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Abstract. The use of electric vehicles for goods distribution opens up a wide range of
research problems. Battery electric vehicles (BEVs) operate on batteries that have a
limited life, as well as specific charging and discharging patterns which need to be
considered in the context of their use for goods distribution. While many transportation
problems associated with the integration of freight electric vehicles in distribution
management problems have been investigated, there is room for further research on
specifically how to model battery degradation and behaviour in such problems. The aim of
this paper is to provide tractable models for transportation scientists that will allow
predicting the lifetime degradation and instantaneous charging and discharging behaviour
of BEV batteries.
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Goods Distribution with Electric Vehicles: Battery Degradation and Behaviour Modeling

1. Introduction

Green transportation and city logistics seek ways of reducing transportation externalities
in urban settings, such as forbidding or restricting the use of heavy vehicles in city centers
(see, e.g., Bektag and Laporte (2011); Demir et al. (2014); Gonzalez-Feliu et al. (2014);
Psaraftis (2015)). The research carried out in these fields focuses on the design of distribution
policies that will help decrease the environmental impact of goods distribution. An important
research area lies in the development of models that can accurately predict exhaust emissions
of conventional vehicles (e.g., Demir et al. (2011); Kamarianakis et al. (2011)). In addition, in
recent years we have witnessed an increased interest in topics such as vehicle fleet composition
in green logistics (e.g., Stasko and Gao (2012); Kopfer and Kopfer (2013); Kopfer et al.
(2014); Kog et al. (2014); Goeke and Schneider (2015); Sassi et al. (2015)). In the same vein,
increasing attention is being paid to the use of battery electric vehicles (BEVs) as a means

to yield green distribution practices (Pelletier et al. (2015)).

Beyond the uncertainties surrounding the environmental impacts of freight electric ve-
hicles, there exist performance and financial issues associated with their integration into
distribution schemes. Although offering the advantage of much lower energy and mainte-
nance costs, these vehicles typically have autonomy and payload limitations, and involve
much larger initial investments in comparison with internal combustion engine vehicles. A
common denominator to these financial and technical limitations is the vehicle’s battery. The
most common kind of batteries used in modern passenger and freight BEVs are lithium-ion
batteries (den Boer et al. (2013)), which in addition to being costly and restricting the pay-
load and range of freight BEVs, have a limited lifespan and specific charging and discharging

behaviours.

1.1 Motivation for battery degradation modeling

In most cases where BEVs are used for goods distribution, these are mainly charged at depots
overnight and do not use public charging stations outside the drivers’ breaks (Nesterova et al.
(2013), Naberezhnykh et al. (2012), Taefi et al. (2015)). This can be explained by the need
to use the drivers’ time efficiently and by security concerns (Naberezhnykh et al. (2012)).
Charging automotive lithium-ion batteries can take hours depending on the equipment used
and on the capacity of the battery (US DOE (2012)), making fast charging infrastructures
necessary for recharging during delivery routes; these, however, are almost inexistent in most

countries (IEA and EVI (2013)). En route recharging facilities are only useful in contexts
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where BEV routes are highly constrained by the battery capacity. Since one of the effects
of lithium-ion battery degradation is a loss of battery capacity and hence a decrease in the
vehicle’s achievable range (Barré et al. (2013)), and since such autonomy declines have been
reported in actual freight BEV deployments (Taefi et al. (2015)), long term operational
flexibility can be preserved by taking steps to ensure that the battery is not excessively aged

when this can be avoided.

Lithium-ion battery packs for BEVs are a major cost component of these vehicles (Elec-
trification Coalition (2013)). The cost of BEV lithium-ion battery packs per kWh were up
to $800 in 2012 (Cluzel and Douglas (2012), Duleep et al. (2011)) and should remain above
$300/kWh in the next ten years (Gerssen-Gondelach and Faaij (2012)). However, it has
recently been suggested that they have been decreasing faster than predicted and could al-
ready be about $400/kWh (Nykvist and Nilsson (2015)). Nevertheless, considering that the
lithium-ion battery packs in battery electric trucks can have approximate energy capacities
of 100 kWh (e.g., Smith Electric Vehicles (2015); Electric Vehicles International (2015)) and
sometimes much more (e.g., Balqon Corporation (2013)), the battery still represents a signif-
icant portion of the vehicle’s cost. Several factors regarding storage and operating conditions
can influence the lifespan of these batteries (Barré et al. (2013)). Moreover, having to re-
place the battery in electric delivery trucks over the course of their lifetime has been shown
to significantly decrease their attractiveness (Davis and Figliozzi (2013); Feng and Figliozzi
(2013); Lee et al. (2013)). It therefore also seems logical from a cost perspective to try to

incorporate certain battery health considerations into distribution schemes with BEVs.

