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Chapter 1: Introduction

p Some facts about me
p Bio

Dr. Shengyu Tao

• Generative modeling for batteries
• Conditional variational autoencoder development

• Physics-informed battery data generation
• PyBaMM + AI -> Searching for parameters

• AI for battery lifecycle management
• Data Science in battery management
• Remanufacturing, reusing and recycling
• PhD degree in Electrical Engineering
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Chapter 1: Introduction
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Chapter 1: Introduction

p Resource underutilization and environmental impact
p Background and Motivation

>80%

EV usage *1 retired 18650 cell = 1m2 land & 600 liters water wasted
*1 Tesla Model S = 7,104 cells 

Figure 1.1 The “inverse-pyramid” of electric vehicle energy utilization. Figure 1.2 The environmental impact per battery cell.
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Chapter 1: Introduction

p The current situation of unstandardized battery waste treatment (Reuse)
p Background and Motivation

Capacity test Re-assemble

Figure 1.3 The simplified diagram of battery treatment for reuse.
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Chapter 1: Introduction

p The current situation of unstandardized battery waste treatment (Recycling)
p Background and Motivation

Shredding Chemicals

Figure 1.4 The simplified diagram of battery treatment for recycling.
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Chapter 1: Introduction

p The state-of-the-art major policies
p Background and Motivation

Ministry of Industry and Information Technology
2021 (梯次利用) Reuse

National Development and Reform Commission 
2023 (回收利用) Recycling

General Office of the State Council 
2024 (循环利用) Circulated use

Figure 1.5 Major policies of the battery circular economy.

Efficient & safe reuse

Precise & profitable 
recycling

Sustainable circulation
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Chapter 1: Introduction

p The roles of machine learning
p Use data to evaluate battery status to inform safe, profitable, sustainable and standardized allocation 

p Background and Motivation

Figure 1.6 The concept of Machine Learning-Assisted Lithium-ion Battery Diagnostics and Prognostics for Sustainable Remanufacturing, Reusing and Recycling.

https://scholar.google.com/citations?hl=zh-CN&user=MHzCCogAAAAJ&view_op=list_works&sortby=pubdate
https://scholar.google.com/citations?hl=zh-CN&user=MHzCCogAAAAJ&view_op=list_works&sortby=pubdate
https://scholar.google.com/citations?hl=zh-CN&user=MHzCCogAAAAJ&view_op=list_works&sortby=pubdate
https://www.researchgate.net/profile/Terence-Shengyu-Tao/publications
https://www.linkedin.com/in/shengyu-tao-phd-2171a6288/
https://github.com/terencetaothucb


PhD Work Summary at Tsinghua & Berkeley –  Dr. Shengyu Tao G-Scholar | RearchGate | LinkedIn | GitHub 2025/9/16 Page 10

All rights reserved. Dr. Shengyu Tao

All rights reserved. Dr. Shengyu Tao

All rights reserved. Dr. Shengyu Tao

All rights reserved. Dr. Shengyu Tao

reserved. Dr. Shengyu Tao

All rig
hts reserved. Dr. Shengyu Tao

All rig
hts reserved. Dr. Shengyu Tao

All rig
hts reserved. Dr. Shengyu Tao

reserved. Dr. Shengyu Tao

All rig
hts reserved. Dr. Shengyu Tao

All rights reserved. Dr. Shengyu Tao

All rights reserved. Dr. Shengyu Tao

Chapter 1: Introduction

p The tasks of machine learning
p The tasks are distinct for different battery service stages

p Background and Motivation

Figure 1.6 The concept of Machine Learning-Assisted Lithium-ion Battery Diagnostics and Prognostics for Sustainable Remanufacturing, Reusing and Recycling.
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Chapter 1: Introduction

p The battery data barriers 
p Literature review

Figure 1.7 The data characteristics in different battery service stages.

Data scarcity:
Battery status no-longer 

monitored post-retirement

Data heterogeneity:
Every battery is different 
due to operation varieties
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Chapter 1: Introduction

p The state-of-the-art methods overcoming battery data barriers (data scarcity and heterogeneity) 
p Literature review

Data augmentation Pros Cons Ref.

Physical battery 
testing and data 

generation
New dataset availability Time-consuming, costly [1-5]

Equivalent circuit 
model Efficient and affordable Intensive model priors

（biased to fixed patterns） [6]

Generative AI model
(e.g., GAN and 

VAE)
Data generalization Overfitting to training 

distribution [7-8]

Hybrid model
(testing + generative 

AI)

Balance priors and 
posteriors

Intensive hyperparameter 
tuning

(another type of model 
priors)

[9-10]

Model calibration Pros Cons Ref.

Transfer learning Invariant domain Theoretical transferability [11-17]

Continual learning Continuous model 
updates Catastrophic forgetting [18-20]

Feature engineering 
(for early prediction) Efficient Overfitting and 

intensive expert knowledge [1,16,17]

Data augmentation Pros Cons Ref.

