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PREFACE

Lithium-ion batteries are used in a wide variety of consumer devices and are the
dominant form of mobile energy storage. But the production of Li-ion batteries negatively
impacts the environment and imposes a substantial cost on the consumer. Extending the lifetime
of Li-ion batteries can reduce both the environmental and monetary cost of battery production.
This thesis explores the factors that limit battery lifetime, and provides guidance for extending
lifetime. It also evaluates how companies, whose devices contain Li-ion batteries, explain these
factors to users. This work has been published under the same title in the Journal of Energy

Storage with the following citation:

M. Woody, M. Arbabzadeh, G.M. Lewis, G.A. Keoleian, A. Stefanopoulou, Strategies to limit
degradation and maximize Li-ion battery service lifetime — Critical review and guidance
for stakeholders, J. Energy Storage. 28 (2020). doi:10.1016/j.est.2020.101231.
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ABSTRACT

The relationship between battery operation and their degradation and service life is complex and
not well synthesized or communicated. There is a resulting lack of awareness about best practices that
influence service life and degradation. Battery degradation causes premature replacement or product
retirement, resulting in environmental burdens from producing and processing new battery materials, as
well as early end-of-life burdens. It also imposes a significant cost on the consumer, as batteries can
contribute to over 25% of the product cost for consumer electronics, over 35% for electric vehicles, and
over 50% for power tools. We review and present mechanisms, methods, and guidelines focused on
preserving battery health and limiting degradation. The review includes academic literature as well as
reports and information published by industry. The goal is to provide practical guidance, metrics, and
methods to improve environmental performance of battery systems used in electronics (i.e., cellphones
and laptops), vehicles, and cordless power tools to ultimately better inform users as well as battery
designers, suppliers, vehicle and device manufacturers, and material recovery and recycling

organizations.
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1. Introduction

Lithium-ion batteries (LIBs) are currently the most widely applied technology for mobile
energy storage, and are commonly used in cellphones, computers, power tools, and electric
vehicles (EVs). Battery degradation occurs both over time (calendar aging) and with use (cycling
aging), and is related to battery chemistry, environmental conditions, and use patterns. Limiting
degradation has been identified as one of the green principles for responsible battery
management [1], as extending battery lifetime decreases costs and environmental burdens
associated with the production of new batteries, including material consumption, mining impacts,
and greenhouse gas (GHG) emissions [2]. As the mobile electronics and EV industries continue
to grow [3], even small improvements in lifetime extension will have significant environmental
benefits. Understanding the operating principles and degradation mechanisms of LIBs helps
elucidate behaviors that can extend battery lifetime. From this review of academic literature,
these degradation mechanisms and relevant variables are identified. These variables are then
compared with user guides, user manuals, and publicly available battery information provided by
manufacturers, highlighting areas of agreement and disagreement. Finally, through the
distillation of these sources, we develop and present a list of best practices for battery lifetime
extension.

The remainder of section 1 describes the operation of and most common materials used in
LIBs. Section 2 shows mechanisms by which LIBs degrade and section 3 illustrates the impact
different conditions or variables have on degradation. In section 4, information provided by
companies about battery degradation is reviewed. Section 5 details how degradation is managed,
by battery management systems (BMSs), and by users. Here the information in previous sections

is synthesized to create a list of best practices for battery lifetime extension. This list is intended



to guide users and is presented alongside information showing that currently users either do not
know or do not follow many of the behaviors that can extend battery lifetime. Educating the
public on these best practices is a primary motivation for this work.

A battery cell consists of positive and negative electrodes and an electrolyte that reacts
with each electrode. When a battery is discharging, the negative electrode (anode) is oxidized by
the electrolyte, freeing electrons from the anode material. Electrons from the anode flow through
an external circuit powering a device, to the positive electrode (cathode). At the cathode, the
metal oxide is reduced, gaining electrons from the external circuit. Charge is conserved at both
electrodes by the flow of lithium ions from the anode to the cathode. These ions intercalate into
the lattice of each electrode. The electrolyte is ionically conductive but insulating to the flow of
electrons, to ensure the electrons flow through the external circuit, preventing self-discharge. A
porous separator physically separates the positive and negative electrodes to prevent short
circuits, while allowing the flow of ions. This process is shown in Figure 1. To charge the
battery, a voltage is applied to the circuit, and the process moves in the opposite direction.

Material choice is a key variable in battery cost, performance, and function, and a variety
of materials are currently used. The positive current collector is typically aluminum coated with
cathode material. The negative current collector is typically copper coated with anode material.
The separator is typically a polyolefin plastic, such as polypropylene (PP) or polyethylene (PE),

though ceramic blends have also been used [4,5].
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Figure 1. Flow of electrons and lithium ions and reactions at each electrode during battery discharge. As
the battery discharges, Li in the anode (x) decreases and Li in the cathode (y) increases. X corresponds to
the battery state of charge and the relationship between x and y depends on the ratio of active material
between anode and cathode. Different metal oxides (MO,) are used as cathode material.

The cathode is typically a metal oxide. The choice of cathode material, along with anode
material choices, will impact nominal voltage, cycle life, self-discharge rate, specific energy,
specific power, energy density, power density, operating temperature range, and cost [6].
Commercially available cathodes are lithium cobalt oxide (LCO), lithium manganese oxide
(LMO), lithium iron phosphate (LFP), lithium nickel cobalt aluminum oxide (NCA), and lithium
nickel manganese cobalt oxide (NMC), and composite blends of these materials [7,8].

Anodes are typically some form of carbon, usually graphite. One emerging anode
material is lithium titanate (LTO). Compared to carbon anodes, LTO has low energy density but
high power density. Though it is currently a more expensive option, it has a higher cycle life and
can operate at lower temperatures than traditional carbon anodes [7]. Lithium metal alloys,
including lithium-tin and lithium-silicon, have a much higher theoretical capacity than graphite,

but large volume changes when cycling have impeded commercialization of these technologies

[9].



A binder such as polyvinylidene fluoride (PVDF) is used to bind the particles within each
electrode to a conductive additive, ensuring the entire electrode is conductive [10]. The cathode
and anode are immersed in a gel or liquid electrolyte, consisting of a lithium salt dissolved in a
mixture of organic solvents. The most common lithium salt is lithium hexafluorophosphate
(LiPFs), though lithium tetrafluoroborate (LiBF2), lithium hexafluoroarsenate (LiAsFg), and
lithium perchlorate (LiClO4) have been used [11]. Common solvent mixtures include ethylene
carbonate (EC), propylene carbonate (PC), dimethyl carbonate (DMC), diethyl carbonate (DEC),
and ethylmethyl carbonate (EMC) [12]. Cathode, anode, and electrolyte materials are all active
areas of research, with battery lifetime as one of many performance metrics that can be improved

[13]. The most common commercially available battery materials are shown in Table 1.

Table 1. Common materials used in Li-ion batteries.

Cathode Anode Electrolyte Electrolyte Separator Binder  Current Conductive
Salt Solvent Collectors Additives

LCO C LiPFs EC PP PVDF Al (cathode) black carbon

LMO LTO LiBF4 DMC PE SBR Cu (anode)

LFP LiAsFe DEC ceramics Al (LTO anode)

NCA LiClO4 EMC

NMC PC

2. Lithium-ion Battery Degradation
2.1 Characterization

There are two main forms of battery degradation: capacity fade and power fade. Capacity
fade is a decrease in the amount of energy a battery can store. It is measured as a battery’s

capacity (amp-hours) relative to when the battery was new, expressed as a percentage. For most



products, 20% capacity fade (80% of initial battery capacity) is considered the battery’s end of
life (EoL) [14]. The rate of capacity loss is significantly dependent on charging/discharging
conditions, including maximum voltage, depth of discharge (DoD), current and load profiles, and
temperature [15]. Power fade is a decrease in the amount of power a battery can provide due to
an increase in the battery’s internal impedance (resistance - measured in ohms). Capacity fade
and power fade can occur simultaneously. To understand the precise mechanisms that lead to
these forms of degradation, both in-situ (including in-operando) and ex-situ (post-mortem)
characterization techniques are used [16]. These include atomic force microscopy (AFM) [17],
electrochemical impedance spectroscopy (EIS) [18], focused ion beam scanning electron
microscopy (FIB-SEM) [19,20], Fourier transform infrared spectroscopy (FTIR) [21], Raman
spectroscopy [22] , transmission electron microscopy (TEM) [23], X-ray diffraction (XRD) [24],

and a wide range of combinations of these methods and emerging techniques [25].

2.2 Modes and Mechanisms

The aging mechanism and cycle life depend on the battery’s cathode and anode material
[26]. Battery degradation is complex, as different factors from environmental conditions to
product utilization patterns interact to generate different aging effects [27]. Degradation can also
take place during rest periods, when energy is not being drawn from the battery [28].

The major degradation modes in LIBs are loss of lithium inventory (LLI) and loss of
active material (LAM) [26]. Loss of lithium inventory is a decrease in the amount of cyclable
lithium in the battery. As lithium is consumed in side reactions, it is no longer available to
intercalate into the electrodes, decreasing battery capacity. Loss of active material results from

degradation of electrodes, reducing the number of sites available for lithium intercalation. This



leads to both capacity fade and power fade, and occurs at both the anode and cathode [29].
Capacity fade from LLI and from LAM are not additive; the overall degradation is a function of
the dominant mechanism. Conversely, power fade is the summation of the impact from LLI and
LAM [30].

Degradation impacts every part of a battery. In addition to the active materials, inactive
components (e.g., binder, current collectors, separator) all degrade with time and use. There are
many processes contributing to the degradation of each component, and it is a challenge to study
these processes individually, as they occur on similar time scales and interact with one another
[31]. Nevertheless, there have been many experimental studies on each of these degradation
processes, focusing on both mechanisms by which they degrade the battery, and variables that

influence the degradation.

2.2.1 Anode Degradation

The major mechanisms for anode degradation are solid electrolyte interphase (SEI)
formation, metallic lithium plating, and loss of active material. Batteries are assembled in a
discharged state, since lithiated carbon is not stable in air [32]. Therefore all of the lithium ions
are initially in the electrolyte or intercalated in the cathode [33]. When the battery is cycled for
the first time, lithium ions from the cathode along with organic compounds from the electrolyte
solvent react with the graphite anode creating a thin film called the SEI [33]. The creation of the
SEl irreversibly consumes lithium, decreasing the lithium inventory available for cycling, and
reducing battery capacity [34]. SEI formation happens during the first several cycles coating the
graphite electrode with a film tens to hundreds of angstroms thick [32]. This film consists of

organic salts, inorganic salts, and trapped gas molecules [35]. Approximately 10% of the initial



capacity is irreversibly consumed in SEI formation [33]. Ideally, once the SEI is created, the
graphite electrode is fully coated and the reaction cannot continue. The SEI protects the anode
from further reacting with the solvent, is electrically insulating, and has high selective
permeability for lithium ions. A robust SEI layer is critical to good battery performance.
However, SEI growth is difficult to control because it is highly dependent on the type of
graphite, graphite morphology, electrolyte composition and concentration, electrochemical
conditions, and cell temperature [33].

The SEI slowly corrodes with time. SEI dissolution exposes the graphite to the
electrolyte, leading to additional SEI growth and thus additional capacity loss [34]. Increased
temperature increases the dissolution rate, and at high temperatures, increasing voltage becomes
a significant factor as well [36]. The ideal SEI is only permeable for Li* cations, however anions,
electrons, solvated cations, solvents, and impurities can diffuse through the SEI to the electrode
[31]. This can result in solvent co-intercalation, creating mechanical stress within the electrode
lattice. Also, electrolyte reduction within the electrode can create gases which will increase
pressure and stress [31,32]. When the battery is cycled and the graphite structure is lithiated and
de-lithiated, its volume expands and contracts by approximately 10% [37]. The mechanical
stresses created by each of these mechanisms can lead to graphite exfoliation via particle
cracking. This will decrease the amount of available active material, as well as creating
additional sites for SEI growth. Lastly, these stresses can fracture and isolate electrode particles
from the bulk of the material, further reducing the available active material.

