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Abstract
The second life use of lithium-ion batteries has gained significant attention in recent years,
driven by the potential to repurpose cells from electric vehicles for less demanding applica-
tions. A critical aspect of this repurposing is accurately estimating the Remaining Useful
Life (RUL) of the batteries. Traditional techniques often rely on data from the battery’s first
life, which may not be available in practical scenarios. To address this issue, we propose a
data-driven method for RUL estimation that does not depend on first-life information. Our
approach considers a realistic scenario where an aged battery cell, lacking previous usage
data, is evaluated for second life use through a limited number of test cycles. We compute
features such as incremental capacity curves, and other health indicators from the measured
voltage and current waveforms of the used cell. These features are automatically processed
by deep learning algorithms, including Convolutional Neural Networks (CNNs) and Long
Short-Term Memory (LSTM) networks. This methodology achieves an average error of only
62 cycles for cells with a lifespan of up to 1200 cycles and a RUL error of less than 10% for
deeply aged batteries. These results outperform state-of-the-art algorithms that utilize data
from the cell’s entire lifespan, demonstrating the efficacy and robustness of this approach.
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ABCDEFGHCIGJKLJMNCOGFKIPOQJEIRJSKHHTIPOEGPKIQJMIUPICCFPIUVJWIPXCFQPGYJKLJZEFEUK[EVJZEFEUK[EVJ\DEPIJ
]^PGQT_PQ̀PJMNCOGFPOJaCQCEFÒJbE_KFEGKFPCQVJSEH_FPRUCVĴcVJW\cJ

J

d̀PQJeKFfJ̀EQJ_CCIJQTDDKFGCRJPIJDEFGJ_YJG̀CJgTN_FPÙGJSKHHPQQPKIVJ_YJah\iJcFEUKIJjKXCFIHCIGVJMWJDFKkCOGJ\clhJmb̂ nAoJApqVJSEGCRFEJ\hSMJm\hSMJÒEPFqJ
KLJG̀CJWIPXCFQPGYJKLJZEFEUK[EVJEIRJ_YJG̀CJPIRTQGFPENJRKOGKFEGCJDFKUFEHJKLJG̀CJWIPXCFQPGYJKLJZEFEUK[EJmBhJor]s]sqtJ

48 uv4wuJd̀CJQCOKIRJNPLCJTQCJKLJNPG̀PTHxPKIJ_EGGCFPCQJ̀EQJUEPICRJQPUIPLPOEIGJEGGCIGPKIJPIJFCOCIGJYCEFQVJ
RFPXCIJ_YJG̀CJDKGCIGPENJGKJFCDTFDKQCJOCNNQJLFKHJCNCOGFPOJXC̀PONCQJLKFJNCQQJRCHEIRPIUJEDDNPOEGPKIQtJcJOFPGPOENJ
EQDCOGJKLJG̀PQJFCDTFDKQPIUJPQJEOOTFEGCNYJCQGPHEGPIUJG̀CJaCHEPIPIUJWQCLTNJbPLCJmaWbqJKLJG̀CJ_EGGCFPCQtJ
dFERPGPKIENJGCÒIPyTCQJKLGCIJFCNYJKIJREGEJLFKHJG̀CJ_EGGCFYzQJLPFQGJNPLCVJèPÒJHEYJIKGJ_CJEXEPNE_NCJPIJDFEOGPOENJ
QOCIEFPKQtJdKJERRFCQQJG̀PQJPQQTCVJeCJDFKDKQCJEJREGExRFPXCIJHCG̀KRJLKFJaWbJCQGPHEGPKIJG̀EGJRKCQJIKGJRCDCIRJ
KIJLPFQGxNPLCJPILKFHEGPKItJ{TFJEDDFKEÒJOKIQPRCFQJEJFCENPQGPOJQOCIEFPKJèCFCJEIJEUCRJ_EGGCFYJOCNNVJNEOfPIUJ
DFCXPKTQJTQEUCJREGEVJPQJCXENTEGCRJLKFJQCOKIRJNPLCJTQCJG̀FKTÙJEJNPHPGCRJITH_CFJKLJGCQGJOYONCQtJ|CJOKHDTGCJ
LCEGTFCQJQTÒJEQJPIOFCHCIGENJOEDEOPGYJOTFXCQVJEIRJKG̀CFJ̀CENG̀JPIRPOEGKFQJLFKHJG̀CJHCEQTFCRJXKNGEUCJEIRJ
OTFFCIGJeEXCLKFHQJKLJG̀CJTQCRJOCNNtJd̀CQCJLCEGTFCQJEFCJETGKHEGPOENNYJDFKOCQQCRJ_YJRCCDJNCEFIPIUJENUKFPG̀HQVJ
PIONTRPIUJSKIXKNTGPKIENJ}CTFENJ}CGeKFfQJmS}}QqJEIRJbKIUJ\̀KFGxdCFHĴCHKFYJmb\d̂ qJICGeKFfQtJd̀PQJ
HCG̀KRKNKUYJEÒPCXCQJEIJEXCFEUCJCFFKFJKLJKINYJo]JOYONCQJLKFJOCNNQJePG̀JEJNPLCQDEIJKLJTDJGKJA]ssJOYONCQJEIRJEJ
aWbJCFFKFJKLJNCQQJG̀EIJAs~JLKFJRCCDNYJEUCRJ_EGGCFPCQtJd̀CQCJFCQTNGQJKTGDCFLKFHJQGEGCxKLxG̀CxEFGJENUKFPG̀HQJ
G̀EGJTGPNP[CJREGEJLFKHJG̀CJOCNNzQJCIGPFCJNPLCQDEIVJRCHKIQGFEGPIUJG̀CJCLLPOEOYJEIRJFK_TQGICQQJKLJG̀PQJEDDFKEÒtJ