1.2 Motivation for battery behaviour modeling

Several recent studies have successfully handled the routing issues associated with the inte-
gration of BEVs in distribution management problems, such as limited range and payload,
and the possibility of recharging en route at stations or at the depot. Regarding battery
modeling, most studies have treated the battery as having a fixed energy capacity. Such
papers have modeled the charging process either as a fixed charging time penalty (Afroditi
et al. (2014), Preis et al. (2014), Conrad and Figliozzi (2011)), as an energy recharging rate
per unit of time (e.g., Lebeau et al. (2015), Hiermann et al. (2014), Goeke and Schneider
(2015), Schneider et al. (2014), Bruglieri et al. (2015), Felipe et al. (2014)), or with piecewise
linear approximations based on experimental data (Ziindorf (2014)). During discharging,
the energy capacity of the battery is either assumed to decline linearly according to the dis-
tance traveled (e.g., Hiermann et al. (2014), Schneider et al. (2014), Bruglieri et al. (2015),
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Felipe et al. (2014), Sassi et al. (2015)), or by an amount determined according to an energy
consumption model based on road forces acting on the vehicle (e.g., Lebeau et al. (2015),
Goeke and Schneider (2015), Preis et al. (2014)).

It is clear that several routing problems associated with the use of freight BEVs have
been solved, thus demonstrating that operations research can help to successfully integrate
these vehicles into distribution operations by modeling and solving relevant problems (e.g.,
optimal paths, fleet size and mix, vehicle routing) which take into account the specific char-
acteristics of these vehicles (Pelletier et al. (2015)). However, we believe that there is still
room for further development regarding how to model the battery’s discharging and recharg-
ing processes in a tractable way, which is still capable of taking certain fundamental battery

behaviour characteristics into account.

For example, a battery’s capacity should ideally be treated as a measure of electrical
charge rather than energy (Sauer (2009)). The battery’s state of charge (SOC) should
therefore refer to the current proportion of electrical charge inside the battery with respect to
the maximum possible charge it can hold (Bergveld (2001)), as opposed to the current amount
of energy inside the battery with respect to a maximum energy capacity, as is typically the
case in transporation planning problems. As a result, the instantaneous variation of the
battery’s SOC can be defined as the electrical current coming in or out of the battery divided
by its maximum capacity (Moura et al. (2011)), since current is a measure of electrical charge
per unit of time. Furthermore, the power output of a battery corresponds to the product
of its terminal voltage and current (Khajepour et al. (2014)), both of which are subject to
variations while discharging, according to the power profile associated with the driving cycle
(Campbell (2011)). Even when assuming that a BEV travels at constant speed and hence
requires a constant battery power output, the battery’s terminal voltage (as it partly depends
on the SOC) would decrease while discharging and its current would need to increase in order
to maintain the required power output (Sauer (2009)). The battery’s SOC variation with

time therefore depends on the electrical current profile associated with the driving cycle.

Moreover, there exists a difference between available and maximum capacity. The latter
varies with temperature and will fade over the battery’s life, but the former also decreases
when the battery is discharged with larger currents (Lam (2011)). This is because in order
to avoid certain degradation mechanisms, the discharging process must be stopped when
the battery’s terminal voltage decreases to a certain cut-off value (Wenzl (2009)). Since the
battery’s terminal voltage can be modeled as a function of both the current and the SOC
(Larminie and Lowry (2003)), the end of the discharging process can occur at several SOC

values due to different voltage drops resulting from different discharging currents (Chen and
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Rincén-Mora (2006)). Thus, if the SOC is defined with respect to the maximum capacity
under a reference temperature, the end of discharge will be reached at a SOC higher than
0%, since larger currents cause larger voltage drops, and hence the maximum capacity will
only be fully delivered under an infinitely small discharging current (Lam (2011)). This also
implies that a battery discharged with a large current which has reached its cut-off voltage
could actually be further discharged if the current was reduced (Bergveld (2001)). In the
same vein, the available energy during a specific discharging cycle will also depend on the
terminal voltage and on the current profile required to provide the power output, with the
total delivered energy obtained by integrating their product over discharge time (Khajepour
et al. (2014)).