Physical battery testing 
and data generation New dataset availability

Unexhaustive operation 
conditions and degradation 

mechanisms
-

Random charging 
selection and segment Simulate real electric vehicle Not applicable to reuse and 

recycling [21-25]

Noise addition Efficient and affordable Still adhere to underlying 
distribution [26,27]

Model calibration Pros Cons Ref.

Ensemble learning Mixture of model experts Intensive hyperparameter tuning
and poor interpretability [28-32]

Transfer learning Invariant domain Theoretical transferability [16,17,33]

Federated learning Collaborative and private
Communication cost, data 

missing
and poor interpretability

[27, 34]

Large language model Data generalization Very early stage 
and lack of training materials [35]

Table 1.1 Literature review on state-of-the-art methods overcoming data scarcity and heterogeneity.
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Chapter 1: Introduction

p Research gap
p Data scarcity: restricted access, few data…; Data heterogeneity: operation, degradation variabilities… 

p Literature review

Figure 1.8 The research gap identification.

- Research gaps

• Existing data generation cannot exhaust case-
specific operation conditions

• Existing prediction methods are barely informed of 
diversified degradation mechanisms

- Solutions:

• Integrate condition information into adaptable 
diagnostics & prognosis

• Integrate physics (degradation mechanism) into 
battery diagnostics & prognosis

- Research gaps

• Existing data testing-based generation methods are 
costly and time-consuming

• Existing prediction methods are vulnerable to 
varying operation conditions and model parameters

- Solutions:

• Collaborate to maximize existing data source
->mitigate data restrictions

• Generate new condition-constrained data to ensure 
robustness
->increase data generalizability

Research gaps

This work
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Chapter 1: Introduction
p The high-level work structure

Chapter 3 Rapid Residual 
Assessment
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Figure 1.9 The high-level dissertation structure.
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Chapter 2: Early Quality Control

p How to ensure the quality of remanufactured batteries before put into massive productions?
p Research Question

- Research gaps

• Existing data generation cannot exhaust case-
specific operation conditions

• Existing prediction methods are barely informed of 
diversified degradation mechanisms

- Solutions:

• Integrate condition information into adaptable 
diagnostics & prognosis

• Integrate physics (degradation mechanism) into 
battery diagnostics & prognosis

- Research gaps

• Existing data testing-based generation methods are 
costly and time-consuming

• Existing prediction methods are vulnerable to 
varying operation conditions and model parameters

- Solutions:

• Collaborate to maximize existing data source
->mitigate data restrictions

• Generate new condition-constrained data to ensure 
robustness
->increase data generalizability

Research gaps

This work
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Chapter 2: Early Quality Control

p Motivation
p Traditional quality verification takes > 3 (6) months under accelerated (normal) conditions
p Accelerated verification are faster but can be hard to translate into normal conditions  
p Contribution
p Formulates the early quality control as an Arrhenius-transferable time-serials forecasting problem
p A multi-step fast charging dataset is generated for explainable feature extraction

p Overview

Figure 2.1 The diagram of normal and accelerated quality verification.
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Chapter 2: Early Quality Control
p Methodology Summary

Figure 2.3 The algorithm summary.Figure 2.2 The diagram of different recycling methods.
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Chapter 2: Early Quality Control

p The Arrhenius equation:

𝑟 = 𝐴 𝑒("
!"
#$%

)

where, 𝑟 is the aging rate of the battery, 𝐴 is a constant, 𝐸$ is the activation energy，𝑘% is Boltzmann constant and 𝑇 is 

the Kelvin temperature. 

p Arrhenius equation-based transferability metric (𝑨𝑻𝒔𝒄𝒐𝒓𝒆):

𝐴𝑇&'()*
&(+)'* → -$).*- = )&"'()&

)*+,'-)
= 𝑒("

!"
*

#$%*
/ !"

&

#$%&
) = 𝑒('

!
"#
( !
"$
)*

where, 𝑇& and 𝑇- are the Kelvin temperatures of the source domain and the target domain, respectively. 

p The contribution of source domains: 𝑊0 = (|𝐴𝑇&'()*
&(+)'* 0→ -$).*- − 1| ⋅ ∑1234 3

|67*-+')
*+,'-) .→ &"'()& "3|

)"3

where, 𝑖 is the source domain index.

p The aging rate of target domain: 𝑟-$).*- = ∑0234 𝑊0 ⋅ 𝐴𝑇&'()*
&(+)'* 0→ -$).*- ⋅ 𝑟&(+)'*0

where, 𝐾 is the number of source domains.

p Methodology
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Chapter 2: Early Quality Control

p Chemical Process Prediction Model: 𝑭
^
= 𝑓9 𝑈 = 𝑓:

; 𝑓
< 0
; ∘···∘ 𝑓:

3 𝑓
< 1
3 𝑈  

where, 𝑈 (from the charging test) is the broadcasted input voltage matrix 𝑈(=×?)×3@, given a feature matrix 𝑭(=×?)×A.

