_Battery R 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0| 0 1
i2 V_Battery_k1(>80%) -1 o ) 0 ) 0 0 o 0 ) ) ) ) ) o 0 ) 0|
i3 V_Battery_k2(60%~80%) 0 -1 0 0 0 0 0 0 0 0 0 0 0 3 0 0 3 0|
i4 V_Battery_k3(<60%) 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0|
is Packs_R 075 05 o -1 0 0 0 0 0 o o 0 0 0 0 0| 1 -1
i Packs W 025 05 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 o 0|
i7 Packs_N 0 0 1 0 0 -1 0 0 0 0 0 0 0 0 0 0 0 0|
i Upper housing module 1 0 o 0 0 0 1 0 0 o o o o o ) 0| ) -1
&l Battery junction box module 1 1 0 0 o 0 0 1 0 0 0 0 0 o o 0 o -1
i10 BMC Plug-in module 1 0 o 0 0 0 0 0 1 0 o 0 0 o o 0 0 -1
i11 Battery Management Controller(BMC) 1 0 0 0 0 0 0 0 0 1 3 0 0 0 0 0 3 -1
i12 Battery Module connector module 1 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 -1
i13 Side module junction 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 -1
i14 Cooling system 1 o 0 0 o 0 0 o 0 0 0 0 1 o o 0 o -1
i15 Lower housing 1 0 0 0 0 0 0 0 0 0 0 0 0 1 3 0 0 -1
i16 Battery Cell modules 0 0 0 1 05 0 0 0 0 0 0 0 0 [ 1 0 -1 0|
i17 cell Controller(CMC) 0 [ 0 1 05 0 [ [ 0 o 0 0 [ [ [ 1 -1 0|
i1s Upper housing module 0 1 ) ) 0 0 -1 0 0 ) o ) ) 0 o 0| o 0|
i19 Battery junction box module 0 o 02 0 0 0 0 -1 0 0 0 0 0 0 o 0 o 0|
i20 BMC Plug-in module 0 1 0 0 0 0 0 0 1 0 0 0 o 0 0 0 0 0|
i21 Battery Management Controller(BMC) 0 1 02 0 0 0 0 0 0 -1 0 0 0 0 0 0 0 0|
22 Battery Module connector module 0 1 0 0 0 0 0 0 0 0 -1 0 o 0 0 0 0 0|
23 Side module junction 0 1 0 0 0 0 0 0 0 0 0 -1 0 0 o 0 o 0|
24 Cooling system 0 1 0 0 0 0 0 0 0 0 0 0 -1 0 0 0 0 0|
25 Lower housing 0 1 0 0 0 0 0 0 0 0 0 0 o -1 0 0 0 0|
26 Battery Cell modules 0 0 0 0 05 0 0 0 0 0 0 0 0 0 -1 0 0 0|
27 Cell Management Controller(CMC) 0 0 0 0 05 0 0 0 0 0 0 0 0 0 0 -1 0 0|
28 Upper housing module 0 0 1 0 0 0 0 0 0 ) o 0 o 0 0 0 0 of
29 Battery junction box module 0 0 08 0 o 0 0 o 0 0 0 0 0 0 o 0 o 0|
30 BMC Plug-in module 0 0 1 o 0 0 0 0 0 0 0 0 0 0 0 0 0 0|
31 Battery Management Controller(8MC) 0 0 08 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0|
i32 Battery Module connector module 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0|
33 Side module junction 0 o 1 0 o 0 0 0 0 0 o 0 0 o o 0 o 0|
i34 Cooling system 0 o 1 0 0 0 0 o 0 0 0 0 0 o 0 0 o 0|
i35 Lower housing 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0|
i36 Battery Cell modules 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0|
37 Cell Management Controller(CMC) 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0|

Fig. 2. Example transition matrix for battery remanufacturing.
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Table 1. Mathematical notation