There also exist some interesting battery empirical degradation models that consider the
battery’s charge throughput (i.e., the amount of electrical charge coming in and out of the
battery) as well as the charging and discharging current to estimate the battery’s capacity
fade, both of which require the knowledge of the battery’s electrical current. In addition,
the battery in an electric vehicle is often charged with a constant current-constant voltage
(CC-CV) scheme (Liu (2013)). The charging current is held constant during the first phase
(CC) and hence the SOC increases linearly with time until the battery’s terminal voltage
increases to a specific maximum value. Allowing the battery to reach a higher voltage will
cause overcharging degradation to occur (Lam (2011)). Therefore, the terminal voltage is
then held constant at its maximum value in the second phase (CV), thus causing the current
to decrease exponentially and the SOC to increase concavely (Marra et al. (2012)). Another
alternative is to charge the battery with a constant power-constant voltage (CP-CV) scheme.
The CC phase is then replaced by a CP phase during which the current decreases with time
while the terminal voltage increases to maintain the constant charging power (Liu (2013)).
In both cases, models linking the battery’s terminal voltage to the charging current and SOC

must be employed to represent the charging process more accurately.

1.3 Aim and organization of this paper

For the reasons stated above, in the context of transportation planning problems with BEVs,
there is a need for more elaborate modeling approaches to represent the battery’s degrada-
tion over its lifetime, as well as to account for its instantaneous charging and discharging
behaviours. The objective of this paper is to provide helpful information to understand these
features, as well as tractable models to predict their behaviour. These contributions should

prove useful to the growing community of transportation scientists involved in the develop-
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ment of models and algorithms for goods distribution by BEVs, several of which partly rely
explicitly on battery degradation and instantaneous behaviour functions. With this goal in
mind, Section 2 provides a brief description of lithium-ion batteries, their current status and
expected future projections. Section 3 describes the mechanisms that cause degradation to
occur and lists a few interesting aging models that allow the prediction of capacity fading
over battery lifetime. Section 4 investigates how the fundamental instantaneous charging and
discharging behaviour of the battery can be taken into account by appropriately aggregating
a number of existing models and principles. Finally, conclusions and insights are drawn in

Section 5. Appendix A contains a glossary of the technical terms used in this study.

2. Lithium-ion batteries

Currently available options for batteries in electric vehicles are lead-acid batteries, nickel-
metal hydride batteries, sodium-nickel-chloride batteries (also called ZEBRA batteries), and
lithium-ion batteries (Yong et al. (2015)). Since lithium-ion batteries have a high specific
energy, high specific power, good lifespan attributes and low memory effect (Lukic et al.
(2008)), they are currently the most commonly used battery technology in modern BEVs.
Lithium-ion batteries are also the leading option for plug-in hybrid electric vehicles (PHEVs),
but nickel-metal-hydride batteries are still used in non-plug-in hybrid electric vehicles (HEVs)
which do not require such a high specific energy (Cluzel and Douglas (2012)). Lead-acid
batteries have an even lower specific energy and are thus limited to low performance BEVs
and micro-HEVs (Gerssen-Gondelach and Faaij (2012)). ZEBRA batteries have a good
specific energy and have been used in earlier freight BEVs (Nesterova et al. (2013)), but their
low specific power and very high operating temperature are significant drawbacks compared
to lithium-ion batteries (Gerssen-Gondelach and Faaij (2012)).

2.1 How lithium-ion batteries function

The purpose of any rechargeable battery is essentially to employ reduction and oxidation
(redox) reactions in order to store energy during charging, and subsequently use it to accom-
plish work during discharging (Moura (2011)). Automotive lithium-ion batteries are made
of many electrochemical lithium-ion cells which are first assembled into modules and then
into a battery pack to reach the desired capacity and voltage (Cluzel and Douglas (2012)).
The same lithium-ion technology is behind the batteries of passenger and freight BEVs, the

latter using packs with more cells or larger cells (den Boer et al. (2013), Cluzel and Douglas
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(2012)). In each cell, lithium ions are displaced between two intercalation electrodes during
charging and discharging while electrons flow through an external circuit. This process is

summarized in Figure 1.