�9����u�v: JaCHEPIPIUJWQCLTNJbPLCVJ\COKIRJbPLCJ�EGGCFYVJbgnVJhIOFCHCIGENJSEDEOPGYVJBCCDJbCEFIPIUVJ
S}}VJb\d̂ J
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MICFUYJ\GKFEUCJ\YQGCHQJmM\\qJ_EQCRJKIJNPG̀PTHxPKIJ
_EGGCFPCQJ̀EXCJ_COKHCJG̀CJQGEIREFRJLKFJHEIYJRPLLCFCIGJ
EDDNPOEGPKIQVJHEPINYJRTCJGKJG̀CPFJ̀PÙJCLLPOPCIOYVJCICFUYJEIRJ
DKeCFJRCIQPGYVJEIRJG̀CPFJRCONPIPIUJHEITLEOGTFPIUJOKQGJ�A�VJ�]�tJ
bPG̀PTHxPKIJGCÒIKNKUPCQJQTÒJEQJbgnVJ}̂ SVJbd{VJKFJ}ScJ
DFKXPRCJNKIUCFJQCFXPOCJNPXCQJG̀EIJKG̀CFJGFERPGPKIENJENGCFIEGPXCQVJ
QTÒJEQJNCERxEOPRVJEIRJEFCJNCQQJOKIGEHPIEGPIUJG̀EIJIPOfCNJ
FCNEGCRJÒCHPQGFPCQVJQTÒJEQJ}PSRJ�i�VJ���tJd̀TQVJG̀CQCJNPG̀PTHx
PKIJGCÒIKNKUPCQJEFCJG̀CJHEPIJKDGPKIJLKFJMNCOGFPOJ�C̀PONCJmM�qJ
EDDNPOEGPKIQJ��xp�tJ
lKeCXCFVJG̀CJC�DEIQPKIJKLJG̀CJM�JPQJUCICFEGPIUJEJ̀TUCJ
QCOKIRx̀EIRJ_EGGCFYJHEFfCGVJEIRJFCTQPIUJNPG̀PTHxPKIJ_EGGCFPCQJ
PIJKG̀CFJEDDNPOEGPKIQVJELGCFJG̀CPFJLPFQGJNPLCJ̀EQJC�DPFCRVJPQJEJ
DFKHPQPIUJOKIOCDGJG̀EGJ̀EQJ_CCIJQGTRPCRJLFKHJEIJCOKIKHPOVJ
GCÒIPOENJEIRJCIXPFKIHCIGENJDKPIGJKLJXPCeJ���VJ�As�tJhIJG̀PQJ
FCUEFRVJNKexRCHEIRJEDDNPOEGPKIQJPIJGCFHQJKLJPIQGEIGJDKeCFJ
FCyTPFCHCIGQJEIRJRCDG̀JKLJRPQÒEFUCJmBKBqVJEFCJQTPGE_NCJ

