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Abstract: In recent years, the Chinese government has committed to promoting the use of energy-saving and alternative
energy vehicles, aiming to reduce dependency on oil imports and address the air pollution problem. Hybrid electric vehicles
(HEV) have been developed in China since 2012. As a key component of hybrid electric vehicles, Ni-MH batteries have
entered its mature period and should be replaced 2—3 times during the life of a HEV. Spent Ni-MH power battery packs
contain a wealth of rare metals (e.g., nickel, cobalt and rare earth). The green utilization of these spent Ni-MH batteries is
important because of their environmental value. With the gradual popularization of the HEV, the volume of spent Ni-MH
power battery packs will increase over the coming years. The environmental benefits of utilizing waste Ni-MH power batteries
will therefore become an important topic. Many studies have explored the environmental impact of utilization of power
batteries, but few of them have conducted quantitative research on the environmental benefits of the utilization of precious
metals from these batteries. For this reason, they cannot recommend specific policies for use in the future development of the

HEV industry in China. To fill this gap, this study calculated the energy-saving and emission reduction effects of resourceful
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utilization of three precious metals (nickel, cobalt, rare earth) from HEV Ni-MH battery packs, with the application of the
GREET model proposed by the Argonne National Laboratory in the United States. In this paper, energy consumption,
greenhouse gas, acid gas, and dust particles were used as indexes to calculate energy-saving emission reduction effects. The
Ni-MH battery pack of the Toyota HEV was selected as a representative model, as it is currently dominating the market. The
results reveal that the per unit resourceful utilization of the three precious metals in the HEV Ni-MH battery pack can save
5777 MJ of energy and prevent the emission of 435,627 g of greenhouse gas, 18,584 g of acidic gas, 138 g PM,, and 304
g PM,,, when compared to primary ore mining. This saved energy and reduced emissions can be converted into
environmental benefits of 1083 Yuan using the LIME value method. We took 2012 as a baseline year for predicting the
number of spent HEV Ni-MH battery packs in China because China’s HEV industry has developed rapidly since 2012, and
many Ni-MH batteries have been put on the market since then. Based on sales of HEV Ni-MH battery packs from 2012 to
2015 and their life cycle, the quantity and distribution of spent battery packs were predicted using the market supply A
model. The resulting predictions show that these battery packs will start to be scrapped from 2018, reaching a peak in 2021,
and be out of the market in 2024. If precious metals in these battery packs were recycled and transformed into resources, the
environmental benefit could be considered to be worth a remarkable 94.21 million Yuan. Finally, we proposed
recommendations for the Chinese government for the improvement of policies and regulation concerning China’s HEV spent
battery recycling and utilization industry. First, we suggest that an extended producer responsibility ( EPR) system for
problematic recycling should be established and the reverse logistics network should be optimized. Implementation of
economic incentives (e.g., the policy of trade-in, deposit-refund, and ecological compensation mechanism) to foster spent
battery recycling should be introduced. Finally, it is important to create technical specifications and standards for

dismantling and recycling.

Key Words: HEV spent Ni-MH battery pack; precious metals; environmental benefits; GREET model; LIME

value method
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*1 FHHEVESHEMGHEIETSH
Table 1 The related parameters of Ni-MH battery pack of Toyota HEV

143 Composition H i Weight/kg A5l Proportion/ %
4 Nickel 28.16 33

AAL4h Cobalt oxide 1.24 1.45

Fi + Rare earth 2.75 3.22

S HL AL The total weight of battery pack 85.33 100

1.2.2  JET GREET B8 A PRI 52 P 55 5 4

iz GREET FEALHEATARAUT , 55 BT FE A TR HER I 7 2208 S SRR SO BORIR AR 0331 HE
TP~ RRHB N TR B RE R B iR B i s Ty o s R B AR R(E ., A SCRE GREET A
HECE Y 2012 AR AR , X AP s B A9 B 2 5 R IR T P R REIR SR ) (P Sz i STt
FRUE) (CPIE AL IR BRI SRR AP S 2a R 9B SE  PRILER 2 Fn b B 5% T
GREET #8Y p (9 A B K HE . LAh, GREET #5280 v SR H 9 507 5 3 R B A ), AR SCRUBBE SE R0 < 1Bru =
1053.864] ,