p Loss of Chemical Process Prediction: 𝐿B(&&_=D*?0'$BE)('*&& =
∑2 3 1
4 (𝑭2 " 𝑭

^
2 )6

=
+ 𝜆 3 ∗ ∑0 2 3= |𝑭0 − 𝑭

^
0|

where, 𝑈 is the broadcasted input voltage matrix 𝑈(=×?)×3@, given a feature matrix 𝑭(=×?)×A, 𝑭0 is the 𝑖th label of  

defined chemical processes, 𝑭
^
0 is the predicted chemical processes feature matrix for the 𝑖th cycle, 𝜆 3 is regularization.

p Chemical Process Prediction Model in target domain: 𝑭-$).*-0 = 𝑭-$).*-0"3 + ∑1204 𝑊1 ⋅ 𝐴&'()*
&(+)'* 1→ -$).*- ⋅

𝑟&(+)'*10"3  where, the 𝑭-$).*-0 is the feature value of target domain in the 𝑖th cycle, 𝑟&(+)'* 10"3 is the aging rate of source 

domain 𝑗 at the 𝑖 − 1 th cycle .

p Methodology
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Chapter 2: Early Quality Control

p Degradation Trajectory Prediction Model: 𝐷
^
= 𝑓9 𝑭

^
= 𝑓:

; 𝑓
< 0
; ∘···∘ 𝑓:

3 𝑓
< 1
3 𝑭

^
 

where, 𝑭
^

is the predicted battery chemical process feature matrix.

p Loss of Degradation Trajectory Prediction: 𝐿B(&&_H*.)$I$-0(J7)$1*'-()K = ∑2 3 1
4 (K2 " K

^
2 )6

=
+ 𝜆 L ∗

∑0 2 3= |𝑦0 − 𝑦
^
0| where, 𝑈 is the broadcasted input voltage matrix 𝑈(=×?)×3@, given a feature matrix 𝑭(=×?)×A, 𝑭0 is the 

𝑖th label of defined chemical processes, 𝑭
^
0 is the predicted chemical processes feature matrix for the 𝑖th cycle, 𝜆 3 is 

regularization.

p The SAGE feature importance: 𝑆𝐴𝐺𝐸 = 3
I

∑
M⊆H∖{0}

(𝑑 − 1|𝑆| )
"3𝐸[𝑉𝑎𝑟(𝐸 [𝑌 ∣ 𝑋M, 𝑋0] ∣ 𝑋M)] 

where, 𝑌 is the output of the degradation trajectory prediction model, 𝑋M ≡ {𝑋0 | 𝑖 ∈ 𝑆} are subsets of features for 

different 𝑆 ⊆ 𝐷, where 𝐷 is the set of all features and 𝐷 ≡{1, ..., d}. (𝑑 − 1|𝑆| ) equals to combination numbers of features. 

p Methodology
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Chapter 2: Early Quality Control

p The degradation trajectory prediction achieves low errors while only using 4% data (50 cycles)

p Robust to temperatures, lifetime points, data availabilities, and battery samples

p Results

The first 50 cycles are accessible The first 25 cycles are accessible
Verification temperature at 45 degrees

MAPE (%) STD maxMAPE (%) MAPE (%) STD maxMAPE (%)

Our 0.99 0.36 1.60 1.27 0.44 2.17
Model1 67.75 7.91 81.37 87.95 9.86 104.68
Model2 1.47 0.57 2.72 2.37 0.57 3.44
Model3 7.13 0.64 8.10 7.00 0.57 7.94
Model4 8.78 0.52 9.63 8.83 0.52 9.70

Verification temperature at 35 degrees
MAPE (%) STD maxMAPE (%) MAPE (%) STD maxMAPE (%)

Our 2.11 0.73 3.37 2.52 0.80 3.68
Model1 87.99 14.6 107.38 89.78 11.7 107.01
Model2 2.54 0.19 3.57 2.60 0.19 3.80
Model3 11.56 0.59 11.97 11.04 0.79 11.44
Model4 15.66 0.72 16.69 15.89 0.78 17.10

Verification temperature at 25 degrees
MAPE (%) STD maxMAPE (%) MAPE (%) STD maxMAPE (%)

Our 2.64 0.82 3.50 3.14 0.85 4.18
Model1 73.66 21.1 108.56 78.94 25.2 138.87
Model2 3.69 0.64 4.79 2.84 0.63 3.87
Model3 9.51 0.91 13.41 11.78 0.82 12.76
Model4 16.83 0.53 17.58 17.22 0.53 18.02

Figure 2.4 The degradation trajectory prediction performances.
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Chapter 2: Early Quality Control

p The capacity based features are more important than other manipulated features
p The thermodynamic features are more important than the kinetic features

Note: thermodynamic features are those from low current stages, while kinetic ones are from high current stages
p The voltage loss (battery degradation) is presented by:

𝑈$'-+$B − 𝑈-D*()*-0'$B(∗) = ∆𝐸(𝑆𝑂𝐶, 𝑆𝑂𝐻, 𝑇) + 𝜂(𝑰, 𝑆𝑂𝐶, 𝑆𝑂𝐻, 𝑇) 

where, 𝑈$'-+$B is the actual working voltage. 𝑈-D*()*-0'$B is the theoretical open-circuit voltage, ∆𝐸 is the thermodynamic

voltage loss, 𝜂 is the current-induced kinetic loss.

p Results

Figure 2.6 The feature importance analysis.Figure 2.5 The feature engineering methodology.
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Chapter 2: Early Quality Control

p Before the SEI activation, kinetics loss dominates
p At higher temperature, the kinetics loss can lead to higher thermodynamics loss
p The degradation correlation can be used as a non-destructive measure of battery degradation (circle points) to 

control the battery quality

p Results

Figure 2.7 The degradation dominance and correlation.
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Chapter 2: Early Quality Control

p A forward-looking sustainability assessment of “refined-recycling”
p The “refined-recycling” demonstrates a 19.76 billion USD defective material recycling market by 2060 worldwide
p The early quality control is fast, non-destructive and sustainable in treating defective prototype batteries

p Results

Figure 2.9 The sustainability assessment of different recycling methods.Figure 2.8 The diagram of different recycling methods.
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Chapter 3: Rapid Residual Evaluation

p How to ensure the residual evaluation’s rapidness and generalizability using minimal data?
p Research Question

- Research gaps

• Existing data generation cannot exhaust case-
specific operation conditions

• Existing prediction methods are barely informed of 
diversified degradation mechanisms

- Solutions:

• Integrate condition information into adaptable 
diagnostics & prognosis

• Integrate physics (degradation mechanism) into 
battery diagnostics & prognosis

- Research gaps

• Existing data testing-based generation methods are 
costly and time-consuming

• Existing prediction methods are vulnerable to 
varying operation conditions and model parameters

- Solutions:

• Collaborate to maximize existing data source
->mitigate data restrictions

• Generate new condition-constrained data to ensure 
robustness
->increase data generalizability

Research gaps

This work
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Chapter 3: Rapid Residual Assessment
p Overview
p Motivation
p The residual value evaluation requires extensive data measurement
p The data measurement are sensitive to different state of charge conditions and material types
p Contribution
p A real-world pulse test based residual value assessment dataset is generated
p A condition-dependable generative model is built for extended pulse measurement data generation  

Figure 3.1 The diagram of rapid residual assessment. Figure 3.2 Pulse test. Figure 3.3 Condition dependency of pulse test.
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Chapter 3: Rapid Residual Assessment
p Methodology Summary

Figure 3.3 The algorithm summary.
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Chapter 3: Rapid Residual Assessment
p Methodology
p The attention mechanism: Attention 𝑄,𝐾, 𝑉 = softmax R4%

I#
𝑉

where, 𝑄,𝐾, 𝑉 represent the query, key, and value sequence, respectively. 𝑑S is the scaling factor, typically the dimension 

value of the key 𝐾. 𝑇 is the transpose operator. The softmax function normalizes the input vector so that the sum of the 

probabilities is 1. 

p The conditional embedding for the encoder: 𝐂 = ReLU 𝐜𝐨𝐧𝐝 ⋅ 𝐖𝐜
𝐓 + 𝐛𝐜  

where, 𝐜𝐨𝐧𝐝 = [𝑆𝑂𝐶, 𝑆𝑂𝐻] ∈ ℝA×L is the condition input, 𝐖𝐜 ∈ ℝVW×L, 𝐛𝐜 ∈ ℝX×VW are the condition embedding neural 

network weighting matrix and bias matrix. 

p The feature embedding for the encoder: 𝐇 = ReLU 𝐱 ⋅ 𝐖𝐡
𝐓 + 𝐛𝐡

     where, 𝐱 ∈ ℝA×L3 is the feature matrix input, 𝐖𝐡 ∈ ℝVW×L3, 𝐛𝐡 ∈ ℝX×VW are the main input embedding neural network 

weighting matrix and bias matrix. 
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Chapter 3: Rapid Residual Assessment
p Methodology
p The latent embedding after the cross-attention of encoder: AttenEncoder = Attention 𝐇, 𝐂, 𝐂

where, 𝐇 ∈ ℝX×VW and 𝐂 ∈ ℝX×VW are embeddings of pulse voltage response data and retirement condition data, 

respectively.