When a battery is at a high SoC, the anode is highly lithiated and the potential at the
anode is low [38]. If the potential at the anode surface is below 0 Volts vs Li/Li", lithium

deposition on the anode becomes thermodynamically possible. At such potentials, some lithium



ions will be deposited on the surface of the electrode as metallic lithium rather than intercalated
into the anode during charging [39]. To help prevent such lithium deposition, batteries are
typically designed with 10% higher anode capacity than cathode capacity (N/P ratio > 1.1), so
the anode is never fully lithiated [39]. Despite this precaution, lithium plating from overcharge
can still occur if the initial mass ratio of lithium is higher than expected (N/P lower than
expected), or if the initial LLI due to SEI growth was smaller than expected [11]. Even with
properly designed ratios, high charge rates can induce lithium plating if the charge rate is greater
than the rate of lithium diffusion into the graphite [29]. Low temperatures slow ion diffusion in
the anode and/or the electrolyte, allowing more lithium plating and dendrite growth to occur
[31]. Deposited lithium forms its own SEI layer, leading to further LLI and increased internal
resistance [28,40-42].

When lithium ions are de-intercaled during discharge, metallic lithium is stripped from
the anode. If electrical contact between lithium and the anode is lost, this lithium becomes “dead
lithium” and is a source of capacity loss [39]. SEI can form on this dead lithium, which is an

additional capacity loss mechanism [39].

2.2.2 Cathode Degradation

There is greater variation in cathode degradation, since cathode aging is highly material
dependent and there is a wider variety of cathode chemistries currently in use [31]. Major
cathode degradation mechanisms include loss of active material and SEI growth.

Loss of active material can occur when transition metals (Ni, Mn, Co, Fe) in the cathode
dissolve in the electrolyte [43], in a process aptly named transition metal dissolution (TMD).

This is accelerated at high temperatures. Additionally, trace amounts of water in the battery can



undergo hydrolysis with the LiPFg salt to form hydrofluoric acid (HF), which will cause TMD
[42]. Finally, TMD can occur when the electrode is fully discharged, most significantly for
cathodes containing manganese [31]. The dissolved transition metals can then deposit on the
anode SEI, increasing conductivity and leading to additional SEI growth [42,43], as well as
forming dendrites and decreasing the available active cathode material [31].

Like the anode, the cathode has an SEI layer, though it is much smaller than the anode
layer due to the high voltage at the cathode, and is harder to measure and characterize [44,45].
Exposing the cathode to the electrolyte results in loss of lithium inventory as the cathode and
electrolyte react. Lithiation and delithiation lead to volume changes and mechanical stress, which
can cause cracking, creating additional reaction sites. Unlike the anode, inhomogeneous
lithiation can also induce structural phase transitions in the cathode structure, such as Jahn-Teller
distortion, further reducing the amount of lithium ions the cathode can accept [31]. Low state of
charge (SoC) can increase this effect, but various dopants can be used to stabilize the structure
[31]. These structural changes can decrease the available active material in the cathode, as well
as expose the cathode to the electrolyte.

Cracking can also be caused by gas generation. This can come from oxygen loss from the
metal oxide at high temperatures, or from electrolyte decomposition at high voltages [11,42].
Overcharge can also cause point defects in the lattice where oxygen or transition metals take the
spaces in the structure where lithium would otherwise be intercalated [46].

At elevated temperatures (150°C to 310°C depending on the material), the cathode itself

can decompose, leading to loss of active material, releasing of gas, and thermal runaway [46].



2.2.3 Inactive Material Degradation

Inactive battery components, including the binder, current collectors, and separator, are
also subject to degradation. Binder materials can decompose at elevated temperatures or
voltages. These materials can also react with the charged anode forming products like LiF,
increasing mechanical stress. The current collectors can corrode if they come in contact with the
electrolyte, reducing their conductivity, leading to power fade [31]. The anode current collector
is vulnerable to overdischarge, which can lead to copper dissolution resulting in free copper
particles suspended in the electrolyte. Internal short circuits can occur if enough copper is
dissolved and copper dendrites grow [44]. The cathode current collector is vulnerable to
overcharge, leading to pitting corrosion of the aluminum. This increases cell impedance, but
unlike copper dissolution will not lead to catastrophic failures [44]. The separator is vulnerable
to mechanical damage from dendritic growth. Dendrites could form because of lithium plating,
transition metal dissolution, or copper dissolution from the current collector. These dendrites can
puncture the separator and lead to internal short circuits [44]. Internal short circuits may also be
caused by the separator material melting at high temperatures or tearing due to mechanical
damage. Regardless of cause, internal short circuits can lead to thermal runaway, fires, and
explosions [47]. Finally, mechanical or electronic contact loss between many of a battery’s
components can lead to higher cell impedance and power fade. Contact loss between particles in
each electrode has already been discussed, but there can also be contact loss between electrodes
and binders, binders and current collectors, and electrodes and current collectors [31]. A

summary of major degradation mechanisms and their related conditions is presented in Figure 2.
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2.2.4 Higher Order Degradation

All the degradation mechanisms mentioned in sections 2.2.1-2.2.3 occur at the individual
cell level. There are also degradation mechanisms external to the cell that could affect the
terminals or casing. Additionally, for any battery with more than one cell, there are battery pack
dynamics and pack level degradation to account for. If cells in a module or pack are not
balanced, they are vulnerable to overcharge, overdischarge, and overheating [48]. Active and
passive balancing techniques are used by the BMS, yet as shown by Zheng et al, pack capacity
will always fade more critically than cell capacity. Battery packs therefore always have a shorter
lifetime than their individual cells [49]. This is primarily explained by unavoidable differences
between cells due to inconsistent manufacturing or different operating and environmental

conditions [49].

11
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3. Key Degradation Variables

The aging process can lead to increased self-discharge rate and resistance as well as
reduced capacity [28,50]. The various degradation mechanisms cited in section 2 depend on
complex and interacting mechanisms relating to cell chemistry and storage as well as charging
and discharging conditions such as temperature, cycle depth, frequency of cycling, change in
state of charge (ASoC), charge and discharge current magnitude , and elevated voltage exposure
[27,51]. Battery degradation has a large impact on product performance. In EVs, for example,
capacity fade influences range capability and fuel consumption, while power fade impacts
driving performance, including acceleration, gradeability, and maximum charging rate during
regenerative braking or charging [52,53]. In addition to factors such as the temperature
distribution within the battery, DoD, SoC, and driving and charging conditions, the user’s
demands for power and energy also determine the operating conditions of the battery and the
stress factors that influence the rate of aging [52,54]. The variables impacting degradation can be

put into three main categories: temperature, state of charge, and current (C-rate) [55].

3.1 Temperature

Many studies have demonstrated the impact of temperature on LIBs both in storage and
while in use. In an examination of two LFP batteries, Dubarry et al. showed that the resistance of
a battery tested at 60°C was five times greater than the battery operated at 25°C [56]. Hannan et
al. argued that LIBs should be charged between 15°C and 50°C [41]. . In another study, Pesaran
et al. defined 15-35°C as the desired operating temperature for LIBs in PHEVs. They also

showed that lower battery degradation rate enables a smaller and lower cost battery [57].

13



Smith et al. applied a semi-empirical model of NCA/graphite chemistry in PHEVS to
investigate calendar aging in various environments with different ambient temperatures and solar
radiation [58]. Their modeling showed a two year difference in battery lifetime between the
ambient temperature model and ambient plus solar radiation model in Phoenix, AZ, showing the
large impact of parking in the sun or the shade.

Serrao et al. showed that temperatures above 25°C accelerated battery aging in Hybrid
Electric Vehicles (HEVs) [59]. Hatzell et al. concluded that temperatures below -30°C led to
considerably increased cell impedance, temperatures above 60°C led to severe capacity loss, and
at temperatures above 85°C the SEI layer decomposed, which can cause rapid degradation and
thermal runaway [60]. Ramadass et al. cycled Sony 18650 LCO cells, revealing that cells at 25°C
and 45°C lost about 31% and 36% of their initial capacity after 800 cycles, while cells at 50°C
lost more than 60% capacity after 600 cycles and cells at 55°C lost 70% after 500 cycles [61].
Ren et al. showed that the temperature at which thermal runaway begins also varies with the

battery cell configuration and pressure relief design [62].

3.2 State of Charge

Overcharge, overdischarge, and high depth of discharge lead to the fast decay of battery
life [28,50,63]. Overcharge is one of the most serious problems, and can result in thermal
runaway because external energy is being directly added into the battery. On the other hand,
overdischarged cells experience irreversible capacity loss and changes in stability, which can
affect tolerance to abuse conditions and increase the likelihood of safety issues [50]. Also, the
coupling of high SoC and high temperature accelerates degradation [27]. Faria et al. recommend

a cool environment with SoC around 40% to reduce the calendar aging during a long storage

14



period [28]. They also argue that partial discharge cycles result in lower capacity loss than full
discharge cycles. Capacity fade in LIBs as a result of cycling resembles the fatigue of materials
subjected to cyclic loading. The accumulated stress of each cycle contributes to the loss of
battery lifetime [64].

Zhang et al. showed that a typical laptop battery stored at 25°C and 100% SoC will
irreversibly lose 20% of its capacity each year [15].

Ortega-Vazquez shows that the impact of cycling characteristics also depends on battery
chemistry. For example, the capacity of LFP batteries is sensitive to the total number of cycles
that the battery undergoes, while NCA batteries are sensitive to the total number of cycles and to
the DoD of the cycles [65].

Amiri et al. conclude that smaller changes in SoC during increases battery lifetime [66].
Millner specifies that the battery lifetime can be kept in an acceptable range for Plug-in Hybrid
Electric Vehicles (PHEVS) by avoiding deep cycles (>60% DoD), high temperatures (>35°C),
and high average SoC(>60%)[67]. Marano and Madella show that to reach 10 year/150,000 mile
PHEV lifetime, overcharging and operation above 95% SoC should be avoided. They also show,
efficiency and performance degradation if LIBs are discharged or operated at lower than ~25%
SoC [54].

Hoke et al. argue that if battery temperature and charge-discharge cycling are kept
constant, minimizing time spent at high SoC minimizes degradation [68]. If the next day’s
energy requirement is known, the battery can be charged to the minimum required level, rather
than to the conventional full charge [68]. Trippe et al. define 60% to 97% SoC as the safe

window to preserve battery health [40].

15



Lunz et al. show that battery lifetime can be increased by reducing the target SoC to
lower values, or by minimizing rest periods at high SoC. Therefore, battery charging should
occur immediately before departure [69]. Because standby times dominate battery operation,
there is a large opportunity to increase battery lifetime by adjusting the time and frequency of
charging (smart charging).

For PHEV batteries, Smith et al. suggest several strategies to reduce calendar aging from
high SoC. These include reducing time spent at high SoC by just-in-time (delayed) charging, and
intentional partial-depletion of the battery from vehicles parked in hot environments (e.g., by

running the cooling system) until an appropriate SoC is reached [58].