AICH CO, (CH, (N, O f9 AR S il AL A T~ GWP o, (GWP,, (GWP  IHUEZ 5 RS
AL BREDN ] TAFAZL(IPCC) HEFE R EE , 735100 1.25.296, X T SO, \NO, #Y — S AL B 4 1t R 1001
S AP, (AP, IIUESTN 0.7 R 112,

#®2 GREET HEHEXSHIEBERE
Table 2 The related parameters of China in GREET-model

e IR FFR BN Tt R o He &5 35 b BB R km
F | b]éf"f' . x Proportion of fuel use in mining Transport mode proportion
e reieney and processing and transport distance
W Coal 97.50% JEHE 80.19% , RARS 0.4% , 7T 0.5% , 5% iH 8k 70.6% (640) , A1 10.3% (179) , /Kiz 19.
oa - 0.1% , %831 3.5% , #1 77 15.6% 1%( 1255)
o Oil 95.70% TR 6.0% , JF3H 52.6% , 750h 1.9% 5830 2. 8% 14.7% (917) ,7Ki2 51.9%( 1806) , 44K 33.
Gl S 5% 5% 14.4% W8, 71 22.7% 49%(428)
e JEHBE2.1% , IR 83.4% , 15 0.7% , 5% it .
bR A . . B ) 5 fit e
KIXS Natural gas 88.50% 0.9% . 5E3H1 5.0% .71 7.9% 5 1H 100% (428)
Yl Gasoline 90.60% SR 48.9% | KRR 3.8% , 5k 11.9% , 583l BkIE% 65.0%(913) ,/Kis 24% (1806) , il 11%
A B 1.7% 4171 33.8% (300)
543 Residual oil 949 JHEIR 20% , L1 12% , 5830 1%, 1300 1%, % 8k 50% (900) , 438 15% (160) , /K i 25%
i it 50% , 5% 4% (1200) , 23 10%( 50)
IR B HLRIOR 46.1% , FARSUR HLALR 45.0% , 7RI & HUAIOR 32.8% , AW 5 Kk HLAKR 20.8% , A% HL & HLAIOR 35%

H f7 Electricity W S HEE 6.74%

K I HL 78.72% (FRIRE KL 74.41% KT K& L 0.119% JR SR 2.19% , AL 9 & L 0.39% , B3 & R 0.24% , 4%
B ARRER 1.19%) K ST RHL 17.16% AZHER W 1.97% , A1 K HL 2.07% , Hidk 0% K FHAESS: 0.08%

1.2.3 BT LIME {H 75 9 PREE O (A 55 5

A SCHR G B A R AT RS E L5 BB AT A1 CO, S0, B2 (PM,, . PM,,) i LIME 2l , 285 8
T NRMS HICZ [RIAE 204 LIME (475 s R, HE 5 HEV R IHER &0 A b i 5t 4 Js B Rk
I FH RIS AR A SR 43 2 AR TR AR RIS 2 TR () SR B AN, AN 3 B/
1.2.4 FEFTpAteh A BB R R0 10 A

i 75 T 1 O FH ZE MRS FE LB ) 28 — B BeAnifE i s 15, BURF M 2012 AEFF IR IR HEV 1k &, 7E4H
RERIHTECT N 2012 4ETT 4 HEV AT g, PR, AR SCIE I 2012 4 & 1k i, 7000 36 [ i dg 131
7 HEV B i L AR RIS B0, M 2012 4 H T (2015 4 10 A) , TR E R HEV S8R 2 B,
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Table 3 The environmental value of pollutants
154 LIME {4 ( HJt/kg) b3 EEM A (JT/kg)
Pollutants LIME value Exchange rate Environmental value
CO, 1.74 0.052 0.09
S0, 1010 0.052 52.52
PM, 5 4030 0.052 209.56
PM,, 2450 0.052 1274
1 LIME J2 Life-cycle Impact Assessment Method Based on Endpoint Modeling [44ii 5
HRAE HEV BRI A A KBl 68 4F a, BT 0000 -
[EHEV S T A G 7, B | 13507
BRI RIS T A S EAS KM e |
I PR E T R R R g oo
A HEV PRI Mt i b BS wTtE7B 5  | 20723
VORI B e ELIS LS 2, A SCHT R TR 3 20000 1
FIFIROHSL, JEHCHEY B I M a7 & 1500 |
Jy 00 HEV B A B B A A M ES A 2 oo | s
N(7,2/3) prdfdb il 2 IE 25 50 M 615 HEV SR A 5000 |
WL 1) 75 fir 42 L8 5 i hy 6 4 1 P b L HE 2 .
11.025%,%@?’9 7 iﬁ@%ﬂﬁ@*ﬂ%%ﬂﬂ 38975%,%@?"7 2012 20]3@{5} Year2014 2015 (1—10H)