p The parameter for the latent space of the variational auto-encoder:

mean of Gaussian distribution: 𝐳𝐦𝐞𝐚𝐧 = AttenEncoder ⋅ 𝐖𝐳𝐦𝐞𝐚𝐧
𝐓 + 𝐛𝐳𝐦𝐞𝐚𝐧 

variance of Gaussian distribution:  𝐳𝐥𝐨𝐠_𝐯𝐚𝐫 = AttenEncoder ⋅ 𝐖𝐳𝐥𝐨𝐠_𝐯𝐚𝐫
𝐓 +𝐛𝐳𝐥𝐨𝐠_𝐯𝐚𝐫 

p Sampling in the latent space: 𝐳 = 𝐳𝐦𝐞𝐚𝐧 +e
1
6⋅𝐳𝐥𝐨𝐠_𝐯𝐚𝐫⋅ 𝛜 

p The feature embedding from the decoder: 𝐇e = ReLU 𝐳 ⋅ 𝐖𝐝
𝐓 + 𝐛𝐝  

p The latent embedding after the cross-attention of decoder: : AttenDecodeder = Attention (𝐇e, 𝐂e , 𝐂e )

p The reconstructed feature matrix output: l𝐱 = σ AttenDecodeder ⋅ 𝐖𝐨
𝐓 +𝐛𝐨
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Chapter 3: Rapid Residual Assessment
p Methodology
p The reconstruction loss of variational autoencoder: Lossghi =

3
A
∑023A (𝐱𝐢 − l𝐱𝐢)L

p The KL-divergence loss of variational autoencoder: Losskl = − 3
L
∑023A 1 + 𝐳log_var 𝐢

− 𝐳meanL
𝐢 − e

𝐳log_var 𝐢

p The total loss of variational autoencoder:Loss = ωmnop o Lossghi + ωkl o Losskl

where, ωmnop and ωkl are set to 0.5 to achieve a balance between the generation accuracy and the diversity, respectively. 

𝑁 is the sample size.

p The random forest regressor: q𝐲 = qℎ(𝐗) = 3
4
∑?23q ℎ 𝐗; 𝛝r, 𝛉r  

where, 𝐗 is the generated feature matrix, q𝐲 is the predicted SOH value vector. 𝑀 is the tree number in the random forest. 

𝛝r and 𝛉r are the hyperparameters.
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Chapter 3: Rapid Residual Assessment
p Results
p The data generation performance are below 2% MAPE.
p The generation saves time and energy! 

Figure 3.4 The data training and testing split. Figure 3.5 Data generation results of all cases.

interpolate

extrapolate

Figure 3.6 Cost and carbon savings.

Data is cheaper and greener!
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Chapter 3: Rapid Residual Assessment
p Results
p The residual assessment is rapid and accurate using generated data, which is necessary.
p The data generation can be generalized to other battery chemistries and formats.

Figure 3.7 The residual assessment performance across all cases. Figure 3.8 Comparison between original and generated data.

21Ah, NMC

10Ah, LMO
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Chapter 3: Rapid Residual Assessment
p Results
p The data generation involves least carbon emission among all typical recycling methods.
p The data generation reduces the pretreatment electricity cost over 50%.

Figure 3.9 The carbon comparison of different residual assessment methods. Figure 3.10 The cost comparison of different residual assessment methods.
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Chapter 4: Collaborative Material Sorting

p How to identify the material status of retired batteries using multi-entity data (with data privacy)?
p Research Question

- Research gaps

• Existing data generation cannot exhaust case-
specific operation conditions

• Existing prediction methods are barely informed of 
diversified degradation mechanisms

- Solutions:

• Integrate condition information into adaptable 
diagnostics & prognosis

• Integrate physics (degradation mechanism) into 
battery diagnostics & prognosis

- Research gaps

• Existing data testing-based generation methods are 
costly and time-consuming

• Existing prediction methods are vulnerable to 
varying operation conditions and model parameters

- Solutions:

• Collaborate to maximize existing data source
->mitigate data restrictions

• Generate new condition-constrained data to ensure 
robustness
->increase data generalizability

Research gaps

This work
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Chapter 4: Collaborative Material Sorting
p Overview
p Motivation
p The battery material data can involve commercial secrets and privacy use patterns. 
p The battery materials are often mixed when collected from different vendors.
p Contribution
p A collaborative and decentralized material sorting algorithm is proposed.
p The algorithm can protect data privacy by using the data locally while not sharing them globally.

Figure 4.1 The data privacy constraints in material property identification.
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Chapter 4: Collaborative Material Sorting
p Methodology Summary

Figure 4.2 The algorithm summary.
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Chapter 4: Collaborative Material Sorting
p Methodology
p The client (one data collaborator): ClientS ≜ (lbS , ubS , NCS) 

where, 𝑘 = {1,2,⋯ , 10}, where lbS and ubS are the minimum and maximum number of battery observations in ClientS. 