The electrodes are the components looking to react with each other (i.e., provoking the
redox reactions), while the electrolyte allows ions to move back and forth between these
within the battery (Tarascon and Armand (2001)). The electrolyte also contains a separator
to ensure that the electrodes do not come into direct contact (to prevent a short circuit)
while still allowing the lithium ions to traverse its pores (Cluzel and Douglas (2012)). While
discharging, the electrons and lithium cations (i.e., positive ions) simultaneously flow from
the negative electrode (i.e., the anode) to the positive one (i.e., the cathode), with the
electrons traversing an external electric circuit and the ions traversing the electrolyte solution;
the process is reversed when the battery is charged (Cluzel and Douglas (2012)). The
oxidation reaction (i.e., the loss of electrons) therefore occurs at the anode and the reduction
reaction (i.e., a gain of electrons) occurs at the cathode when the battery is being discharged.
The electrolyte is essential for these reactions to occur (i.e., for electrical current to be
generated) since it allows positive lithium ions to move from one electrode to the other.
This neutralizes the charges that form during the loss and gain of electrons at each side and
thus completes the chemical reaction (Aravindan et al. (2011)). Current collectors are also
connected to each electrode via a binder in order to link the active materials of the cell to
the external circuit (Lam (2011)).

In summary, the idea is to force lithium ions into a disfavored higher energy state at
the anode during charging (by transforming the provided electrical energy into chemical
energy), and only allow them to return to a preferred lower energy state at the cathode
during discharging when an external electrical circuit is connected and the discharging redox
reactions can occur (by transforming the stored chemical energy into electrical energy), thus

taking advantage of the movement of electrons in the process to accomplish work.

2.2 Performance assessment

There exist several different kinds of lithium-ion batteries, varying according to the materials
used in their cells and ultimately presenting pros and cons regarding attributes such as
energy, power, safety, lifespan and cost (Dinger et al. (2010)). In currently available lithium-
ion batteries, the cathode typically consists of some lithium metal oxide (e.g., Figure 1
depicts a lithium cobalt oxide cathode) or lithium iron phosphate compound, while graphite

is commonly used for the anode; the electrolyte is often a lithium salt in an organic solvent
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Figure 1: Schematic representation of lithium-ion battery function
(Source : Thackeray et al. (2012))

(Cluzel and Douglas (2012)). Cathodes can also consist of a combination of different chemical

compounds for performance and cost reasons (Thackeray et al. (2012)).

Electric vehicles in distribution schemes typically involve the delivery of goods to cus-
tomers, and thus the use of freight BEVs such as trucks. Several electric truck manufacturers
have opted for some form of lithium iron phosphate compound for the cathode in their vehi-
cles’ lithium-ion battery (e.g, Boulder Electric Vehicle (2015), Balgon Corporation (2015)).
Lithium iron phosphate batteries typically provide good safety and lifespan attributes com-
pared with other options, at the expense of a somewhat lower specific energy (Dinger et al.
(2010)). Some electric truck manufacturers have attempted to increase the performance
of their vehicles by adding other metals such as magnesium to the conventional LiFePO4
cathode (e.g., Electric Vehicles International (2015)), or by using nanoscale materials (e.g.,
A123 (2015)). Much research is still conducted to develop better component materials and
combinations aimed at improving the performance of lithium-ion batteries (Thackeray et al.
(2012)).

Battery weight is a key consideration for goods distribution with BEVs since it forces
trade-offs to be made between payload and range. As previously mentioned, the amount
of energy that a battery can deliver varies according to the load conditions, and hence so

does its specific energy (Larminie and Lowry (2003)). Nevertheless, approximate values for
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energy and power contents per unit of mass can be helpful for comparison purposes with
other fuel types. Current automotive lithium-ion cells have a specific energy ranging from
100 to 180 Wh/kg, depending on the materials used (Cluzel and Douglas (2012)). While the
specific energy of lithium-ion cells is expected to increase in the future, the development of
technologies with lithium metal anodes such as lithium-sulfur (Li-S) and lithium-air (Li-air)
batteries should allow reaching values above 500 Wh/kg (Bruce et al. (2012)). Zinc-air (Zn-
air) batteries are another option under development which could improve specific energy
(Yong et al. (2015)). Furthermore, the final battery pack can have a specific energy up
to 40% lower than the cells due to additional packaging components, thus estimated to be
between 80 and 120 Wh/kg for BEVs in 2010 (Dinger et al. (2010)). Projections made in
2012 from Gerssen-Gondelach and Faaij (2012) for BEV lithium-ion battery packs and other
potential BEV battery types (Li-S, Li-air and Zn-air) are provided in Table 1. Note that these
projections do not imply that all issues associated with new battery technologies (e.g., safety
and cycle life for Li-S; specific power and efficiency for Zn-air; safety, cycle life, and specific
power for Li-air) will necessarily be resolved by 2025; lithium-air batteries in particular are
much less developed and thus considered to be a longer term solution (Gerssen-Gondelach
and Faaij (2012)).