3.3 C-Rate

In addition to temperature and DoD/SoC, battery aging also depends on accumulated
charge transfer in and out of the battery (amp-hour throughput), and the current magnitude
relative to battery size (C-rate) [54]. Higher charging and discharging current rates can accelerate
cell degradation due to an uneven distribution of current, temperature, and material stress, where
Li-ion intercalation and diffusion speed are the limiting factors. These unevenly distributed
conditions can lead to uneven ageing, including deposition of metallic lithium, and SEI growth at
certain parts of the electrodes[70]. High-rate discharge means a short period of time for Li-ion
transfer. In such conditions, ions are not fully de-intercalated, which results in capacity fade and
lithium dendrite formation. Higher current rates also lead to higher internal temperature,
encouraging side reactions that increase the loss of active material. There is always capacity fade
and accelerated aging during high-rate discharge [50]. In an experimental study with post-

mortem analyses, Mussa et al. show that the dominant degradation mechanisms may depend on
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C-rates [71]. For example, 3 C charging resulted in additional lithium plating, while 4 C charging
resulting in graphite exfoliation and gas evolution [71]. Wang et al. note that different charging
protocols perform best at different cycling temperatures, and that there is no one ideal charging
protocol for all batteries [72].

Illustrating some of these degradation mechanisms, Figure 3 shows that lithium ions are
able to diffuse homogeneously throughout the electrode lattice at low current. With high
charging current, the ion diffusion rate is slower than the charging rate, leading to an
inhomogeneous distribution of ions throughout the lattice. This can cause lithium plating on the

surface of the electrode, as well as stress-induced cracking and loss of active material.
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Figure 3. Comparison between a low charging/discharging current and a high discharging/charging
current, showing 1) lithium plating, and 2) particle cracking.

A selection of recent experimental studies showing the extent to which each one of these
variables degrades the battery is shown in Table 2. Significant differences can be seen in the
severity of degradation depending on the battery chemistry, the specific test conditions, and the
extent to which other degradation variables are simultaneously affecting the battery.
Nevertheless, the cycling temperature, SoC, and charge rate, as well as the storage temperature

each have a significant impact on battery degradation rate.
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variables including temperature, state of charge, and charging rate.

Table 2. Recent experimental literature regarding Li-ion battery degradation in response to key

Key Experiment Cell Key Results Study
Variable Type Characteristics
Cycling 40 Ah, pouch, At 23 C, 2600 cycles to reach 80% capacity Jalkanen et
NMC/graphite At 45 C, 2000 cycles to reach 80% capacity al. 2015
At 45/65 C (charge/discharge), 800 cycles to [73]
reach 80% capacity
(constant 1.5 Ah, 18650, At 25 C, 65+ days to reach 80% capacity Waldmann
% cyclingat1C 1:1 NMC + At 50, 60, 70 C, it took 50, 35, 22 days etal. 2018
= rate) LMO/graphite respectively [39]
Eg_ At 0, -10, -20 C, it took 22, 10, 7 days
£ respectively
- Storage 2.85 Ah, 26650, At 10, 15 C, 3.7% loss in 230 days, at 25 C, 4.6 Schimpe et
(stored at 100%  LFP/graphite % in 230 days, at 35 C, 5.0% in 150 days, at 45 al. 2018
SOC) C, 5.9 % in 100 days, at 55 C, 7.0% in 70 days [74]
2.15 Ah, 18650,  After one year, stored at 25 C had 99% initial Wu et al.
(stored at 50% NMC + capacity, stored at 45 C had 93 % initial capacity, 2017 [75]
SOC) LMO/graphite stored at 60C had 70% initial capacity
Cycling 1.5 Ah, pouch, Cycling 0%-100%, 800 equivalent full cycles Saxena et
(depth of LCO/graphite retained 82% of initial capacity al. 2016
cycling) Cycling 20%-80%, 800 equivalent full cycles [76]
retained 90% of initial capacity
(average SOC) Cycling 40% to 100%, 750 equivalent full cycles
retained 89% initial capacity
Cycling 20% to 80%, 750 equivalent full cycles
retained 91% initial capacity
® Cycling 0% to 60%, 750 equivalent full cycles
2 retained 97% initial capacity
& Storage 2.85 Ah, 26650,  In 235 days, the battery stored at 0% lost 1.5% Schimpe et
S_) (stored at 45 C)  LFP/graphite capacity; 25% lost 4.4% capacity; 50% lost 5.6 %  al. 2018
Y capacity; 75% lost 6.2% capacity; 100% lost [74]
s 8.0% capacity
o (storedat 25 C)  1.06 Ah, 18650,  Stored for 10 months. 30% SOC had 99% initial Zheng et al.
LFP/graphite capacity, 60% SOC had 97% initial capacity, 2015 [77]
100% SOC had 95% initial capacity
(stored at 40 C) Stored for 10 months. 30% SOC had 94% initial
capacity, 60% SOC had 92% initial capacity,
100% SOC had 88% initial capacity
(stored at 55 C) Stored for 10 months. 30% SOC had 85% initial
capacity, 60% SOC had 79% initial capacity,
100% SOC had 75% initial capacity
Cycling 1.25 Ah, 18650,  80% capacity was reached at 900 cycles (1A), Keil &
(Ccev) LMO + 750 cycles (3A), 550 cycles (5A) Jossen
NMC/graphite 2016 [78]
© 1.1 Ah, 18650, 80% capacity was reached at 1050 cycles (1A),
= NMC + 1000 cycles (3A), 975 cycles (5A)
> LCO/graphite
% 1.1 Ah, 18650, At 1200 cycles, 98% capacity remaining (1A), at
=~ LFP/graphite 1200 cycles 96% capacity remaining (3A), at 750
) cycles, 70% capacity remaining (5A)
2.4 Ah, 18650, At 0.5C, reached 85% in 900 cycles; 0.8C, Gao et al.
LCO/graphite reached 85% in 800 cycles; 1C, reached 85% in 2017 [79]

630 cycles; 1.2 C, reached 85% in 500 cycles;
and 1.5 C, reached under 80% in 300 cycles.
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4. Battery Manufacturer Recommendations

In addition to the academic literature, publicly available information from a variety of
companies was surveyed for instructions, guidance, warnings, or tips regarding the use and
maintenance of LIBs in the company’s products. These companies include 10 cellphone
manufacturers, 10 laptop manufacturers (3 companies produce both phones and laptops), 4
power tool manufacturers, and 10 EV manufacturers. The majority of companies provide battery-

specific information in an owner’s manual/user guide, as well as on a product support website.

4.1 Cellphones

Apple, Google, HTC, Huawei, LG, Motorola, Nokia, Samsung, Sony, and ZTE all
provide product manuals that include information for safely operating and effectively managing
batteries in their phones, and 7 of the 10 also have a customer support website offering additional
battery information. Four common strategies relate to high temperature, low temperature,
moisture, and mechanical damage. High temperatures are identified as a cause of degradation
and potential safety issues across the board, although some [80-87] do not cite specific
temperatures. When specific temperatures are cited, different temperatures are usually given for
cycling and storage. For cycling, maximum temperatures of 35°C [88-91] and 45°C [92] are
given, though for optimal performance temperature should not be above 25°C [93]. When not in
use, below 45°C is the most common restriction [88-90]. For low temperatures, a minimum
required temperature for charging is 0°C [88-90,92] or 5°C [91], though above 15°C is
recommended for optimal performance [93]. When in storage, above -20°C is the most
commonly recommended temperature [88-90]. Every company includes a warning about safety

risks and battery damage due to water [81,83,84,87,89-94], and mechanical damage from
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bending, puncturing, crushing, shredding, or incinerating the battery. To help prevent these
safety hazards, users are instructed to never attempt disassembling or dismantling their battery
[84,89,91,93].

Other recommendations appearing in product manuals or customer support pages are less
universal. For instance, Samsung and LG suggest that their phones should not be allowed to
discharge fully, and should be recharged starting at 20% [80] or at 10%-15% [82]. Others
mention a reduced battery life if high-drain features (gaming, simultaneously running many
applications) are used frequently [83,85]. Nokia and Sony mention potential damage if the
device is left charging after reaching 100% charge [93,95]. Nokia instructs that charging should
never last over 12 hours [93]. Sony offers a feature that detects the user’s charging patterns,
including typical unplugging time, and adjusts the charging rate so the battery will reach 100%

shortly before then [95,96].

4.2 Laptop Computers

Acer, Apple, Asus, Dell, HP, Lenovo, LG, Microsoft, Samsung, and Toshiba laptops
each come with user guides, and the majority of these companies also have a support page with
battery information. Every one of these companies provides information or warnings about high
temperatures, low temperatures, water damage, and mechanical damage. While in use (including
charging) the maximum temperature is 35°C [88,97-107]. When not in use, maximum
recommended temperatures include 40°C [105], 45°C [88,108], 60°C [98,109], and 65°C [103].
However an ideal temperature, both for storage and use, is no more than 25°C [110] or 30°C
[108,111]. The lowest temperatures recommended for charging are 0°C [103,104,106,108], 5°C

[98,100,101,107], and 10°C [88,99,102,105]. When in storage temperatures can be as low as -
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5°C [105], - 20°C [88,98,100,101], or -40°C [103]. Ideally the computer would be operated
above 15°C [106]. And below certain temperatures, the computer’s BMS may limit the charging
current to preserve the battery [105]. In addition to acceptable temperature ranges, many
companies give acceptable humidity ranges for their products, and every company warns users to
never allow batteries to get wet [97-99,102,103,105,106,109,112,113]. All ten companies
include standard language about never puncturing, disassembling, or incinerating the battery
[94,98,99,102,105-107,109,110,112,114], and some include more rare circumstances including
“Never hit the battery with a hammer” [98] and “Keep the battery from being chewed by pets”
[105].

Most laptop manufacturers also caution users against overdischarge of their batteries,
reminding them to partially charge batteries before storing the laptop, and to recharge the
batteries every several months while stored [88,97,99,106,110,113,115]. Others instruct users to
avoid fully discharging the battery [116] and to begin recharging at 20% [113]. Companies also
caution against leaving the laptop plugged in after it has completed charging [106]. In most
laptops, the BMS will cease charging once the laptop has reached 100% SoC, and will not
resume charging until the laptop has reached 95% SoC [97,99,105,110,115] to preserve battery
health [97,99,115]. Still, it is recommended that users avoid leaving the battery at a high SoC for
extended periods of time [88,105,111,117]. When using the laptop, HP notes that more intense
uses, such as 3D graphics, will degrade the battery more quickly than other tasks [110]. The
power saving modes that many companies offer, [88,97,98,100,102,104,105,113,117,118]
though primarily intended to extend battery life (time between charging events), have the side
effect of extending battery lifetime. Finally, many laptop manufacturers (as well as cellphone

manufacturers) recommend that the battery should be allowed to fully discharge, to be followed
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by a full charge, at least once every month [82,97,102,104,110,111]. This is done to calibrate the

BMS and not to preserve battery health.

4.3 Power Tools

Bosch, DeWalt, Makita, and Milwaukee Tool provide guidance on batteries in their
cordless tools. Bosch, Makita, and Milwaukee all provide owner’s manuals for their products,
while DeWalt offers a website on battery use. The only instructions offered by all four
companies involve avoiding high and low temperatures. For charging, these companies
recommend a maximum temperature of 40°C [119] or 45°C [120,121]. For storage, the
recommended maximum temperature is 45°C [121], 49°C [120], or 50°C [122]. Makita allows
for a discharging temperature of up to 60°C [121]. For charging, a minimum recommended
temperature is 0°C [120,121] or 4°C [119]. Many chargers include protections that do not allow
the battery to be charged until a minimum (or maximum) temperature is met [122,123]. For
storage or discharging, temperatures as low as -20°C may be appropriate [121].