NCS stands for the minimum number of classes in each ClientS.

p The client decision (classification) model: 𝑔 𝐗 = argmax
K∈ t=

∑123
u 𝐼 𝑦 = ℎ1 𝐗; Θ1  

where, 𝐼 is the indicator function. 𝐼 𝑦 = ℎ1(𝐗; Θ1) = 1 if 𝑦 = ℎ1(𝐗; Θ1) and 0 otherwise.

p The Wasserstein distance measure: 𝑊v ·,· = inf
w∈gx

∫y1×y6 |𝑥3 − 𝑥L|
v𝑑𝛾(𝑥3, 𝑥L)

1
B 

where, where 𝛾 is a transport operator, referring to the transport of arbitrary attributes pairs, i.e., (𝑥3, 𝑥L), from the global 

feature space Ω3 to the client feature space ΩL. MP stands for a measurably preserved transport.
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Chapter 4: Collaborative Material Sorting
p Methodology
p The Wasserstein Distance Voting term: 𝜔S = α"z(3"ℳ#(|B))

where, α > 0 and 𝜆 > 0 are voting hyperparameters. ℳS is the average operator on the pairwise Wasserstein distance 

between feature spaces of ClientS and the global feature space, i.e., the recycler. 

p The aggregated global model: 𝐺 𝑥 = argmax
K∈ t=

∑S234 𝜔S𝐼 𝑦 = 𝑔S 𝑥  

where, 𝐾 is the number of clients. 𝐼 is the indicator function. 𝐼 𝑦 = ℎ1(𝐗; Θ1) = 1 if 𝑦 = ℎ1(𝐗; Θ1) and 0 otherwise.

p The permutation feature importance: ImpJ? = 3
uC
∑1∈ℐC 𝐼 𝑦J ≠ �𝐶J,1∗ − 3

uC
∑1∈ℐC 𝐼 𝑦J ≠ �𝐶J,1  

where, ℐJ is the cardinality of the 𝑛 out-of-bag observations, 𝐽J is the number of trees in the random forest considering 𝑛

out-of-bag observations. The feature importance of ImpJ? is averaged over all observations as a global importance. 

p The privacy budget: PB = 100%×max NSR 𝐴 NSR ≥ 𝐴  

where, 𝐴 denotes the lower bound of acceptable accuracy of the model, NSR is the noise-to-signal ratio.
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Chapter 4: Collaborative Material Sorting
p Results
p The input for material sorting only requires one cycle (random) end-of-life data.
p The feature extraction process is standardized for different material types .

Figure 4.4 The extracted features.Figure 4.3 The feature engineering. 
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Chapter 4: Collaborative Material Sorting
p Results
p The proposed WDV aggregation strategy achieve 99% sorting accuracy with homogeneous data access.
p The proposed WDV aggregation strategy is robust to strong measurement noise (up to 10%), thus 

having the best privacy budget (accuracy > 90% with 10% random noise injection).

Figure 4.6 Material sorting results with data privacy budgets.Figure 4.5 Material sorting results with homogenous data access. 
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Chapter 4: Collaborative Material Sorting
p Results
p The proposed WDV aggregation strategy outperforms among all heterogeneity indexes.
p The proposed WDV aggregation strategy increased 26% of the material sorting accuracy compared to 

the non-collaborative sorting method.

Figure 4.8 Class-wise (upper part) and client-wise (lower part) sorting accuracy.Figure 4.7 Material sorting results with heterogenous data access. 
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Chapter 4: Collaborative Material Sorting
p Results
p The model automatically finds the important features that relate to the dQ/dV peaks.
p The mixed battery materials are “sortable” only using F1 and F16 features (the dQ/dV peaks). 

Figure 4.9 The feature importance analysis.
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Chapter 4: Collaborative Material Sorting
p Results
p The profit of direct recycling after material sorting increased over 60% averaged over different 

material mix rate.

Figure 4.10 The sustainability analysis.
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Chapter 5: 
Unified Diagnostics and Prognostics
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Chapter 5: Unified Diagnostics and Prognostics

p How to ensure muti-condition, multi-task, multi-metric battery lifecycle management using unified model?
p Research Question

- Research gaps

• Existing data generation cannot exhaust case-
specific operation conditions

• Existing prediction methods are barely informed of 
diversified degradation mechanisms

- Solutions:

• Integrate condition information into adaptable 
diagnostics & prognosis

• Integrate physics (degradation mechanism) into 
battery diagnostics & prognosis

- Research gaps

• Existing data testing-based generation methods are 
costly and time-consuming

• Existing prediction methods are vulnerable to 
varying operation conditions and model parameters

- Solutions:

• Collaborate to maximize existing data source
->mitigate data restrictions

• Generate new condition-constrained data to ensure 
robustness
->increase data generalizability

Research gaps

This work
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Chapter 5: Unified Diagnostics and Prognostics
p Overview
p Motivation
p The physical measurements are inconsistent.
p The diagnostics and prognostics tasks are different.
p The model parameters are constantly changing but the model is hardly adaptive.
p Contribution
p CORAL transformation and neural network integration in a unified form.
p CORAL works for multiple tasks (RUL, SOC, SOH) and physical measurements (long term cycling 

and short-term pulse test)
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Chapter 5: Unified Diagnostics and Prognostics
p Methodology Summary