Indices
i State or entity (product, module, or component)
] Remanufacturing transition
k EOL battery quality level
Decision variables
X,  Take-back quantity of batteries with quality level k
Y, Number of times transition j is performed
N; External purchase quantity of entity i
L; Disposal quantity of entity i
zZ Production quantity of remanufactured batteries
Parameters
ij Value of transition matrix cell (i, j)
¢%  Take-back cost of EOL batteries with quality level k
¢ Processing cost per transition j
c’,-v External purchase cost per unit of entity i
V]}/[ Material recycling revenue per unit of entity i
c]y Material recycling cost per unit of entity i
cf-‘ Disposal cost per unit of entity i
a;,  Available quantity of EOL batteries with quality level k
d, Market demand for remanufactured batteries
Iy Environmental impact from new battery production
e; Environmental (env.) impact per transition j
¢ Unit env. impact from material extraction of entity i
el Unit env. impact from production of entity i
elf Unit env. impact from material recycling of entity i
ek Unit env. impact from disposal of entity i
€, Unit env. impact from reassembly process
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Table 2. Take-back price assumptions

Quality level k SOH cB€) a,(unit)
New (75 kwh) 100% 4,303 -
kl (60 kwh) 80% 1,630 960
k2 (52.5 kwh) 60~80% 1,426 1,440
k3 (45 kwh)  Below 60% 1,222 2,400

Table 3. Quality and price assumptions for battery
components in remanufacturing

Quality level

State i N€)
k1 k2 k3

Upper housing R M C 23.21

M 0.2
BJB module R R C 08 120.59
BMC plug-in module R M C 8.53

M 0.2
BMC module R M C 08 178.22
Battery module connector R M 1.547
Side module junction R M C 11.95
Cooling system R M C 34.15
Lower housing R M C 64.83

R 075 R 0S5

Battery cell module M 025 M 0.5 C 213.44
CMC R M C 26.68

3te g2 UERdTh

S A7) wiE Rl A A 50% ovdel FAet
40% opde] w8 EdeH, EdAEES S ¥e =+ U
£ °oI5°] Bt AlEE e 542 Adth AgE Al E
4> Q& 0]} Choux et al.[8]2] AT-Z Hlgho g A8
Tk NMC622 HiiEf] Rge] a4 Harste SdAE8
A9 ol ele APgsiglon], Baf ol weh BASHA
O A% o] M=, AES 2E 9 A 992 Esote]

Table 4. Transition cost assumptions

Transition j ¢ (€) Transition j ¢ (€)
1 2.24 10 30
2 2.24 11 1.6
3 2.24 12 2.53
4 1.53 13 6.4
5 1.53 14 12.15
6 1.53 15 39.6
7 435 16 5.4
8 22,6 17 3.53
9 3.4 18 5.1
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Ak HIEo] oF 30~60% EE 4= 52 Estoi[18], AlF
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Table 5. Recycling and diposal assumptions

State i ) e k€

1,386.54 - 8.57

EOL battery

Battery pack 1,318.25 92.8 5.16

Upper housing 435 1.09 0.10

BJB module 24.4 0.68 0.33

BMC plug-in module 34 0.24 0.12
BMC 30 0.87 0.43

Battery module connector 1.6 0.06 0.06
Side module junction 2.53 0.47 0.28
Cooling system 6.4 0.22 0.50
Lower housing 13.5 3.19 0.90

Battery cell module 1,449.36 81.66 5.10

CMC 197.46 11.13 0.69

Table 6. Environmental impact assumptions for
battery remanufacturing (unit: mPt)

: M P L
State 1 e e; e; e,

Battery pack 6,031.34 4,322.55 13,168.8 10,029.8
Upper housing 2,965 157.5 645 30.35
BJB module 3,610.8 1,737.7 5924 221.19
BMC plug-in module 1,620 90 74.4 2.24
BMC 48594 25974 8124 32838

Battery module connector 560 12 9.6 0.56
Side module junction 2,064 18144 216.96 6.5
Cooling system 5,040 453 446 12.5
Lower housing 9,525 874.5 763 18.75
Battery cell module  5,307.58 3,803.84 11,588.6 8,826.25