8 A1 HE ML AU E 2 Ky 38.975% , i K T 8 AFE IS Ky
11.025%, B P, = 11.025%, P, = 38.975%, P, =
38.975%, P, =11.025%,

B2 #FHE HEV $#HE=(2012—2015)
Fig.2 The sales of HEV in China (2012—2015)
HEV #& Hybrid Electrical Vehicle 455 , 15184 3h 11874 Bl sk I8

2 ERAW FoERETHIIE S BOR A3 IR T IS B & %

2.1 3ET GREET AU ) BREE 52 i i) 3 4% S
MR 2 IR E SePRIS AR A GREET BRI 2012 4F 19 Py B AR SE A7 R4l 45 3], B (7 HEV K IH
RS M A P AR B4R A AT IR AR T TR S B TRAL R R B S I AN 3R 4 BT

x4 B HEVZHRSEHEPHRIEREFEET FREFRLIAHREME

Table 4 Environmental influence of primary ore mining and resource utilization of precious metals in unit HEV spent Ni-MH battery pack

o e =S/ g et/ g Mg
i it iz Her/MJ Greenhouse gas Acid gas Dust
Precious metals Energy

co, CH, N,O SO, NO, PM, s PM,,

JRAY £ Nickel 5661 387093 1456 5 17957 724 125 262
Primary ore mining LA Cobalt oxide 249 17048 64 0 32 32 4 10
it Rare earth 734 48421 156 1 163 86 21 65

At 1Total 1 6644 452562 1676 6 18153 842 150 337

e/t 5 Nickel 731 44248 258 1 61 84 9 23
Resource utilization SH ALl Cobalt oxide 32 1948 11 0 3 4 0 1
i+ Rare earth 104 6860 22 0 23 12 3 9

A1 2Total 2 367 53056 291 1 87 100 12 33

1 B3RS B R & & AR R TARRAK (4) L (5) , A5 B HEV I THER S0 H 0 P i 52 )R
BRI B U3 — AL T REBCHEE O, N3k 5 FR

http ; //www.ecologica.cn



22 4 FM A FRIE HEV PR IH B S A P 52 i B PR 58 2 o B 7

®5 B HEVZERSREEETHIEERZRLAMANTRBHE

Table 5 The energy conservation and emission reduction of resource utilization of precious metals in HEV spent Ni-MH battery pack

i 4s fEm/M] mESKE g RIS A g PM,s/g PM,y/g
Rare metals Energy Greenhouse gas Acid gas PM, s PM,,
JEAH"FF K Primary ore mining 6644 496233 18742 150 337
BEWALFIH Resource utilization 867 60606 157 12 33

Y5 8 3 HE i The energy conservati |
HE A L The energy conservation and 5777 435627 18585 138 304

emission reductions

2.2 BT LIME {HE PR R £ 55 25 R

32 5 T R HECE e LA 3R 3 A Ts e SRR (A5 21, 567 HEV P THER &0 i it A0 T s 5t 4
J& , o B HEA T AT TR SR NGRS A | 3 AR B PR AL RS A 3R 6 PR R PR AL £5 T
PIIAE] 1083 JC,

®6 Hfi HEV EIHRSRMEFHEEBHRLF AFENZE(T)

Table 6 The environmental benefits of resource utilization of precious metals from one HEV spent Ni-MH battery pack

W a5 Sk (PG RaREN MAIBORE (2.5 0K ) W ARIURL (10 TR )
Environmental benefit Greenhouse gas Acid gas PM, 5 PM,,
SR IERIFGEA N 45 984 31 43
Environmental cost of primary ore mining
B AL FH BT A