Figure 5.1 The feature importance analysis.
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Chapter 5: Unified Diagnostics and Prognostics
p Methodology
p The covariance matrix of source domain and target features: 𝐶M = 𝐶𝑜𝑣 𝑋M + 𝜆𝐼�, 𝐶7 = 𝐶𝑜𝑣 𝑋7 + 𝜆𝐼� 

where, I� is an identity matrix. 𝜆 > 0 is the regularization term. Smaller λ corresponds to more alignment, while larger 𝜆

corresponds to less alignment. 𝐶𝑜𝑣 ⋅ is the covariance operator. 

p The domain difference minimization: min
6

𝐶 �M − 𝐶7 �
L = min

6
𝐴7𝐶M𝐴 − 𝐶7 �

L 

where, 𝐶 �M is the covariance of the CORAL-transformed source domain features, 𝐴 is a linear transformation applied to 

the 𝐷M features. ∥·∥�= ∑023? ∑123J 𝑎01
L
 

p Adaptability: 𝐴𝑑𝑎𝑝𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 = 1 −𝑊v ·,· = 𝑖𝑛𝑓
w∈qE

∫y×y |𝑋 �M − 𝑋7|v𝑑𝛾(𝑋 �M, 𝑋7)
1
B

where, where 𝛾 refers to the transportation of arbitrary CORAL-transformed feature points in the fast-charging condition 

𝑋 �M to the extremely fast-charging condition feature 𝑋7. Ω is the original feature space. 
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Chapter 5: Unified Diagnostics and Prognostics
p Methodology

p The CORAL loss: 𝑙CORAL = 3
WS6

𝐶& − 𝐶- �
L

where, 𝐶& and 𝐶- are the covariance matrices of source domain and target domain features, o �L is the squared Frobenius 

norm. 𝑘 is the dimensionality of the features, and thus, 𝑘 = 21. The factor 3
WS6

normalizes the loss concerning the 

dimensionality of features, ensuring that the loss values remain comparable even for different feature dimensions. 

p The loss function of multi-task estimation (e.g., SOC and SOH estimations):

𝐿=��6;_J*- = 𝜶𝑻 ⋅ (𝑙qM�
M�=*'- + 𝑙qM�

M�=&(& + 𝑙qM�
��=*'-+ 𝑙qM�

��=&(&) +𝛽 ⋅ 𝑙CORAL

where, 𝜶 is a weighting vector for source domain and target domain tasks, including SOC prediction and relative 

remaining capacity prediction. 𝛽 is a scalar value for the CORAL loss as a regularization that penalizes the model to 

converge to directions with large domain divergence. 𝑙qM� refers to the mean square error. 
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Chapter 5: Unified Diagnostics and Prognostics
p Results
p The feature engineering shows great domain divergence with different operation conditions.

Figure 5.3 The feature engineering methods.Figure 5.2 The feature engineering visualization.
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Chapter 5: Unified Diagnostics and Prognostics
p Results
p CORAL-aided MLP reduced 98% RUL prediction error with an absolute error of 31.8 cycles.
p CORAL-aided predictions are more stable than the state-of-the-art fine-tuning methods.

Figure 5.5 The lifetime prediction stability.Figure 5.4 The lifetime prediction error.
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Chapter 5: Unified Diagnostics and Prognostics
p Results
p The average error of 6.9% (31 cycles) shows stability with different regularization parameters
p CORAL can effectively align feature distributions by minimizing domain divergence.

Figure 5.7 The effectiveness of feature alignment.Figure 5.6 The lifetime prediction error.
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Chapter 5: Unified Diagnostics and Prognostics
p Results
p The cycle-wise adaptability observes a “saturation” after 120 cycles. (averaged by features)
p The dQ_min feature has the best feature-wise adaptability. (averaged by cycles)
p The prediction accuracy is positively related to features adaptability regardless of feature types and 

cycle time.

Figure 5.9 The effectiveness of feature alignment.Figure 5.8 The adaptability evaluation.
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Chapter 5: Unified Diagnostics and Prognostics
p Results
p CORAL can be used in different tasks (RUL, SOC, SOH) with different form (neural network loss)
p CORAL can be used in different physical measurement (long term charging and short term pulse test)
p CORAL outperforms existing methods under all data accesses.

Figure 5.11 CORAL model benchmarking.Figure 5.10 SOC and SOH estimation using CORAL
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Chapter 6: Conclusions & Outlooks
p Conclusions
p Machine learning has been seamlessly integrated into battery remanufacturing, reusing, and recycling 

by addressing data scarcity and heterogeneity challenges for maximized efficiency, safety, and 
sustainability.

p Machine learning answers whether, when and how to perform remanufacturing, reusing, and recycling. 
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Chapter 6: Conclusions & Outlooks
p Outlooks
p Non-invasive characterizations for prior knowledge about battery degradation, thus enabling effective 

integration of physics knowledge into data-driven models.

p Evaluating the informativeness of existing datasets to ensure meaningful data expansion with careful 
consideration of data sufficiency. 

p Techno-economic analysis of data-driven models, from data curation, data storage, data processing, 
model training and model deployment.