QCOKIRxNPLCJEDDNPOEGPKIQVJEQJPQJG̀CJOEQCJePG̀JKIxUFPRJQYQGCHQJ
��xA]�tJhIJG̀PQJLPCNRVJG̀CJEOOTFEGCJCQGPHEGPKIJKLJG̀CJaCHEPIPIUJ
WQCLTNJbPLCJmaWbqJKLJG̀CJTQCRJOCNNQJFCHEPIQJEJfCYJÒENNCIUCJ
GKJDFKXPRCJQCOTFPGYJEIRJFCNPE_PNPGYJGKJG̀CQCJQYQGCHQtJ
d̀CJEUPIUJKLJNPG̀PTHxPKIJ_EGGCFPCQJ̀EQJ_CCIJC�GCIQPXCNYJ

QGTRPCRVJ_CPIUJEJÒENNCIUPIUJDFK_NCHJ�AixAp�tJdFERPGPKIENNYVJ
\GEGCJKLJlCENG̀Jm\KlqJ̀EQJ_CCIJG̀CJLKOTQJKLJG̀CQCJQGTRPCQVJ
ENG̀KTÙJaWbJPQJ_COKHPIUJHKFCJFCNCXEIGJPIJMICFUYJ
^EIEUCHCIGJ\YQGCHJmM̂ \qJQGFEGCUPCQtJd̀CQCJeKFfQJEFCJ
TQTENNYJLKOTQCRJKIJFCENJGPHCJEDDNPOEGPKIQVJPtCtVJDFCRPOGJM\\J
LEPNTFCQJ�A�x]��tJgTFG̀CFHKFCVJRCGCFHPIPIUJaWbJLKFJEJQCOKIRJ
NPLCJEDDNPOEGPKIJTQTENNYJFCyTPFCQJfIKeNCRUCJmREGEqJKIJPGQJLPFQGJ
NPLCJTQCJ�]��VJ�]o�tJ
aCUEFRPIUJG̀CJGCÒIPyTCQJTQCRJLKFJaWbJCQGPHEGPKIVJG̀CFCJ

EFCJGeKJGFERPGPKIENJEDDFKEÒCQJGKJG̀CJDFK_NCH�JHKRCNx_EQCRJ
EIRJREGExRFPXCIJGCÒIPyTCQtĴ KRCNx_EQCRJGCÒIPyTCQJEFCJ
QTPGE_NCJLKFJ_EGGCFYJ_C̀EXPKFENJHKRCNQJmQTÒJEQJ\GEGCJKLJS̀EFUCJ
CQGPHEGKFQqVJ_TGJG̀CYJ̀EXCJENQKJ_CCIJTQCRJLKFJEUPIUJCQGPHEGPKIJ
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àbcdefghijklmfnoppfqrnstuonuvrohf

�
8�2�����789:�����!�����6�������������'�!���3����3�����)��!�
�(��3��)��2*��!�!��2���!�*�)�������3��(�����*�+����5��3�!�
(��%*�+���%)��w�789:������� !0�93���(���5��3���'�!*+�*�+�
�3�!�������� !5�����%�*��3&)��)���%����!�%�!��6���'x�!��'W�
�3��'*%��!*����*�&��(��3��%�%��&����%�@5���'��3����%6����(�
789:�����!������������'0�
]���3����!���(�����789:������� �(����y7��!�*%��*��5��3��
*�)���=��*���6����!�z�������(�����]1���2�(��%!0�93��!�%����4
!�%)�*�+�*�'*����'�(����3��1##�3�!�6�����))�*�'�����3��
��2�(��%!5�!�����3���2�(��%��*���3�2��{||�!�%)��!0�}3���
*����'*�+��3���3�����''*�*�����(������!�"��)��*�&5�]�5���'�
9]~���$5����3����%����=��*���3��!�z�������*���*����'��{|��
(������!�"{||�!�%)��!�6����+*�+�����3��]1���2�(��%5�)��!��3��
�3�����''*�*�����(������!$0��&��w����*�+�!�2���������%)�!5��3��
6�!�����(*+����*���(���'�(����3��789:������� �(����3*!�
)��6��%�*!�!3����*��9�6���]]0�
�
�

�

9<�7~�]]�
789:�#~9}����1�#;]�y�<9]�#�

�&)��)���%����� ������

�� .-�

#�%6����(�789:�����!� .�

�������������������������

#������������ �%�'��!�����)���������2��(*��*�+5��!)��*���&�
�*�3��*%*��'�'���!��!5��!�*!��3����!���*�3�6�����&�'���!��!0�9��
�2�*'��3*!�)��6��%���'���!����+��'�+������*���*���,-./5�,-�/5�
%���*)�����+����*���*������3�*z��!�3�2��6�����!�'0�
~���&4!��))*�+�,-./�*!������!!*������+����*���*������3�*z��0�
]�����!*!�!��(�'*2*'*�+��3��'���!���*���3����!�6!��!W������*�*�+�
!���"�|�$5�(���%�'��������*�+����2��*'��*���!���".|�$5�(���
%��*���*�+��3��+������*���*�����������'�!��))*�+��3�����*�*�+�
����3��)�*����(�%*�*%�%�2��*'��*���������"%�w*%*�*�+�
+������*���*��$����'�����!��!���".|�$��!�'�(����3��(*����
�2�����*����(��3��%�'���)��(��%����0�
<!��w)��*��'�*��8���*���]]0<5����3����*�*�+�!�%)���
"��%)�*!�'�6&�'�����(�{|����!����*2��������&���!$���!�*�*�*���&�
���!*'���'��!����*�'*2*'����!�%)��5������������'��*�3��3����!��
�(��3��!�%)��!��3�����*+*����'�(��%��3��!�%��6�����&�����0�93��
'*2*!*���*�������*�*�+5�2��*'��*�����'���!��!��!���!�'����
�����'*�+�&�6&����'�%�&��!!*+�*�+����3��w�%)�����������(��3��
�3����!�6!��!�";*+0��5��$0�
]������(*�!����!�5��3����!���!��(�'��)������*�+���+��*�3%!��3���
�))�&*�+�����&4!��))*�+������*%)��!!*2�5���3*�2*�+��������
%����!z����'�������"�:8~$��3����!�*%��*�+��y7��!������!�
{|�;~10�}��!�!)����'��3����3�!����!���!������2��&��)�*%*!�*�5�
��'����2��*(*�'��3����3��%�'�����!��2��(*��*�+5��3*�3���!�
���w)����'5�!*��������&4!��))*�+���!�6�*�+��!�'0�]���3*!���!�5�
�2��(*��*�+���!�������*�+������3*+3�����2��5��2��(*��*�+�6�����&�
����!�*�!���'��(�'�����&���!0�~2����3��+3�*�(��%��*���(��%�
'*((�������&���!���!�!�)�����'�6��������3��'*((������!�6!��!5�
�3�������� �������'�3���!)��*(*��6�����&�����!�*���3��'���6�!��
6�3�2����'�)��2*'�'�2��&�+��'��!�*%��*��!�(�����3����w�%)��!�
6����+*�+�����3��!�%��6�����&�����0�9��!��2���3*!�*!!��5����
�3��+�'��3��*�*�*�����&��(�'*2*'*�+��3���3����!�6!��!�";*+0��5�
�$5���'�*%)��%����'���6�����&�����46�!�'�'*2*!*���";*+0��5�6$0�
93���&���!�6����+*�+�������3�*�'*2*'������������������!!*+��'�
��������(��3��!�6!��!0��&�'*2*'*�+��3��'�����3*!���&5����
�w�%)��!�(��%��3��!�%��6�����&�����������!�'�����!!����*�*�+5�
2��*'��*��5���'���!�*�+0�93*!�*!���!����%��������*!�*���))����3�
���!*'��*�+��3��(*�����))�*���*��5�!*����*�����������!���3�������
��'�����!���*���6����������'�����3�����*�*�+�)����!!5�*0�05�*���*���
6��������������!�'�(���6�*�'*�+��3��%�'��0�<(����%� *�+��3*!�
�3��+��*���3��!�6!��������*��5��3��%�'�����!����*��'��+�*�0��&�
�!*�+�����&�!��))*�+��*�3��3*!�!�6!���'*2*!*��5��3���)�*%���
������ �!*�����'��3����!���(��3��3&)��)���%����!�"��%6����(�
�)��3!5������*�+�����$������'����%*��'0�
����2��5��2����3��+3��3��'���!���*!���%)�*!�'��(�%��&�
�&���!5�*�����&�*����'�!�{.��6�����&�����!0��*2*'*�+��3*!�'���!���
*�����3����!�6!��!���'!��)��*�3���!%������%6����(�6�����&�����!�
*�����3�!�6!��0�93�!5����!!42��*'��*������3�*z��!�,-./�3�2��
6�����))�*�'�(����6��*�*�+�%��������*!�*����'���%)���6���������
�!�*%��*��0�



�

�

�

�
�������	
��
����������������������������������������������� �

�
���
�!�"
�
#�������������������!�"
�

�
$%&'()�*+,-./�0&-''+12.%/2(%-3�4*+567�82'�9':/�;<=>?�@(�

0-3'%'('�-,�/%1%/%3A�(B:�%3%(%2.�/2(2':(�:1:3.C�%3(-�*�'9D+A&-9E'?�
@3�(B%'�2EE.%02(%-3)�*�F�GH�A&-9E'�8:&:�':.:0(:/)�'%30:�%(�B2'�
D::3�'::3�(B2(�(B%'�39ID:&�E&-1%/:'�2�A--/�(&2/:+-,,�D:(8::3�
0-IE9(%3A�(%I:�23/�2009&20C�;<J>?�KB:3)�(B:�I-/:.�%'�(&2%3:/�
8%(B�L�A&-9E'�23/�12.%/2(:/�8%(B�(B:�GH(B�A&-9E?�KB%'�E&-0:''�
%'�&:E:2(:/�GH�(%I:')�%3�'90B�2�82C�(B2(�:1:&C�A&-9E�%'�9':/�2'�
12.%/2(%-3�':(�-3�-3:�-002'%-3?�M9I:&%02.�&:'9.('�20B%:1:/�
8%..�D:�'B-83�23/�/%'09'':/�D:.-8?�
$%32..C)�2'�%(�%'�9'92.�8%(B�'I2..�/2(2':(')�N:21:+O3:+O9(�

4NOO7�0&-''+12.%/2(%-3�B2'�2.'-�D::3�9':/�;<=>?�NOO�%'�2�
'E:0%2.�02':�-,�0&-''+12.%/2(%-3�%3�8B%0B�*PF�Q�4D:%3A�Q�(B:�
39ID:&�-,�:R2IE.:'7?�@3�(B%'�02':)�(B:�3:(�%'�(&2%3:/�Q�(%I:'�
DC�9'%3A�Q+G�D2((:&C�0:..'�,-&�(&2%3%3A�23/�-3:�0:..�,-&�
STUVWTXVYZ[\]Y[̂T_̀[XaTVYVYZb[T[WVcĉâYX[_̂UU[Vd[eÛcX[]fXghi[jd[
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"�]#��$�����&��$!%�������� $��[%$�'�����44+)0./s4t-,-4W-.st.*3-.
u,s54sv*1Wv.)4}.¶-)0*3.|)4)5-2-4*.VsW1-*g.����6�A6�>>:�
Bh6�@E
@:�

	@h���Z
�¦
�l���k
�k��!�������
���]������U�][���$����%��"�$� ���$%��$"&��»[$�
 �%�����$]�����$�$���]����������#���$%���� $��%$��"�����'�{fff.
�,)4v)W*1s4v.s4.{4v*,+2-4*)*1s4.)4}.|-)v+,-2-4*6�789:�X?6�<8:�Y6�>>:�
@E?=B@E=?6�@E
=:�

	@Y���Z
�k��!���
�x��!��w
�R�[���¼
�¦&�[������i
�j
���$����$]�����!�[�$ [��
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NMM>äÁÁO8̂:8DoÁ
E:


;Á
:=E=;EEY�
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�:�Cm�896��:�ÌDD̂<o6�G:��DKoòOK�̂a6��:�FK�K<M6��:�IKDD̂a6�©:�
y&[$&�������
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