While every power tool company included information about appropriate temperatures
for their batteries, additional information was offered by some of the companies, including don’t
store the battery in the charger [120], don’t run down the battery completely [119], and that in
very high current draw scenarios (high torque, stalling) the battery pack may turn itself off [122].
Lastly, each company made safety recommendations, including to avoid charging in rain or snow
[120,122,123], and to avoid damage by dropping, bending, crushing, puncturing, disassembling,

or intentionally shorting the battery [120-122].
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4.4 Electric Vehicles

BMW, Chevrolet, Ford, Fiat, Honda, Hyundai, Kia, Mercedes-Benz, Nissan, and Tesla
all include information about batteries in their owner’s manuals. The most commonly identified
sources of degradation are (in order): high temperature [124-133], low temperature [124—
127,129-133], overdischarge [124,125,127-132], and fast charging [125,127,129,130]. Every
manufacturer includes a warning about high temperatures, though different strategies are
suggested, ranging from avoiding parking in the sun on hot days [131], to plugging in the car
anytime it is hot, thereby allowing the battery cooling system to run as needed [124,126]. When
the vehicle is running or charging, the BMS will regulate the temperature of the batteries, so it is
most important to be aware of high battery temperatures when the vehicle is parked while not
charging. Most companies do not cite a specific high temperature to avoid; those that do use
either 50°C [133] or 60°C [124].

Low temperatures are also cited by almost all EV owner’s manuals. As with high
temperatures, plugging in the vehicle when it is cold is recommended, so the battery heating
system can run on grid power. Nissan explains that the battery warmer will automatically
activate below a certain temperature, unless the battery is both not plugged in and under 15%
charge (to avoid overdischarge) [127]. Additionally, when the vehicle is plugged in, the BMS
will measure the temperature and take the appropriate warming or cooling action before charging
begins [124-127,131], and may disable fast charging capabilities [130]. Mercedes-Benz
emphasizes that extremely low temperatures for extended periods of time may cause irreversible
damage necessitating battery replacement [132]. The lower temperature limit for batteries is

cited as -25°C [127,132] or -30°C [124,131].
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Overdischarge will typically not occur during operation. The BMS will turn off the car
and cease operation before serious degradation will occur. However, if the ‘empty’ battery is
then left for an extended period of time without being recharged, the battery can enter an
overdischarge state due to the slow self-discharge that occurs even when the battery is not
operating. Some manufacturers are very specific, instructing owners not to leave the vehicle
parked for more than 2 weeks with a low battery [124,132]. Others are more general, simply
advising that the battery not be run all the way down, or left idle for extended periods of time
[128-131].

The majority of manufacturers do not include information in their manuals explaining
that fast charging can lead to accelerated battery degradation. Those that do, say that use of fast
chargers should be minimized to maximize battery lifetime [125,127,130,131]. Specific

recommendations made by companies of each device type are highlighted in Table 3.
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Table 3. Examples of advice, instructions, or warnings offered in industry sources regarding Li-
ion battery storage and operation, sorted by key degradation variable.

Key Device Recommendation Company
Variable Type
Cellphone 0 Cto 35 C when cycling, -20 C to 45 C when in storage Apple [88]
Use between 15 C and 25 C for optimal performance Nokia [93]
e Laptop Charge between 10 Cand 35 C Lenovo [99]
% Operating 0 C to 35 C, storage -40 C to 65 C Dell [103]
‘g Power Tool Charge between 0 C and 45 C Bosch [120]
S Store 20 C to 45 C, charge 0 C to 45 C, discharge -20 Cto 60 C  Makita [121]
et EV Keep between -30 C and 60 C, plug in when warm or cold Tesla [124]
Plug in when below 0 C Chevrolet [126]
On hot sunny days, avoid parking under direct sunlight Honda [131]
Cellphone  It’s best not to let your battery go under 20% Samsung [80]
Continuous charging should not exceed 12 hours Nokia [93]
o Laptop Avoid having your surface plugged in 24/7 Microsoft [134]
2 Lifespan is adversely affected by constantly charging the Acer [106]
(18] . .
S battery/device when already at full capacity
. Power Tool Completely running down a battery may damage it DeWalt [119]
@ Don’t store the battery in the charger Bosch [120]
g EV Do not leave the vehicle parked for longer than 14 days with a Mercedes-Benz
high voltage battery below 20% state of charge [132]
If allowed to discharge too much, the battery may become Honda [131]
damaged
Cellphone  Battery lifespan may decrease if you keep many apps and LG [83]
functions running simultaneously and continuously
Laptop More intense uses (ex. 3D gaming) will degrade battery more HP [110]
€ quickly
= EV Repeated use of this charging method [DC Charging] could Ford [125]
o have a long term effect on the battery
Use of fast charge should be minimized in order to help prolong  Hyundai [129]
high voltage battery life
Minimize use of public Fast Charge or Quick Charger Nissan [127]
Cellphone  Don’t expose your phone to liquids Google [89]
Do not disassemble, open, crush, bend, deform, puncture, shred, Motorola [92]
or submerge the battery
Laptop Avoid storing batteries in damp environments Asus [113]
s Do not crush, drop, mutilate, or penetrate the battery Dell [115]
s Batteries should be calibrated once every two to three months HP [110]
o Power Tool Do not charge battery pack in rain, snow, damp or wet Milwaukee Tool
conditions [122]
EV Battery should not be serviced by the owner BMW [128]
Never inspect, remove, or disassemble an of the high voltage Kia [130]

components in your vehicle

4.5 Comparing Manufacturer Instructions and Academic Literature

The different audiences for academic literature and manufacturer instructions necessitate

differences in how information is presented. While academic studies often give very specific
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insights about battery performance in response to one or occasionally two key variables,
manufacturer instructions give broad and actionable information to users. Despite the differences
in granularity and specificity of the information presented, the underlying information given
should be the same. However, we have found that this is not true in all cases. In Figure 4,
variables affecting battery degradation, identified from both academic literature and
manufacturer guidance, are compared with the percentage of companies making a

recommendation related to that variable.
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Figure 4. Percentage of surveyed companies warning users against exposure to certain conditions for a)
all companies surveyed, and b-e) by manufacturer of each device type surveyed.
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Figure 4a shows the comparison in total, while Figure 4b-e shows industry
recommendations for each device type. Electric vehicles (Figure 4e) exemplify some of the
insights that can be drawn from such data. No EV companies recommend against keeping the
battery at 100% state of charge. This is because keeping the vehicle plugged in allows the BMS
to control battery temperature using power from the grid, which is deemed more important, as
well as potentially more palatable, than telling users to leave their vehicle less than fully charged.
In contrast, only 40% of EV companies include warnings that fast charging can cause faster
battery degradation, and in this case there is no lifetime benefit (like controlling temperature
from grid power) for excluding this information. This information may be excluded because the
EV manufacturers are very confident that their fast charging protocols can minimize degradation,
that they don’t believe users will use fast chargers often enough to necessitate such a warning, or
that including such information would hurt the sales or marketing of the vehicle.

Recommendations may also not be included depending on the device’s expected
replacement time. Cellphones (Figure 4b) include fewer warnings against high and low state of
charge than laptops (Figure 4c). This may be because users often replace cellphones before the
degradation becomes significant (replacement cycle length of 2.8 years in the US), while users
expect longer lifetimes from their laptops (replacement cycle length of 6.9 years in the US)
[135].

Lastly, some recommendations are not included because the variables are outside of the
user’s control, and therefore the company has no reason to provide behavioral advice in that area.
For example, a laptop (Figure 4c) or a power tool (Figure 4d) with a single charging protocol
predetermined by the manufacturer would not need to provide a warning about degradation from

fast charging.
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5. Battery Lifetime Improvement

Maximizing battery lifetime has environmental and economic benefits; but to maximize
lifetime, one must avoid storage and use conditions that accelerate degradation. Avoiding these
adverse conditions is the responsibility of a device’s BMS and user actions.
5.1 Benefits of Battery Lifetime Improvement

The environmental benefit of LIB lifetime extension is due to reduced demand for and
production of new and replacement batteries. For example, manufacturing a single Dell laptop
battery (<1 kg) results in 10 kg of COe emissions [136] . In general, manufacturing has a
dominant share in CO.e emissions of average cellphones, tablets, and laptops [137]. A report by
Green Alliance claims that extending the lifetime of a cellphone by 1 year reduces by 1/3 the
lifetime CO2e impact of the device [137]. Along with energy use and resulting emissions, battery
production also contributes to ozone depletion, photo oxidation formation, particulate matter
formation, terrestrial, freshwater, and marine eutrophication, freshwater and marine toxicity,
terrestrial acidification, and the human health impacts of each of these [138].

In addition to environmental benefits, there are clear economic incentives for users to
extend battery lifetime. For Apple devices, battery replacement cost (out of warranty) is a
substantial percentage of total device cost, at 5%-9% for phones [139], 12%-30% for tablets
[140], and 7%-15% for laptops [141]. For power tools this can be even more extreme. Depending
on the battery and tool, a battery could cost twice as much as the tool itself [142-144]. And a
BEV battery pack represents 35%-50% of the total price of the vehicle [145]. Though EV battery
costs have fallen dramatically in recent years, the U.S. Department of Energy goal of $125/kWh
production cost by 2020, if met, results in a production cost of $7,500 for a 60 kWh battery to

$12,500 for a 100 kWh battery, which remains a substantial percentage of vehicle cost [146].

28



5.2 The role of Battery Management Systems and State of Health Monitoring

Failure of LIBs can cause hazardous problems including fire and explosions, in addition
to inducing additional costs for repair or replacement

[15,147]. The status and health of LIBs need to be checked and controlled regularly in
order to detect faults, correct them, and predict remaining useful life, while addressing safety
issues [15]. To ensure battery safety, the BMS includes battery fault diagnosis functions and
gives early warnings and reports about unhealthy conditions as well as battery aging information
[147].

To improve the performance of battery systems, the BMS protects against deep
charge/discharge and accurately estimates the functional status of the battery including SoC,
state-of-health (SoH), state-of-function (SoF), and state-of-safety (SoS) based on measurable
outputs like temperature, voltage, and current [26,148]. For example, in EVs, it becomes critical
to protect the battery during deep charges/discharges when traveling a long distance involves
discharge of up to 80% or more [148]. Thermal management is also critical in an EV battery
pack as it includes thousands of series and parallel cells, and therefore keeping temperature
within the range of 30-40 °C will lead to increased battery efficiency [148].The models used by
BMS include adaptive algorithms and data driven estimation methods, which are compared with
direct and indirect experimental analyses [149]. Use of large data sets and machine learning is
being explored as a tool to improve these models [150,151]. It is also important to minimize the
computational burden of models, so that they can be used on-board vehicles in real time [152].
Lastly, models are only as good as the experimental data on which they are based, so minimizing

errors through implementing experimental control methods is critical [153].
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The tasks performed by the BMS (at cell, module, and pack levels) include: preventing
damages to cells and battery packs, ensuring proper operational voltage and temperature ranges,
balancing SoC differences between cells, guaranteeing safe operation, extending battery service
life as long as possible, and maintaining batteries in a healthy condition that will fulfill the
vehicle requirements [147,148]. BMS inputs include current, voltage, and temperature sensors,
vehicle control (in case of EVs) and digital inputs [147]. Outputs consist of thermal management
modules including fans and electric heaters, and balancing modules including capacitors and
switch arrays to equalize batteries, and manage voltage [147]. There are also digital outputs such

as charging indicators and failure alarms [147].

5.3 User Behaviors

Based on the academic literature and information provided in owner’s manuals, user
guides, and customer support websites, a list of behaviors was developed to illustrate nine keys
to maximizing Li-ion battery lifetime, shown in Table 4 and explained in more detail below.
These keys are general in nature, and written for the end users of products with LIBs. Every key

will not apply to every battery, as operating requirements and the role of the BMS vary between

devices.
Table 4. Best practices for maximizing the lifetime of Lithium-ion batteries.
1. Minimize exposure to high temperatures, in storage and use Temperature
2. Minimize exposure to low temperature, especially when charging recommendations
3. Minimize time spent at 100% state of charge State of charge
4. Minimize time spent at 0% state of charge recommendations
5. Avoid using fast charging Current
6. Avoid discharging device more quickly than is needed recommendations
7. Avoid use or storage in high moisture environments .
- - Additional
8. Avoid mechanical damage .
— - Recommendations
9. Follow manufacturer’s calibration instructions
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5.3.1 Temperature Recommendations

Elevated temperatures can accelerate degradation in almost every component of LIBs.
This impact is greatest when combined with high voltages, but can occur regardless of the SoC
[27]. Furthermore, elevated temperatures can lead to significant safety risks, as gas may form
within the battery increasing pressure to the point of explosion. Recommended high temperature
limits are stricter when in use than when in storage. Typically, if a device is noticeably hot when
charging, it should be unplugged. However, most EV manufacturers recommend that vehicles
should be plugged in when the ambient temperature is hot, so the vehicle’s battery cooling
system can operate directly from grid electricity.