p Large language models that streamline literature reviews, synthesis, reports, specification sheets, and 
extraction of technical knowledge.

p Model evaluation that follows industry-standard benchmarks and defines acceptable error margins.
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Publications

First-author papers:

[1] TAO S, ZHANG M, ZHAO Z, et al. Non-destructive degradation pattern decoupling for early battery trajectory 
prediction via physics-informed learning [J]. Energy & Environmental Science, 2025, 18(3): 1544-59. IF=32

[2] TAO S, MA R, ZHAO Z, et al. Generative learning assisted state-of-health estimation for sustainable battery recycling 
with random retirement conditions [J]. Nature Communications, 2024, 15(1): 10154. IF=14

[3] TAO S, MA R, CHEN Y, et al. Rapid and sustainable battery health diagnosis for recycling pretreatment using fast 
pulse test and random forest machine learning [J]. Journal of Power Sources, 2024, 597: 234156. IF=9

[4] TAO S, LIU H, SUN C, et al. Collaborative and privacy-preserving retired battery sorting for profitable direct recycling 
via federated machine learning [J]. Nature Communications, 2023, 14(1): 8032. IF=14

[5] TAO S, SUN C, FU S, et al. Battery Cross-Operation-Condition Lifetime Prediction via Interpretable Feature 
Engineering Assisted Adaptive Machine Learning [J]. ACS Energy Letters, 2023, 8(8): 3269-79. IF=22

[6] TAO S, GUO R, Jaewoong L, et al. Immediate remaining capacity estimation of heterogeneous second-life lithium-ion 
batteries via deep generative transfer learning [J]. Energy & Environmental Science, 2025,18, 7413-7426. IF=32
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Publications

Co-first-author papers:

[7] HUANG X, TAO S, LIANG C, et al. Robust and generalizable lithium-ion battery health estimation using multi-scale 
field data decomposition and fusion [J]. Journal of Power Sources, 2025, 642: 236939.
[8] LIANG C, TAO S, HUANG X, et al. Stochastic state of health estimation for lithium-ion batteries with automated 
feature fusion using quantum convolutional neural network [J]. Journal of Energy Chemistry, 2025, 106: 205-19.
[9] MA R, TAO S, SUN X, et al. Pathway decisions for reuse and recycling of retired lithium-ion batteries considering 
economic and environmental functions [J]. Nature Communications, 2024, 15(1): 7641.
[10] FU S, TAO S, FAN H, et al. Data-driven capacity estimation for lithium-ion batteries with feature matching based 
transfer learning method [J]. Applied Energy, 2024, 353: 121991.
[11] LIU X, TAO S, FU S, et al. Binary multi-frequency signal for accurate and rapid electrochemical impedance 
spectroscopy acquisition in lithium-ion batteries [J]. Applied Energy, 2024, 364: 123221.
[12] TALIHATI B, TAO S, FU S, et al. Energy storage sharing in residential communities with controllable loads for 
enhanced operational efficiency and profitability [J]. Applied Energy, 2024, 373: 123880.
[13] HE K, TAO S, FU S, et al. A Novel Quick Screening Method for the Second Usage of Parallel-connected Lithium-ion 
Cells Based on the Current Distribution [J]. Journal of The Electrochemical Society, 2023, 170(3): 030514.
[14] On the way…
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Appendix A
p Multi-step fast charging

Charging details Time duration (min) SOC
Step1: Rest 30.00

Step2: 0.33CRPT CC to 2.5V -

Step3: Rest 30.00
Step4: 0.33CRPT CC to U1 14.54 +8.0%
Step5: 3.00CRPT CC to U2 2.40 +12.0%
Step6: 2.90CRPT CC to U3 2.07 +10.0%
Step7: 2.80CRPT CC to U4 2.14 +10.0%
Step8: 2.40CRPT CC to U5 2.50 +10.0%
Step9: 2.00CRPT CC to U6 3.00 +11.1%

Step10: 1.80CRPT CC to U7 3.33 +10.0%

Step11: 1.40CRPT CC to U8 4.29 +10.0%

Step12: 0.33CRPT CC to U9 28.93 +15.9%

Step13: Rest 120.00 Summation: 97%

Step14: 1CRPT CC to (U10) 56.40 -94%

Step15: Rest 60.00

Step16: Repeat Steps 3 to 14 are repeated 3 times. Mean values of (U1-U9) are taken as cut-off
voltages for subsequent cycling.

Figure A.1 The multi-step charging profile.

Figure A.2 The high current and low current region.
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Appendix B
p The concept of thermodynamics and kinetics

Figure B.1 The concept of thermodynamics and kinetics. Figure B.2 The visualization of thermodynamics and kinetics.
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Appendix C 
p Thermodynamic and kinetic features

Table C.1 The feature engineering from multi-step charging.
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Appendix D
p Pulse test

Figure D.1 The part of the pulse test equipment. Figure D.2 The schematics of pulse test and feature engineering.
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