While specific power is considered to be an issue associated with other potential battery
technologies for BEVs of the future (Gerssen-Gondelach and Faaij (2012)), this is not so much
the case for lithium-ion batteries since these can already offer similar power capabilities as
internal combustion engines (Dinger et al. (2010)). The specific power of current lithium-ion
cells can take many values according to design trade-offs between specific power and specific
energy (e.g., PHEVs require significant power from smaller batteries), thus ranging from
roughly 200 W /kg to 2000 W /kg (Cluzel and Douglas (2012)). Lithium-ion battery packs
in current BEVs should provide approximately 400 W /kg, with 500 W /kg expected by 2025
(Gerssen-Gondelach and Faaij (2012)).

Diesel fuel, on the other hand, has a specific energy of approximately 12,500 Wh/kg
(ACEA (2013)). Even taking into account the fuel tank’s weight in conventional vehicles
and the fact that battery electric trucks can be three to four times more efficient than similar
diesel trucks from a tank-to-wheel perspective (Gallo and Tomié¢ (2013), Lee et al. (2013)),
the difference in energy actually used to turn the wheels per kilogram of the on-board energy
storage system remains very significant. Although the range of freight BEVs may become
less constraining in the future with the development of battery technologies, it remains that
current ranges typically vary from 100 to 200 kilometers for freight BEVs (Nesterova et al.

(2013), AustriaTech (2014)), and can temporarily decrease due to several external factors
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such as heavy loads, upward slopes, high speeds, and quick acceleration (US DOE (2012)).

Table 1: Projections for current and other promising BEV battery technologies
(Source: Gerssen-Gondelach and Faaij (2012))

Li-ion Li-S Zn-air Li-air
Specific energy (Wh/kg) 2015 150 Not applicable Not applicable Not applicable
2025 200 400 250 500
Beyond 2025 250 500 350 1000
Specific power (W /kg) 2015 400 Not applicable Not applicable Not applicable
2025 500 300 Unknown Unknown
Beyond 2025 500 400 Unknown Unknown
Cost ($/kWh) 2015 400-600  Not applicable Not applicable Not applicable
2025 300-400 Highly uncertain Highly uncertain Highly uncertain
Beyond 2025 250-300 250-500 100-300 350-700

3. Lithium-ion battery degradation

The health of lithium-ion batteries can be negatively influenced by the way they are used and
stored, the former corresponding to cycle aging and the latter to calendar aging (Barré et al.
(2013)). The two main consequences of battery degradation in electric vehicles are capacity
fade, which reduces the vehicle’s achievable range, and impedance raise, which reduces the
battery’s available power output (Barré et al. (2013)). The end of life of the battery in
BEVs is usually considered to occur when its available capacity or maximum power under
reference conditions has decreased by 20% of its original value, although the loss of capacity
is typically the determining factor given that the initial power capabilities of the battery
are superior to what the vehicle requires (Lam (2011)). Current lithium-ion cells for BEVs
usually have a five to ten year life according to the cell chemistry and the way they are
managed (Cluzel and Douglas (2012)), and should be able to provide 1,000 to 2,000 cycles
when cycled with large SOC variations, with 4,000 cycles expected in the near future (den
Boer et al. (2013)).

The objective of this section is twofold: to investigate what causes the performance

of lithium-ion batteries to fade over their lifespan, and to determine whether such aging
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can be modeled in a tractable way. In order to fulfil this objective, Section 3.1 describes
the primary mechanisms causing degradation to occur in lithium-ion batteries, as well as
operating conditions which tend to enhance the effect of such mechanisms. Section 3.2 then
presents a few practical models which allow predicting the degradation resulting from certain

stress factors over the course of a battery’s lifetime.