When a battery is cycled at low temperatures it is more susceptible to lithium plating,
which can lead to internal short circuits irreparably damaging the battery, and potentially causing
safety issues. For power tools and EVs, chargers will not begin charging until the device has
reached an appropriate temperature, and for EVs this may include the use of a battery heating
system. If a heating system is in place, most EV manufacturers recommend leaving the vehicle

plugged in when it is cold.

5.3.2. State of Charge Recommendations

There are two main strategies to minimize time spent at 100% SoC. First, devices can be
partially charged, unless a full charge is needed. For example, if 30% of a battery’s capacity is
needed on a given day, cycling from 80%-50% places less stress on the battery than 100%-70%
[76,154]. Second, devices should be unplugged once they reach 100% SoC.

Just as high SoC places stress on a battery, so too does low SoC. A device’s BMS will

shut down a device before it reaches true 0%, to avoid overdischarge, which can permanently
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damage the battery. Despite this precaution, a device will still reach overdischarge if it is not
charged for a long period of time.

Battery users do not have a good understanding of the impact of extreme states of charge
on their battery. Results from a 2017 survey, displayed in Figure 6, show roughly equal numbers
of people agreeing and disagreeing with statements that ask whether high or low states of charge
can damage a battery [155]. Furthermore, this study showed that the most common charging
behavior for cellphones was charging on a fixed routine (for example overnight) and for laptops
was leaving the device plugged in whenever possible [155]. Androulidakis found that 45% of
cellphone users charge their phones overnight, and only 10% do partial battery charges [156].
Ferreira has found that even as more charging opportunities become available over time, users

still prefer a fixed charging schedule, frequently overnight [157].

Keeping the battery connected to the Frequetly discharging the batteries to the
charger for long periods damages the completely drained level reduces the
battery and reduces the life of the battery overall life of the battery
35% 35%
30% 30%
25% 25%
20% 20%
15% 15%
10% 10%
) ] ) ] l:
0% 0%
Strongly Disagree  Neither Agree  Agree Strongly Strongly Disagree  Neither Agree  Agree Strongly
Disagree nor Disagree Agree Disagree nor Disagree Agree

Figure 5. Results from a survey conducted by Saxena (2017) [155] illustrating that users do not have a
good understanding of behaviors that can decrease battery lifetime.
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5.3.3 Current Recommendations

Fast charging is convenient, but it comes with a trade-off. Repeated use of fast chargers
will degrade a battery more quickly than standard charging. Discharging a battery too quickly
leads to battery degradation through many of the same mechanisms as fast charging. One way to
determine if a battery is discharging too quickly is if it is noticeably hot. Discharging currents
can be controlled by the user to various degrees depending on the device. For cellphones and
laptops, lowering screen brightness, turning off location services, and quitting high power using
applications can help. For power tools, choosing a tool with sufficient power output for the task
at hand is important. And for EVs, driving habits, such as limiting sudden starts and stops, will

impact the battery pack’s discharging current.

5.3.4 Additional Recommendations

Unless a battery pack is specifically designed to be fully waterproof, the possibility of
trace amounts of water entering the pack exists. Water inside a battery pack can form an external
short circuit for cells within the pack, and water within the cell itself will lead to side reactions
and gas formation, damaging the battery. These situations are most likely to occur if water comes
in contact with batteries that have been mechanically damaged.

Mechanical damage to a battery covers a wide range of things. This includes puncturing
the battery, severely bending the battery, or directly connecting the leads of the battery.
Mechanical damage to the battery’s interior structure can also occur if the battery is dropped or
crushed. Anything that short circuits the battery will render it inoperable, and result in safety

risks. Finally, due to the risk of explosion, batteries should never be incinerated.
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Often manufacturers will recommend that devices (particularly phones and laptops) be
fully discharged and then fully charged at least once a month. Though this contradicts other
recommendations, this process is important to calibrate the battery management system. A full
discharge-charge cycle allows the device to measure its own capacity, so that it displays the
remaining battery life accurately. Note that this calibration does not actually have a significant
impact on battery lifetime, and is different than battery conditioning, which is often required for
chemistries other than Li-ion. It simply improves the accuracy of battery state estimations.
Improving the accuracy of SoH estimations is an active research area, with new methods

continually being developed [158].

6. Conclusion

Lithium-ion batteries inevitably degrade with time and use. Almost every component of
the battery is affected, including the anode, cathode, electrolyte, separator, and current collectors.
A wide variety of mechanisms contribute to degradation, and these mechanisms are sensitive to
storage conditions and use patterns, including temperature, SoC, and charging/discharging rate.

By minimizing exposure to the conditions that accelerate degradation, batteries can last
longer. This has a positive environmental impact, as battery production is a source of GHG
emissions and many other pollutants. Additionally, there are significant financial incentives for
users to avoid adverse conditions, as the cost of batteries can range from 5% to over 50% of a
product’s total cost. Despite these clear benefits, user understanding of proper battery
management is lacking and guidance provided through product manuals and company websites

often is scattered, contradictory, or non-existent.
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Additionally, there is a significant lack of knowledge regarding how users operate
batteries. Limited research has shown user knowledge of battery health issues to be poor, but
further survey data are needed to establish actual battery use patterns to quantify the net impact
of user behavior on battery lifetime. ldentifying areas in which user knowledge and behavior
differ will be important for designing battery management systems and practices that preserve
lifetime.

We present a review of mechanisms that lead to degradation of active and inactive
materials and shortened lifetime of Li-ion batteries. We also investigate the recommendations
provided by industry regarding preserving battery health in cellphones, laptops, power tools, and
EVs. Then, based on the academic literature and publicly available information, a list of nine
best practices for extending Li-ion battery lifetime is developed. The first six practices are
related to three main variables that impact battery health: temperature, state of charge, and
current. The rest are more general guidelines to reduce damage to the device. Improving user

awareness of these best practices is an important step towards responsible battery management.

35



[1]
[2]
[3]

[4]
[5]

[6]
[7]
[8]

[9]

[10]

[11]

[12]

[13]
[14]
[15]
[16]

[17]

[18]

REFERENCES

M. Arbabzadeh, M. Lewis, G.A. Keoleian, Green principles for responsible battery
management in mobile applications, 24 (2019). doi:10.1016/j.est.2019.100779.

L.L. Gaines, J.B. Dunn, Lithium-lon Battery Environmental Impacts, Elsevier, 2014.
doi:10.1016/B978-0-444-59513-3.00021-2.

J.F. Peters, M. Baumann, B. Zimmermann, J. Braun, M. Weil, The environmental impact
of Li-lon batteries and the role of key parameters — A review, Renew. Sustain. Energy
Rev. 67 (2017) 491-506. doi:10.1016/j.rser.2016.08.039.

S.S. Zhang, The effect of the charging protocol on the cycle life of a Li-ion battery, J.
Power Sources. 161 (2006) 1385-1391. doi:10.1016/j.jpowsour.2006.06.040.

C.J. Weber, S. Geiger, S. Falusi, M. Roth, Material review of Li ion battery separators, in:
AIP Conf. Proc., American Institute of Physics Inc., 2014: pp. 66-81.
doi:10.1063/1.4878480.

J. Warner, Lithium-lon and Other Cell Chemistries, Handb. Lithium-lon Batter. Pack Des.
(2015) 65-89. d0i:10.1016/b978-0-12-801456-1.00007-5.

N. Nitta, F. Wu, J.T. Lee, G. Yushin, Li-ion battery materials: Present and future, Mater.
Today. 18 (2015) 252—-264. doi:10.1016/j.mattod.2014.10.040.

G. Zubi, R. Dufo-L6pez, M. Carvalho, G. Pasaoglu, The lithium-ion battery: State of the
art and future perspectives, Renew. Sustain. Energy Rev. (2018).
doi:10.1016/j.rser.2018.03.002.

J. Hassoun, B. Scrosati, Review—Advances in Anode and Electrolyte Materials for the
Progress of Lithium-lon and beyond Lithium-lon Batteries, J. Electrochem. Soc. 162
(2015) A2582-A2588. d0i:10.1149/2.0191514jes.

Y. Shi, X. Zhou, G. Yu, Material and Structural Design of Novel Binder Systems for
High-Energy, High-Power Lithium-lon Batteries, Acc. Chem. Res. 50 (2017) 2642-2652.
doi:10.1021/acs.accounts.7b00402.

P. Arora, Capacity Fade Mechanisms and Side Reactions in Lithium-lon Batteries, J.
Electrochem. Soc. 145 (1998) 3647. doi:10.1149/1.1838857.

O. V. Bushkova, T. V. Yaroslavtseva, Y.A. Dobrovolsky, New lithium salts in electrolytes
for lithium-ion batteries (Review), Russ. J. Electrochem. 53 (2017) 677—699.
d0i:10.1134/s1023193517070035.

M. Armand, J. Tarascon, Building better batteries, Nature. 451 (2008) 652—657.
doi:10.1038/451652a.

R. Spotnitz, Simulation of capacity fade in lithium-ion batteries, J. Power Sources. (2003).
doi:10.1016/S0378-7753(02)00490-1.

J. Zhang, J. Lee, A review on prognostics and health monitoring of Li-ion battery, J.
Power Sources. 196 (2011) 6007-6014. doi:10.1016/j.jpowsour.2011.03.101.

M.M. Kabir, D.E. Demirocak, Degradation mechanisms in Li-ion batteries: a state-of-the-
art review, Int. J. Energy Res. 41 (2017) 1963-1986. doi:10.1002/er.3762.

S. Ramdon, B. Bhushan, S.C. Nagpure, In situ electrochemical studies of lithium-ion
battery cathodes using atomic force microscopy, J. Power Sources. (2014).
doi:10.1016/j.jpowsour.2013.10.099.

D. Andre, M. Meiler, K. Steiner, C. Wimmer, T. Soczka-Guth, D.U. Sauer,
Characterization of high-power lithium-ion batteries by electrochemical impedance
spectroscopy. I. Experimental investigation, J. Power Sources. 196 (2011) 5334-5341.

36



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

doi:10.1016/j.jpowsour.2010.12.102.

N. Lin, Z. Jia, Z. Wang, H. Zhao, G. Ai, X. Song, Y. Bali, V. Battaglia, C. Sun, J. Qiao, K.
Wu, G. Liu, Understanding the crack formation of graphite particles in cycled commercial
lithium-ion batteries by focused ion beam - scanning electron microscopy, J. Power
Sources. 365 (2017) 235-239. doi:10.1016/j.jpowsour.2017.08.045.

H. Liu, J.M. Foster, A. Gully, S. Krachkovskiy, M. Jiang, Y. Wu, X. Yang, B. Protas,
G.R. Goward, G.A. Botton, Three-dimensional investigation of cycling-induced
microstructural changes in lithium-ion battery cathodes using focused ion beam/scanning
electron microscopy, J. Power Sources. 306 (2016) 300-308.
doi:10.1016/j.jpowsour.2015.11.108.