CMC 723776 518.7 1,580.26 1,203.58

Table 7. Environmental impact assumptions for
transitions in battery remanufacturing (unit: mPt)

Transition j g Transition j e
1 124.62 10 2,597.4
2 124.62 11 12
3 124.62 12 181.44
4 88.32 13 453
5 88.32 14 874.5
6 88.32 15 3,803.84
7 157.5 16 518.7
8 1,737.7 17 88.32
9 90 18 124.62

A QYA z Z2AA7} Table 83} Zo] T}

Aol AR HiElE] =871 1,20070Q1 ASollx= 34
7hset FAEE wHiERE ARH9607h(k1), 1,4407H(k2),
2,4007](k3)) wiRdsto] F 1,2007H9] Az viEl2lE AR

k1 F49o] AL 3 e 2] 9607 A=F sfiA=lo] A=

of £Y=1, BESt BEY FE2 k2 FE9] HuiEE] 240
N siAlste] SFetch old, AR & QU= BIBEES
718 §lol Hi= AAlgsto] 71 vlgo] E4] gkom, o

il wlgo] o AH viE] e A B¢ 4kEe
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Table 8. Optimal solution for the number of

transitions in battery remanufacturing

Transition j Y; Transition j Y
1 960 10 240
2 1,440 11 0
3 2,400 12 240
4 240 13 240
5 960 14 240
6 2,400 15 0
7 240 16 0
8 0 17 0
9 240 18 1,200

Ysto] AfA|xo] FJgtct. B4t HEjE g 5 UHA= =2
Aol ARGE. HiE Y 2 vl @ ez I A
Pgap|urt S 71H ABESE Ho o e teiele
AR

4,800719] HEiEEE 24=5te] 1,200702] AAZES A
Abofal ol viElE]o] tigt B4 8-S ST 2N IS
Qe F 592 €187% 3,275, F 3|1 7is & I
2 244,482 kPt= UEPHT o= Foi%l APgEollA] HiAt
v 2] tzlo] 2/de &= Q= Fdieeeldwt S 9]
st HiE g HARIS] AR BIHHER E8d 4 Qlth

SHH, Fig. 4= APgEHE9] Hglol| met 5 AAIz viE g
AAz/go] 2] B7HE 4= == AXRIT oIE S0, AA
ZF 7RI} AT ASZolA A RFE wj7bAo] 71E A%
9] 50% ZF(Baseline)o|A] A1E9] 40%= HFH(Scenario
1), 24 PA|= Folli= #3glo] o]So] e AAsth 11

Optimization results Baseli Scenariol Scenario2 Scenario3

Price ratio of remanufactured products 50% 40% 30% 50%)

Price of remanufactured products 2150 1,720 1,290 2150

Parameter [Available amount of k1 battery 960 960 0 960

setting |Available amount of k2 battery 1440 1440 1440 1440

Available amount of k3 battery 2400 2400 2400 2400

Demand of Remanufactured products 1200 1200 1200 2400

Remanufactured k1 battery 960 960 0 960

Remanufactured k2 battery 240 240 0 1,440

Remanufactured k3 battery 0 0 0 0|

X Recycled k1 battery 0 0 0 0|
Optimal

coliion Recycled k2 battery 1,200 1,200 1200 0|

Recycled k3 battery 2,400 2,400 2400 2,400

Total amount of remanufacturing 1,200 1,200 0 2,400

Remanufacturing profit(€) 1,873,275 1,357,275 1,272,153 2,391,656

Total avoided impact(kPt) 244,482 244,482 563,301

Fig. 4. Changes in remanufacturability based on
market conditions.
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Fig. 5. Factors influencing remanufacturability of
end-of-life batteries.

Table 9. Validating the proposed method against the
simple state-of-health approach

Simple processing Proposed method
by SOH level with transition matrix

Remanufacturing
profit (€)
Total avoided env.
impact (kPt)

1,850,597 1,873,275

242,901 244,482
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