3.1 Degradation mechanisms and aggravating factors

A significant portion of the deterioration of current lithium-ion cells with a graphite anode
stems from chemical side reactions that occur between the anode and the electrolyte at
their interface, resulting in the formation of a solid electrolyte interphase (SEI) on the
anode’s surface and the simultaneous consumption of lithium ions during the reaction, thus
causing power and capacity fade respectively (Vetter et al. (2005), Tan et al. (2013), Zheng
et al. (2015a)). In the battery’s first cycles, the formation of the SEI on the anode is
desirable since it prevents excessive electrolyte decomposition and anode corrosion in the
future while still allowing lithium ions to traverse it (Vetter et al. (2005)). However, the
SEI film slowly continues to grow and rearrange itself as well as to consume lithium over the
course of the battery’s life, and the battery’s performance therefore continues to deteriorate
(Vetter et al. (2005), Tan et al. (2013), Zheng et al. (2015a)). Solid surface layers may
also form at the interface of the cathode and the electrolyte (Vetter et al. (2005)), although
they are much thinner than those formed on the anode (Hausbrand et al. (2015)). The
reactions occurring at the interfaces of the electrodes and the electrolyte can also reduce the
electrolyte’s capability to allow lithium ions to flow through it as well as release unwanted
gaseous side products (Moura (2011)). In addition the electrodes can experience structural
and chemical deterioration over the battery’s lifespan (Moura (2011)). Overviews of anode

and cathode aging mechanisms are provided in Table 2 and Figure 2, respectively.

There exist certain operating and storage conditions that tend to enhance these degra-
dation mechanisms. Keeping the cell at a high SOC or in high temperatures as well as using
high charging or discharging rates can accelerate degradation resulting from electrolyte de-
composition and the SEI development on the graphite anode (Vetter et al. (2005), Barré
et al. (2013), Zheng et al. (2015c), Zheng et al. (2015b)). Larger SOC variations during
cycling may accelerate power fade via the growth of the SEI and possible damage to the
cathode materials (Belt et al. (2003)). A larger depth of discharge (DOD, i.e., cycling SOC
swing) can also cause contact losses between certain components on the anode side due to

volume variations of anode materials during cycling (Vetter et al. (2005)).
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Table 2: Overview of lithium-ion battery anode aging mechanisms
Vetter et al. (2005))

(Source :

Cause

Effect

Leads to

Reduced by

Enhanced by

Electrolyte decomposition
(— SEI) (Continuous side
reaction at low rate)

Solvent co-intercalation, gas
evolution and subsequent
cracking formation

in particles

Decrease of accessible surface
area due to continuous SEI
growth

Changes in porosity due to
volume changes, SEI
formation and growth

Contact loss of active material
particles due to volume
changes during cycling

Decomposition of binder

Current collector corrosion

Metallic lithium plating and
subsequent electrolyte
decomposition by metallic
lithium

Loss of lithium
Impedance rise

Loss of active material
(graphite exfoliation)
Loss of lithium

Impedance rise

Impedance rise
Overpotentials

Loss of active material

Loss of lithium
Loss of mechanical
stability

Overpotentials
Impedance rise
Inhomogeneous
distribution of current
and potential

Loss of lithium
(loss of electrolyte)

Capacity fade
Power fade

Capacity fade

Power fade

Power fade

Capacity fade

Capacity fade

Power fade
Enhances other

aging mechanisms

Capacity fade
(power fade)

Stable SEI (additives)
Rate decreases with time

Stable SEI (additives)

Carbon pre-treatment

Stable SEI (additives)

External pressure

Stable SEI (additives)

External pressure

Proper binder choice

Current collector pre-treatment

Narrow potential window

High temperatures
High SOC

Overcharge

High temperatures

High SOC

High cycling rate
High SOC

High cycling rate
High DOD

High SOC

High temperatures

Overdischarge

Low SOC

Low temperature
High cycling rate
Poor cell balance
Geometric misfits

Overcharging the battery (i.e., allowings its terminal voltage to exceed the specified cut-

off value) can result in the formation of dendrite on the anode (i.e., metallic lithium deposits),

thus wasting more cyclable lithium (Ouyang et al. (2015)). If continuously expanded, the

dendrite can even puncture the separator and result in severe overheating (Moura (2011)).