Y. Akita, M. Segawa, H. Munakata, K. Kanamura, In-situ Fourier transform infrared
spectroscopic analysis on dynamic behavior of electrolyte solution on LiFePO4 cathode, J.
Power Sources. (2013). doi:10.1016/j.jpowsour.2013.03.134.

T. Yamanaka, H. Nakagawa, S. Tsubouchi, Y. Domi, T. Doi, T. Abe, Z. Ogumi, In Situ
Raman Spectroscopic Studies on Concentration of Electrolyte Salt in Lithium-lon
Batteries by Using Ultrafine Multifiber Probes, ChemSusChem. 10 (2017) 855-861.
doi:10.1002/cssc.201601473.

P. Abellan, B.L. Mehdi, L.R. Parent, M. Gu, C. Park, W. Xu, Y. Zhang, I. Arslan, J.G.
Zhang, C.M. Wang, J.E. Evans, N.D. Browning, Probing the degradation mechanisms in
electrolyte solutions for li-ion batteries by in situ transmission electron microscopy, Nano
Lett. 14 (2014) 1293-1299. doi:10.1021/n1404271k.

S. Muhammad, S. Lee, H. Kim, J. Yoon, D. Jang, J. Yoon, J.H. Park, W.S. Yoon,
Deciphering the thermal behavior of lithium rich cathode material by in situ X-ray
diffraction technique, J. Power Sources. 285 (2015) 156-160.
doi:10.1016/j.jpowsour.2015.03.054.

P.P.R.M.L. Harks, F.M. Mulder, P.H.L. Notten, In situ methods for Li-ion battery
research: A review of recent developments, J. Power Sources. (2015).
doi:10.1016/j.jpowsour.2015.04.084.

X. Han, M. Ouyang, L. Lu, J. Li, Y. Zheng, Z. Li, A comparative study of commercial
lithium ion battery cycle life in electrical vehicle: Aging mechanism identification, J.
Power Sources. 251 (2014) 38-54. doi:10.1016/j.jpowsour.2013.11.029.

K. Uddin, S. Perera, W. Widanage, L. Somerville, J. Marco, Characterising Lithium-lon
Battery Degradation through the Identification and Tracking of Electrochemical Battery
Model Parameters, Batteries. 2 (2016) 13. doi:10.3390/batteries2020013.

R. Faria, P. Marques, R. Garcia, P. Moura, F. Freire, J. Delgado, A.T. De Almeida,
Primary and secondary use of electric mobility batteries from a life cycle perspective, J.
Power Sources. 262 (2014) 169-177. doi:10.1016/j.jpowsour.2014.03.092.

C.R. Birkl, M.R. Roberts, E. McTurk, P.G. Bruce, D.A. Howey, Degradation diagnostics
for lithium ion cells, J. Power Sources. 341 (2017) 373-386.
doi:10.1016/j.jpowsour.2016.12.011.

K. Smith, J. Neubauer, E. Wood, M. Jun, A. Pesaran, Models for Battery Reliability and
Lifetime: Applications in Design and Health Management (Presentation), NREL (National
Renewable Energy Laboratory), (2013).

J. Vetter, P. Novak, M.R. Wagner, C. Veit, K.-C. Mdller, J.O. Besenhard, M. Winter, M.
Wohlfahrt-Mehrens, C. Vogler, A. Hammouche, Ageing mechanisms in lithium-ion
batteries, J. Power Sources. 147 (2005) 269-281. doi:10.1016/j.jpowsour.2005.01.006.

37



[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

P. Verma, P. Maire, P. Novak, A review of the features and analyses of the solid
electrolyte interphase in Li-ion batteries, Electrochim. Acta. 55 (2010) 6332-6341.
doi:10.1016/j.electacta.2010.05.072.

S.J. An, J. Li, C. Daniel, D. Mohanty, S. Nagpure, D.L. Wood, The state of understanding
of the lithium-ion-battery graphite solid electrolyte interphase (SEI) and its relationship to
formation cycling, Carbon N. Y. 105 (2016) 52—-76. doi:10.1016/j.carbon.2016.04.008.
M.B. Pinson, M.Z. Bazant, Theory of SEI Formation in Rechargeable Batteries: Capacity
Fade, Accelerated Aging and Lifetime Prediction, J. Electrochem. Soc. 160 (2012) A243—
A250. doi:10.1149/2.044302jes.

S.P. Kim, A.C.T.V. Duin, V.B. Shenoy, Effect of electrolytes on the structure and
evolution of the solid electrolyte interphase (SEI) in Li-ion batteries: A molecular
dynamics study, J. Power Sources. 196 (2011) 8590-8597.
doi:10.1016/j.jpowsour.2011.05.061.

M. Broussely, P. Biensan, F. Bonhomme, P. Blanchard, S. Herreyre, K. Nechev, R.J.
Staniewicz, Main aging mechanisms in Li ion batteries, J. Power Sources. 146 (2005) 90—
96. doi:10.1016/j.jpowsour.2005.03.172.

Y.X. Lin, Z. Liu, K. Leung, L.Q. Chen, P. Lu, Y. Qi, Connecting the irreversible capacity
loss in Li-ion batteries with the electronic insulating properties of solid electrolyte
interphase (SEI) components, J. Power Sources. 309 (2016) 221-230.
doi:10.1016/j.jpowsour.2016.01.078.

V. Agubra, J. Fergus, Lithium ion battery anode aging mechanisms, Materials (Basel). 6
(2013) 1310-1325. doi:10.3390/ma6041310.

T. Waldmann, B.I. Hogg, M. Wohlfahrt-Mehrens, Li plating as unwanted side reaction in
commercial Li-ion cells — A review, J. Power Sources. 384 (2018) 107-124.
doi:10.1016/j.jpowsour.2018.02.063.

A.E. Trippe, R. Arunachala, T. Massier, A. Jossen, T. Hamacher, Charging optimization
of battery electric vehicles including cycle battery aging, in: IEEE PES Innov. Smart Grid
Technol. Conf. Eur., IEEE Computer Society, 2015.
doi:10.1109/ISGTEurope.2014.7028735.

M.A. Hannan, M.S.H. Lipu, A. Hussain, A. Mohamed, A review of lithium-ion battery
state of charge estimation and management system in electric vehicle applications:
Challenges and recommendations, Renew. Sustain. Energy Rev. 78 (2017) 834-854.
doi:10.1016/j.rser.2017.05.001.

M.R. Palacin, Understanding ageing in Li-ion batteries: A chemical issue, Chem. Soc.
Rev. 47 (2018) 4924-4933. doi:10.1039/c7cs00889%a.

C. Zhan, T. Wu, J. Lu, K. Amine, Dissolution, migration, and deposition of transition
metal ions in Li-ion batteries exemplified by Mn-based cathodes-A critical review, Energy
Environ. Sci. 11 (2018) 243-257. doi:10.1039/c7ee03122j.

C. Hendricks, N. Williard, S. Mathew, M. Pecht, A failure modes, mechanisms, and
effects analysis (FMMEA) of lithium-ion batteries, J. Power Sources. 297 (2015) 113—
120. doi:10.1016/j.jpowsour.2015.07.100.

A. Barré, B. Deguilhem, S. Grolleau, M. Gérard, F. Suard, D. Riu, A review on lithium-
ion battery ageing mechanisms and estimations for automotive applications, J. Power
Sources. 241 (2013) 680-689. doi:10.1016/j.jpowsour.2013.05.040.

R. Hausbrand, G. Cherkashinin, H. Ehrenberg, M. Gréting, K. Albe, C. Hess, W.
Jaegermann, Fundamental degradation mechanisms of layered oxide Li-ion battery

38



[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

cathode materials: Methodology, insights and novel approaches, Mater. Sci. Eng. B Solid-
State Mater. Adv. Technol. 192 (2015) 3-25. doi:10.1016/j.mseb.2014.11.014.

Q. Wang, B. Mao, S.1. Stoliarov, J. Sun, A review of lithium ion battery failure
mechanisms and fire prevention strategies, Prog. Energy Combust. Sci. 73 (2019) 95-131.
doi:10.1016/j.pecs.2019.03.002.

J. Gallardo-Lozano, E. Romero-Cadaval, M.l. Milanes-Montero, M.A. Guerrero-Martinez,
Battery equalization active methods, J. Power Sources. (2014).
doi:10.1016/j.jpowsour.2013.08.026.

Y. Zheng, M. Ouyang, L. Lu, J. Li, Understanding aging mechanisms in lithium-ion
battery packs: From cell capacity loss to pack capacity evolution, J. Power Sources. 278
(2015) 287-295. doi:10.1016/j.jpowsour.2014.12.105.

C. Wu, C. Zhu, Y. Ge, Y. Zhao, A Review on Fault Mechanism and Diagnosis Approach
for Li-lon Batteries, J. Nanomater. 2015 (2015). doi:10.1155/2015/631263.

A. Nordeldf, M. Messagie, A.M. Tillman, M. Ljunggren S6derman, J. Van Mierlo,
Environmental impacts of hybrid, plug-in hybrid, and battery electric vehicles—what can
we learn from life cycle assessment?, Int. J. Life Cycle Assess. 19 (2014) 1866-1890.
d0i:10.1007/s11367-014-0788-0.

E. Wood, M. Alexander, T.H. Bradley, Investigation of battery end-of-life conditions for
plug-in hybrid electric vehicles, J. Power Sources. 196 (2011) 5147-5154.
doi:10.1016/j.jpowsour.2011.02.025.

S. Saxena, C. Le Floch, J. Macdonald, S. Moura, Quantifying EV battery end-of-life
through analysis of travel needs with vehicle powertrain models, J. Power Sources. 282
(2015) 265-276. doi:10.1016/j.jpowsour.2015.01.072.

V. Marano, S. Onori, Y. Guezennec, G. Rizzoni, N. Madella, Lithium-ion batteries life
estimation for plug-in hybrid electric vehicles, in: 5th IEEE Veh. Power Propuls. Conf.
VPPC 09, 2009: pp. 536-543. doi:10.1109/VPPC.2009.5289803.

X. Han, L. Lu, Y. Zheng, X. Feng, Z. Li, J. Li, M. Ouyang, A review on the key issues of
the lithium ion battery degradation among the whole life cycle, ETransportation. (2019).
d0i:10.1016/j.etran.2019.100005.

M. Dubarry, B.Y. Liaw, M.S. Chen, S.S. Chyan, K.C. Han, W.T. Sie, S.H. Wu,
Identifying battery aging mechanisms in large format Li ion cells, J. Power Sources. 196
(2011) 3420-3425. doi:10.1016/j.jpowsour.2010.07.029.

A. Pesaran, S. Santhanagopalan, G.-H. Kim, Addressing the Impact of Temperature
Extremes on Large Format Li-lon Batteries for Vehicle Applications (Presentation),
NREL (National Renewable Energy Laboratory), 2013.

K. Smith, M. Earleywine, E. Wood, J. Neubauer, A. Pesaran, Comparison of Plug-In
Hybrid Electric Vehicle Battery Life Across Geographies and Drive Cycles, in: SAE
Tech. Pap. Ser., SAE International, 2012. doi:10.4271/2012-01-0666.

L. Serrao, S. Onori, A. Sciarretta, Y. Guezennec, G. Rizzoni, Optimal energy management
of hybrid electric vehicles including battery aging, in: Institute of Electrical and
Electronics Engineers (IEEE), 2014: pp. 2125-2130. doi:10.1109/acc.2011.5991576.
K.B. Hatzell, A. Sharma, H.K. Fathy, A survey of long-term health modeling, estimation,
and control of Lithium-ion batteries: Challenges and opportunities, in: 2012 Am. Control
Conf., IEEE, 2012: pp. 584-591. d0i:10.1109/ACC.2012.6315578.

P. Ramadass, B. Haran, R. White, B.N. Popov, Capacity fade of Sony 18650 cells cycled
at elevated temperatures Part 11. Capacity fade analysis, n.d.