. e 5 8 3 4
Environmental cost of resource utilization
HIE%L 25 Environmental benefits 40 976 28 39
A1t Total 1083

2.3 FETHgAkas A BER A PRI A T 45

.
ST A B IR A L AE HEY g 00 | 25770

S R O JRE LI 7 B, 5 R 3 B 5 25000 | s

o MEALE N, RET I EIAAR HEV 22 8 %E 20000 | o436

04 L 2018 SRR A 15 2021 4EISEIAE R, BE |

T 2024 AEHAGE ALK e 10000 | ol
{Bs XTIk HEV B INBL AR P RS St R ik 23 5943

FAMTERIH, TSR Bt e T 2 5, [ o

oo, EREB I 7 Ui, & O o 2010 200 2021 2022 203 2%4

S Year

3 Fig5iTig
B . N . o e 3 REWHLIE HEV S Mt 81 E1E R i
E% IH Zj]jj EE‘ {ﬂj‘@‘ EP H ﬁ EE = E,:J %% > %ﬁ > ﬁﬁj: ﬁjﬁﬁm Fig.3 The forecast for the scrap situation of HEV Ni-MH battery

)@ HR UL A B 928 HEV 2Ly IS (L4 packs in China
MPYREENEZ —, ACLURET Y LA HEV 81
A RIS H AR R 5 T 5 W 5t 4 J B IR AL R FH A PR B s s EA T T IR A9 3R

(1)HEV J IHE S0 A v i 5 4 i SR AL A FEAS O ELA SRR 18, 1T LR A 5 38 1919 B IR HERACR
AEXT TR ARG R A HEV 52 THER S0 A i A 6 5t 4 J BE IR A0 R RT 55 B8 5777 M, i HE ) TR 25 SR H
435627 . BRTES AN 185858 . PM, sy 138g . PM,, 4 304g, K, A bk — AR R 4T R B A7 4L 72 8 o
A 4 P2 TH 3 7 it 1 RS0 5 396 ) 3 I 45, S VR A8l A dn R B e (A B R

(2)HEV J IH4 %0 A A v i 5 4 A7 08 DA AR P LA PR A0 5 1 IE AR o A T IR AR R R
i HEV JZ IHER S0 A i A3 5% 4 e IR R Wl iR A R AR A0SR o 1083 T8, 4R, H TR E IERLAL &
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Al K 2 T T SO AR 15 A i 22 A XL, O S AR R 2 TH 3 1 b Y B DA R AT, TR e, I R 22
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Table 7 The forecast of energy conservation and emission reduction and environmental benefits from the resource utilization of precious metals

in HEV spent Ni-MH battery packs in China

405 Year 2018 2019 2020 2021 2022 2023 2024
F7fi& Energy conservation/T]J 5 34 95 149 138 68 13
WHER % S Greenhouse gas emission reduction/t 403 2589 7160 11226 10272 5133 995
WHERR P SUA Acid gas emission reduction/t 17 110 305 479 443 219 42
J8HE PM, 5 PM, 5 gas emission reduction/t 0 1 2 4 3 2 0
WHE PM,oPM,, gas emission reduction/t 0 2 5 8 7 4 1
PRI 25 environmental benefits/ 73 TG 100 644 1780 2791 2583 1276 247
&t Total/ Fi 6 9421

(3) % HEV BUAr L, R IH R S0 M GURE AR AR R JLAF B e A 4R R B BE, FR T3 LB /Y
HEV B AR I 2018 B #W AR K , 7E 2021 4RI BRI e, 2 2024 AFFEA SRk . ANSRAENE R
2 WO 5 R AT AT R SRR AT, PR A AR BT ik 9421 10T, HETFEC AL HEV 5104 (b [ il i
2025) B R AU, 2R R HEV (938 2% , I iy ok HEV 85 S0 i R LB T, IRt 3 11 1 7
HEV 5 S0 HL It A AR R K W 2 i, bR Y 5 7 A S 8 DA M T ) B AR R B e, St 7 A% 1) T 1]
B, S B TH Bl 7 e s B4 B DAL R 4R A R
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