Lithium plating on the anode can also develop as a result of low temperatures (Vetter et al.
(2005), Barré et al. (2013)) and high charging rates (Trippe et al. (2014)). A loss of active

cathode materials can also occur when the battery is overcharged (Lam (2011)).

Graphite anodes can be subject to mechanical degradation (e.g., cracks and fissures) when

using high charging rates in high SOC levels (Agubra and Fergus (2013)). Furthermore,

certain conditions (e.g., high temperatures, low and high SOC levels) can result in the

dissolution of the active materials of certain cathodes into the electrolyte as ions which can

eventually end up growing the SEI film on the anode (Vetter et al. (2005), Amine et al.
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Figure 2: Overview of lithium-ion battery cathode aging mechanisms
(Source : Wohlfahrt-Mehrens et al. (2004))

(2005)).

Current collectors on the electrodes may also contribute to certain degradation mecha-
nisms; for example, there could be dissolution of the anode’s copper current collector when
the battery is discharged to low voltage levels (i.e., near or beyond the cut-off voltage), sub-
sequently forming dendrites on the anode which may also eventually puncture the separator
(Arora et al. (1998)). Current collector corrosion resulting from excessively low voltage levels

can also lead to diminished contact with the anode’s materials (Vetter et al. (2005)).

In summary, lithium-ion battery degradation occurs during both storage and cycling
because of several chemical and mechanical processes which ultimately lead to capacity fade
through the loss of cyclable lithium and other active materials, and to power fade through
the formation of interface films and the loss of electrical contact between certain materials
(Barré et al. (2013)). This is summarized in Figure 3. The presence and extent of the
different degradation mechanisms ultimately depend on the specific cell chemistry as well
as storage and operating conditions; however, these mechanisms tend to interact with each
other, which makes battery degradation prediction and modeling a difficult task (Vetter
et al. (2005)). Nevertheless, there seem to be certain recurrent factors which accelerate

aging in most lithium-ion batteries, such as overcharging, overdischarging, high and low
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temperatures, high SOC during storage, large DOD, and high charging or discharging rates.
These may be more easily incorporated into transportation planning problems without an
expertise in electrochemistry. While some factors can be taken into account with simple
model constraints (e.g., limiting the usable voltage or SOC window to avoid overcharging
and overdischarging), the effect of others may require more elaborate degradation models

(e.g., storage conditions, charging and discharging rates, temperature, DOD).

3.2 Useful battery lifetime degradation models

There exist different ways to estimate lithium-ion battery degradation depending on which
performance attribute is being studied (capacity fade or resistance increase), which type of
battery life is being considered (calendar or cycle life), and the overall modeling approach.
Some of these approaches use electrochemical models, which rely heavily on theory to under-
stand and predict the actual reactions causing degradation within the battery, while others
use a more empirical approach to model battery aging, thus trying to establish relation-
ships between battery aging and certain factors by using experimental data (Bashash et al.
(2011)). Both electrochemical and empirical approaches have their drawbacks, notably that
the former are very complex and too theoretical to be practically applied, while the latter
require significant amounts of data and are only valid under specific experimental conditions
(Xu (2013)). Semi-empirical models seek to combine the advantages of both previous ap-
proaches by combining theoretical principles with experimental results to attribute values to
the fitting parameters of the models, thus being simpler than electrochemical models, while

being applicable to broader conditions than empirical models (Xu (2013)).
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Due to the very detailed and complex nature of electrochemical models, empirical and
semi-empirical models seem like the most likely candidates in the context of transportation
planning. The goal of this section is not to exhaustively survey such models, but rather
to identify the most relevant ones for transportation planning problems. Also, since power
capabilities of modern lithium-ion batteries are not problematic in BEVs, the following
examples will focus on capacity fade models. Note that such empirical and semi-empirical
methods measure the available capacity under reference conditions over the lifespan of the
battery, thus eliminating the previously discussed variation of available capacity which can

occur under different operating conditions.