39



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

D. Ren, X. Feng, L. Lu, X. He, M. Ouyang, Overcharge behaviors and failure mechanism
of lithium-ion batteries under different test conditions, Appl. Energy. (2019).
doi:10.1016/j.apenergy.2019.05.015.

H. Ambrose, A. Kendall, Effects of battery chemistry and performance on the life cycle
greenhouse gas intensity of electric mobility, Transp. Res. Part D Transp. Environ. 47
(2016) 182-194. doi:10.1016/j.trd.2016.05.009.

B. Xu, A. Oudalov, A. Ulbig, G. Andersson, D.S. Kirschen, Modeling of lithium-ion
battery degradation for cell life assessment, IEEE Trans. Smart Grid. 9 (2018) 1131-1140.
d0i:10.1109/TSG.2016.2578950.

M.A. Ortega-Vazquez, Optimal scheduling of electric vehicle charging and vehicle-to-grid
services at household level including battery degradation and price uncertainty, IET
Gener. Transm. Distrib. 8 (2014) 1007-1016. doi:10.1049/iet-gtd.2013.0624.

M. Amiri, M. Esfahanian, M.R. Hairi-Yazdi, V. Esfahanian, Minimization of power losses
in hybrid electric vehicles in view of the prolonging of battery life, J. Power Sources. 190
(2009) 372-379. doi:10.1016/j.jpowsour.2009.01.072.

A. Millner, Modeling lithium ion battery degradation in electric vehicles, 2010 IEEE
Conf. Innov. Technol. an Effic. Reliab. Electr. Supply, CITRES 2010. (2010) 349-356.
doi:10.1109/CITRES.2010.5619782.

A. Hoke, A. Brissette, D. Maksimovic, D. Kelly, A. Pratt, Maximizing lithium ion vehicle
battery life through optimized partial charging, in: 2013 IEEE PES Innov. Smart Grid
Technol. Conf. ISGT 2013, 2013. doi:10.1109/ISGT.2013.6497818.

B. Lunz, Z. Yan, J.B. Gerschler, D.U. Sauer, Influence of plug-in hybrid electric vehicle
charging strategies on charging and battery degradation costs, Energy Policy. 46 (2012)
511-519. doi:10.1016/j.enpol.2012.04.017.

J. Groot, M. Swierczynski, A.l. Stan, S.K. Ker, On the complex ageing characteristics of
high-power LiFePO4/graphite battery cells cycled with high charge and discharge
currents, J. Power Sources. 286 (2015) 475-487. doi:10.1016/j.jpowsour.2015.04.001.
A.S. Mussa, A. Liivat, F. Marzano, M. Klett, B. Philippe, C. Tengstedt, G. Lindbergh, K.
Edstrém, R.W. Lindstrom, P. Svens, Fast-charging effects on ageing for energy-optimized
automotive LiNi1/3Mn1/3Co01/302/graphite prismatic lithium-ion cells, J. Power Sources.
422 (2019) 175-184. doi:10.1016/j.jpowsour.2019.02.095.

H. Wang, S. Frisco, E. Gottlieb, R. Yuan, J.F. Whitacre, Capacity degradation in
commercial Li-ion cells: The effects of charge protocol and temperature, J. Power
Sources. (2019). doi:10.1016/j.jpowsour.2019.04.034.

K. Jalkanen, J. Karppinen, L. Skogstrom, T. Laurila, M. Nisula, K. Vuorilehto, Cycle
aging of commercial NMC/graphite pouch cells at different temperatures, Appl. Energy.
154 (2015) 160-172. doi:10.1016/j.apenergy.2015.04.110.

M. Schimpe, M.E. von Kuepach, M. Naumann, H.C. Hesse, K. Smith, A. Jossen,
Comprehensive Modeling of Temperature-Dependent Degradation Mechanisms in
Lithium Iron Phosphate Batteries, J. Electrochem. Soc. 165 (2018) A181-A193.
doi:10.1149/2.1181714jes.

S. huang Wu, P.H. Lee, Storage fading of a commercial 18650 cell comprised with
NMC/LMO cathode and graphite anode, J. Power Sources. 349 (2017) 27-36.
doi:10.1016/j.jpowsour.2017.03.002.

S. Saxena, C. Hendricks, M. Pecht, Cycle life testing and modeling of graphite/LiCo0O2
cells under different state of charge ranges, J. Power Sources. (2016).

40



[77]

[78]

[79]

[80]

[81]

[82]
[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]
[91]

[92]

doi:10.1016/j.jpowsour.2016.07.057.

Y. Zheng, Y.B. He, K. Qian, B. Li, X. Wang, J. Li, C. Miao, F. Kang, Effects of state of
charge on the degradation of LiFePO4/graphite batteries during accelerated storage test, J.
Alloys Compd. 639 (2015) 406-414. doi:10.1016/j.jallcom.2015.03.169.

P. Keil, A. Jossen, Charging protocols for lithium-ion batteries and their impact on cycle
life-An experimental study with different 18650 high-power cells, J. Energy Storage. 6
(2016) 125-141. doi:10.1016/j.est.2016.02.005.

Y. Gao, J. Jiang, C. Zhang, W. Zhang, Z. Ma, Y. Jiang, Lithium-ion battery aging
mechanisms and life model under different charging stresses, J. Power Sources. 356
(2017) 103-114. doi:10.1016/j.jpowsour.2017.04.084.

Samsung, How can | optimise and extend the battery life on my Samsung Galaxy
smartphone? | Samsung Support UK, (2019).
https://www.samsung.com/uk/support/mobile-devices/how-can-i-optimise-and-extend-
the-battery-life-on-my-samsung-galaxy-smartphone/ (accessed August 9, 2019).
Samsung, Samsung Galaxy S10e/S10/S10+ User manual, (2019) 1-162.
http://downloadcenter.samsung.com/content/UM/201903/20190305084507375/GEN_SM-
G970U1_SM-G973U1_SM-G975U1 EN_UM_P_9.0_022019_ FINAL.pdf (accessed
August 9, 2019).

LG Electronics, Prolonging Battery Life on LG Android Smart Phones, (2019).
https://www.lg.com/uk/support/solutions/mobile/battery-saver (accessed August 9, 2019).
LG, User Guide LG G8 ThinQ LM-G820TM, (2019) 1-214.
https://www.lg.com/us/support/manuals-documents.

ZTE, Axon 7 User Manual, (2016) 1-160.
https://www.phonearena.com/download.php?key=e77e66d436d89df4832c2¢c466c0e9795
pm-10068 (accessed August 9, 2019).

Google, Get the most life from your Pixel phone battery - Pixel Phone Help, (2019).
https://support.google.com/pixelphone/answer/6090612?hl=en&ref_topic=7084007
(accessed August 9, 2019).

HTC, HTC U12+ - Tips for extending battery life - Support | HTC United States, (2018).
https://www.htc.com/us/support/htc-ul2-plus/howto/getting-the-battery-to-last-
longer.html (accessed August 9, 2019).

HTC, HTC U12+ User guide, (2018).
http://dl4.htc.com/Web_materials/Manual/HTC_U12plus/HTC_U12plus_US_user_guide.
pdf?_ga=2.42257702.2062939461.1558541644-400623773.1557936496 (accessed
August 9, 2019).

Apple, Batteries - Maximizing Performance - Apple, (2019).
https://www.apple.com/batteries/maximizing-performance/ (accessed August 9, 2019).
Google, Safety & regulatory manual (Pixel 3a & Pixel 3a XL 2019) - Pixel Phone Help,
(2019). https://support.google.com/pixelphone/answer/9224138?hl=en (accessed August
9, 2019).

Huawei, Huawei Matel10 Pro User Guide, (2017).

Sony, Important information, (2019). https://www-support-
downloads.sonymobile.com/common/warranty_phones_US 12 12.pdf (accessed August
9, 2019).

Motorola, DROID - Tips for extending battery life - Motorola Support - US, (2019).
https://support.motorola.com/us/en/solution/MS38315 (accessed August 9, 2019).

41



[93] Nokia, Nokia 9 PureView user guide: Battery and charger information, (2019).
https://www.nokia.com/phones/en_int/support/nokia-9-pureview-user-guide/battery-and-
charger-information (accessed August 9, 2019).

[94] Apple, iPhone User Guide, (2019). https://support.apple.com/guide/iphone/welcome/ios
(accessed August 9, 2019).

[95] Sony, How To Boost Your Battery — Sony support (United States), (2019).
https://support.sonymobile.com/us/dm/battery/#gref (accessed August 9, 2019).

[96] Sony, Battery and power management — Sony Xperia 10 support (English), (2019).
https://support.sonymobile.com/global-en/xperialO/userguide/battery-and-power-
management/ (accessed August 9, 2019).

[97] Apple, MacBook Pro User’s Guide, (2006).
https://www.bhphotovideo.com/lit_files/73864.pdf (accessed August 9, 2019).

[98] Toshiba, User’s Manual Portege X30-E Tecra X40-E Satellite X30-E/X40-E Series,
(2017).
https://support.dynabook.com/support/staticContentDetail?contentld=4015846&isFromT
OCLink=false.

[99] Lenovo, T570 and P51s User Guide, (2018).
https://download.lenovo.com/pccbbs/mobiles_pdf/t570 _p51s ug_en.pdf?linkTrack=PSP:
Productinfo:UserGuide (accessed August 12, 2019).

[100] HP, User Guide, (2018). http://h10032.www1.hp.com/ctg/Manual/c06160570 (accessed
August 9, 2019).

[101] HP, Maintenance and Service Guide HP Spectre Folio 13 Convertible PC, (2018).
http://h10032.www1.hp.com/ctg/Manual/c06161497 (accessed August 9, 2019).

[102] Samsung, User Manual, (2016).
http://downloadcenter.samsung.com/content/UM/201811/20181129150805256/Win10_M
anual_ENG.pdf (accessed August 9, 2019).

[103] Dell, Inspiron 15 3000 Setup and Specifications, (2017). https://topics-
cdn.dell.com/pdf/inspiron-15-3565-laptop_reference-guide_en-us.pdf (accessed August
12, 2019).

[104] Microsoft, Maximize your Surface battery life, (2019). https://support.microsoft.com/en-
us/help/4483194/maximize-surface-battery-life (accessed August 12, 2019).

[105] L. Electronics, LG Easy Guide 2.0 132990 Series, (2019).
https://www.lg.com/us/support/product/lg-13Z2990-R.AAS7ULL.

[106] Acer, Regulatory Information and Safety Guide, (2017). https://global-
download.acer.com/GDFiles/Document/Safety Guide/Safety
Guide_Acer_1.0_A_A .pdf?acerid=636485543499390733&Stepl=ULTRA-
THIN&Step2=SWIFT &Step3=SF314-54&O0S=ALL &L C=en&BC=ACER&SC=PA_6
(accessed August 12, 2019).

[107] Asus, E13325 First Edition / E-Manual, (2017).
https://dlcdnets.asus.com/pub/ASUS/nb/X507UB/0409 E13325 X407 _X507_A.pdf
(accessed August 12, 2019).

[108] Acer, Swift 3 User’s Manual, (2018). https://global-
download.acer.com/GDFiles/Document/User Manual/User
Manual_Acer_1.0_ A _A.pdf?acerid=636591826113328251&Step1l=ULTRA-
THIN&Step2=SWIFT &Step3=SF314-
54&0S=ALL&LC=en&BC=ACER&SC=PA_6# ga=2.82012053.2087563010.15614942

42



28-861410101.1558642214 (accessed August 12, 2019).

[109] HP, Regulatory, Safety, and Environmental Notices User Guide, (2018).
http://h10032.www1.hp.com/ctg/Manual/c06301256 (accessed August 12, 2019).

[110] HP, HP Notebook PCs - Improving Battery Performance (Windows) | HP® Customer
Support, (2019). https://support.hp.com/za-en/document/c01297640 (accessed August 12,
2019).

[111] Acer, How to charge and care for your Acer battery, (2019).
https://us.answers.acer.com/app/answers/detail/a_id/2384/~/how-to-charge-and-care-for-
your-acer-battery (accessed August 12, 2019).

[112] Microsoft, Safety information, (2019). https://support.microsoft.com/en-
us/help/4023454/safety-information (accessed August 12, 2019).

[113] Asus, [Phone/Pad] Tips for battery charging and storage | Official Support | ASUS Global,
(2019). https://www.asus.com/support/FAQ/1009546/ (accessed August 12, 2019).

[114] Dell, Handling swollen Lithium-ion batteries, (2019). https://topics-
cdn.dell.com/pdf/inspiron-xps_fagq6_en-us.pdf (accessed August 12, 2019).

[115] Dell, Dell Laptop Battery - Frequently Asked Questions | Dell US, (2019).
https://www.dell.com/support/article/us/en/04/sIn128667/dell-laptop-battery-frequently-
asked-guestions?lang=en (accessed August 12, 2019).

[116] Samsung, How can I increase the battery life on my Samsung notebook? | Samsung
Support IE, (2019). https://www.samsung.com/ie/support/computing/how-can-i-increase-
the-battery-life-on-my-samsung-notebook/ (accessed August 12, 2019).

[117] Dell, How to improve your Dell laptop’s battery performance | Dell US, (2018).
https://www.dell.com/support/article/us/en/04/sIn85590/how-to-improve-your-dell-laptop-
s-battery-performance?lang=en (accessed August 12, 2019).

[118] Lenovo, Easy ways to extend your battery life - ideapad/Lenovo/ThinkPad laptops - US,
(2019). https://support.lenovo.com/us/en/solutions/ht069687 (accessed August 12, 2019).

[119] DeWalt, Increasing DEWALT Battery Runtime, (2019). https://www.dewalt.com/dewalt-
dna/featured-articles/best-practices-for-battery-life (accessed August 12, 2019).

[120] Bosch, Operating / Safety Instructions, (2019).
https://www.boschtools.com/us/en/ocsmedia/2610052923 0219 GAX1218V30.pdf
(accessed August 12, 2019).

[121] S. Rodrigues, Safety Data Sheet Lithium-lon Rechargeable Battery Pack BL1860B, La
Mirada, CA, USA, 2019. https://cdn.makitatools.com/apps/cms/doc/prod/Lit/cb540e75-
3127-4032-a76e-db84alf76566 Lithium-lon_Battery BL1860B.pdf (accessed August 12,
2019).

[122] Milwaukee Tool, Operator’s Manual, (n.d.). https://documents.milwaukeetool.com/58-14-
1801d11.pdf (accessed August 12, 2019).

[123] Makita, DC18RE Important Safety Instructions, (n.d.).
https://cdn.makitatools.com/apps/cms/doc/prod/DC1/f5a6b698-b8fa-4f2b-9381-
5254703fe094_DC18RE_IM_885569-940.pdf (accessed August 12, 2019).

[124] 1. Tesla, Model 3 Owner’s Manual, (2019).
https://www.tesla.com/content/dam/tesla/Ownership/Own/Model 3 Owners Manual.pdf
(accessed August 12, 2019).

[125] Ford Motor Company, 2017 Focus Electric Owner’s Manual, (2016).
http://www.fordservicecontent.com/Ford_Content/Catalog/owner_information/2017-Ford-
Focus-Electric-Owners-Manual-version-1_EN-US 10 2016.pdf (accessed August 12,

43



2019).

[126] General Motors LLC., 2017 Bolt EV Owner’s Manual, (2016).
https://my.chevrolet.com/content/dam/gmownercenter/gmna/dynamic/manuals/2017/Chev
rolet/BOLT EV/Owner’s Manual.pdf (accessed August 12, 2019).

[127] Nissan Motor Corporation, 2019 Nissan LEAF Owner’s Manual, (2019).
https://owners.nissanusa.com/content/techpub/ManualsAndGuides/LEAF/2019/2019-
LEAF-owner-manual.pdf (accessed August 12, 2019).

[128] Bayerische Motoren Werke, The BMW i3. Owner’s Manual, (2015).
http://www.i3guide.com/pdf/BMWi3-owners-manual.pdf (accessed August 12, 2019).

[129] Hyundai Motor, Owner’s Manual 2019 Ioniq EV Operation Maintenance Specifications,
(2018). https://owners.hyundaiusa.com/content/dam/hyundai/us/myhyundai/glovebox-
manual/2019/ionig-ev/2019 lonig EV OM.pdf (accessed August 12, 2019).

[130] Kia Motors Corporation, Soul Electric Vehicle Guide, (2018).
https://www.kia.ca/content/ownership/ownersmanual/19soulev.pdf (accessed August 12,
2019).

[131] Honda Motor Company, Clarity 2019 Electric Owner’s Manual, Tokyo, Japan, 2018.
http://techinfo.honda.com/rjanisis/pubs/OM/AH/ATRV19190M/enu/ATRV19190M.PDF
(accessed August 12, 2019).

[132] Mercedes-Benz, B-Class Electric Drive Operator’s Manual, (2014).
http://www.mybclasselectricdrive.com/wp-content/uploads/2014/11/2015 Mercedes B-
Class electric drive user manual.pdf (accessed August 12, 2019).

[133] FCA US LLC., 2015 FIAT 500¢ Owner’s Manual, (2015).
https://cdn.dealereprocess.net/cdn/servicemanuals/fiat/2015-500e.pdf (accessed August
12, 2019).

[134] Microsoft, Clean and care for your Surface, (2019). https://support.microsoft.com/en-
us/help/4023504/surface-clean-and-care-for-your-surface (accessed August 21, 2019).

[135] < U.S. personal devices replacement cycle forecast 2019 and 2023 | Statista, (n.d.).
https://www.statista.com/statistics/1021171/united-states-electronics-devices-replacement-
cycle/ (accessed December 12, 2019).

[136] S. O’Connell, M. Stutz, Product Carbon Footprint (PCF) Assessment of Dell Laptop —
Results and Recommendations, 2010.

[137] D. Benton, E. Coats, J. Haxell, A circular economy for smart devices, London, England,
2015.

[138] L.A.W. Ellingsen, G. Majeau-Bettez, B. Singh, A.K. Srivastava, L.O. Valgen, A.H.
Stremman, Life Cycle Assessment of a Lithium-lon Battery Vehicle Pack, J. Ind. Ecol. 18
(2014) 113-124. doi:10.1111/jiec.12072.

[139] Apple, iPhone Battery & Power - Official Apple Support, (2019).
https://support.apple.com/iphone/repair/battery-power (accessed August 20, 2019).

[140] Apple, iPad Battery & Power - Official Apple Support, (2019).
https://support.apple.com/ipad/repair/battery-power (accessed August 20, 2019).

[141] Apple, mac Repair - Official Apple Support, (2019).
https://support.apple.com/mac/repair/service (accessed August 20, 2019).

[142] Milwaukee Tool, M18 and M12 FUEL Power Tools and Equipment | Milwaukee Tool,
(2019). https://www.milwaukeetool.com/Products/Power-Tools (accessed August 20,
2019).

[143] Milwaukee Tool, M12 Multi-Volt, Rapid and REDLITHIUM Charging Accessories |

44



[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

Milwaukee Tool, (2019). https://www.milwaukeetool.com/Products/Batteries-and-
Chargers/M12-Batteries-and-Chargers (accessed August 20, 2019).

Milwaukee Tool, M18 and M12 Battery Charging Accessories | Milwaukee Tool, (2019).
https://www.milwaukeetool.com/Products/Batteries-and-Chargers (accessed August 20,
2019).

M. Fries, M. Kerler, S. Rohr, S. Schickram, M. Sinning, M. Lienkamp, R. Kochhan, S.
Fuchs, B. Reuter, P. Burda, S. Matz, An Overview of Costs for Vehicle Components,
Fuels, Greenhouse Gas Emissions and Total Cost of Ownership Update 2017, Garching,
Germany, 2017. https://steps.ucdavis.edu/wp-content/uploads/2018/02/FRIES-
MICHAEL-AN-Overview-of-Costs-for-Vehicle-Components-Fuels-Greenhouse-Gas-
Emissions-and-Total-Cost-of-Ownership-Update-2017-.pdf (accessed August 9, 2019).
D. Howell, B. Cunningham, T. Duong, P. Faguy, Overview of the DOE VTO Advanced
Battery R&D Program, 2016. doi:10.1038/NCLIMATE2564.

L. Lu, X. Han, J. Li, J. Hua, M. Ouyang, A review on the key issues for lithium-ion
battery management in electric vehicles, J. Power Sources. 226 (2013) 272-288.
doi:10.1016/j.jpowsour.2012.10.060.

H. Rahimi-Eichi, U. Ojha, F. Baronti, M.Y. Chow, Battery management system: An
overview of its application in the smart grid and electric vehicles, IEEE Ind. Electron.
Mag. 7 (2013) 4-16. doi:10.1109/MIE.2013.2250351.

R. Xiong, L. Li, J. Tian, Towards a smarter battery management system: A critical review
on battery state of health monitoring methods, J. Power Sources. 405 (2018) 18-29.
doi:10.1016/j.jpowsour.2018.10.019.

D.A. Howey, Tools for battery health estimation and prediction, Electrochem. Soc.
Interface. 28 (2019) 55-56. doi:10.1149/2.F06191if.

K.A. Severson, P.M. Attia, N. Jin, N. Perkins, B. Jiang, Z. Yang, M.H. Chen, M. Aykol,
P.K. Herring, D. Fraggedakis, M.Z. Bazant, S.J. Harris, W.C. Chueh, R.D. Braatz, Data-
driven prediction of battery cycle life before capacity degradation, Nat. Energy. (2019).
doi:10.1038/s41560-019-0356-8.

Y. Zhang, R. Xiong, H. He, X. Qu, M. Pecht, Aging characteristics-based health diagnosis
and remaining useful life prognostics for lithium-ion batteries, ETransportation. (2019).
doi:10.1016/j.etran.2019.100004.

J. Taylor, A. Barai, T.R. Ashwin, Y. Guo, M. Amor-Segan, J. Marco, An insight into the
errors and uncertainty of the lithium-ion battery characterisation experiments, J. Energy
Storage. (2019). doi:10.1016/j.est.2019.100761.

H. De Vries, T.T. Nguyen, B. Op Het Veld, Increasing the cycle life of lithium ion cells
by partial state of charge cycling, in: Microelectron. Reliab., Elsevier Ltd, 2015: pp.
2247-2253. doi:10.1016/j.microrel.2015.08.014.

S. Saxena, G. Sanchez, M. Pecht, Batteries in Portable Electronic Devices: A User’s
Perspective, IEEE Ind. Electron. Mag. 11 (2017) 35-44. doi:10.1109/MIE.2017.2688483.
I. Androulidakis, V. Levashenko, E. Zaitseva, An empirical study on green practices of
mobile phone users, Wirel. Networks. 22 (2016) 2203—-2220. doi:10.1007/s11276-015-
1097-7.

D. Ferreira, E. Ferreira, J. Goncalves, V. Kostakos, A.K. Dey, Revisiting human-battery
interaction with an interactive battery interface, in: Association for Computing Machinery
(ACM), 2013: p. 563. d0i:10.1145/2493432.2493465.

P. Mohtat, S. Lee, J.B. Siegel, A.G. Stefanopoulou, Towards better estimability of

45



electrode-specific state of health: Decoding the cell expansion, J. Power Sources. 427
(2019) 101-111. doi:10.1016/j.jpowsour.2019.03.104.

46