Wang et al. (2011) have developed a semi-empirical degradation model for the cycle life of
lithium iron phosphate cells, thus establishing a mathematical relationship linking capacity
loss to the discharge C-rate, temperature and charge throughput. A discharge rate of one
C is a measure of the discharging current associated with the delivered capacity when a
fully charged battery reaches its cut-off voltage in one hour, and serves as the reference for
expressing other discharging currents (Sauer (2009)). For example, if the one-hour discharge
capacity of a battery is 10Ah, then C' = 10A, 5C = 50A, and 0.2C = 2A. The charge
throughput is the total amount of electrical charge processed through the cell. The model
of Wang et al. (2011) provides a simple formula to account for different discharge rates via
equation (1), in which Qs is the percentage of capacity loss, B is the pre-exponential factor,
R is the gas constant, 7' is the absolute temperature, and Ay, is the total charge throughput
of the cell:

—31700 + 370.3 - Crate
Qloss =B- exXp < R-T fat > . (Ah)0'55. (1)

Peterson et al. (2010) have developed an empirical degradation model for the cycle life
of lithium iron phosphate cells as well, and have established a linear relationship between
capacity fade and the discharged energy throughput (Wh) under a realistic PHEV driving
duty cycle. Their results also show the difference in the degradation occurring in driving
conditions (i.e., with a time-varying discharge current) and in static conditions (i.e., with
a constant discharge current). This is important since empirical models are often validated
under specific experimental operating conditions which may not adequately represent the
dynamic load profiles to which electric vehicles are subject in reality. Models developed
for static operating conditions therefore assume that the stress factors (e.g., charging and
discharging rate, cycling DOD, average SOC and temperature) will be identical over the
entire lifespan of the battery. Applying a degradation model that has not been developed
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for dynamic operating conditions in a transportation planning problem thus requires making
certain assumptions, such as the effect of time-varying stress factors during a certain horizon
corresponds to the effect of their average values, and the effects of stress factors in different

horizons are independent of each other.

Thus, ideally battery degradation models should be validated with data obtained under
dynamic operating conditions, such as the semi-empirical ones proposed by Sarasketa-Zabala
et al. (2014a) and Sarasketa-Zabala et al. (2014b) for calendar and cycling aging, respectively.
These models establish mathematical relationships to link capacity loss to temperature and
SOC for the calendar life model (equation (2)), as well as to DOD and charge throughput
for the cycle life model (equations (3) and (4)). Both models were developed with experi-
mental data of lithium iron phosphate cells, and validated under dynamic conditions. In the
following calendar aging model, T' is the storage temperature, ¢ is the storage time in days,

and a1, 1, ag, and [y are fitting parameters:

Quoss = a1 - exp (B1 - T7") - g - exp (B - SOC) - 172, (2)

The cycle aging model is expressed through the following capacity fade equations, in
which DOD is the depth of discharge, Ah is the total charge processed through the battery,
and a3, f3, a4, B, 71, Y2, and 3 are fitting parameters. Equation (3) is for a DOD ranging
from 10% to 50%, while (4) is for all other DOD values. Parameter k is a correction factor for
dynamic operating conditions and is thus equal to 1 if the cycling DOD is constant. The only
problem arising in applying this cycle life model is that the swing of SOC during charging
and discharging (DOD) is assumed to always occur around a middle SOC of 50%. However,
the authors plan to combine the calendar and cycle life models into a unified degradation
model which would be valid under varying operating conditions, and extend the cycle life

model for other middle states of charge:

Qioss = (71 - DOD* + 4 - DOD + 73) - k- AR for 10% < DOD < 50%  (3)

Qioss = (03 - exp(f3 - DOD) + ay - exp(By - DOD)) - k - Ah* (4)
for DOD < 10% and DOD > 50%.

Another interesting aspect of their work is the method for accounting for variations in operat-
ing conditions; they use the residual capacity resulting from previous conditions to determine

the position on the capacity fade curve associated with the new conditions. This is illustrated
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in Figure 4 for calendar life degradation with varying storage temperatures. For example, in
Figure 4, the battery is initially stored at 10°C for approximately 600 days before the storage
temperature changes to 40°C. Thus, the capacity fade curve for 10°C is first followed until
the temperature switches to 40°C (arrow 1 in the figure). When this happens, a horizontal
shift from the capacity fade curve for 10°C to the one for 40°C is performed in order to use
the one for 40°C according to the accumulated capacity fade under the previous temper-
ature. The capacity fade curve for 40°C is then followed during the total storage time at
this temperature (arrow 2 in the figure). In the same vein, when the storage temperature
then switches from 40°C to 20°C, the horizontal shift to the capacity fade curve for 20°C
takes into account the accumulated degradation under all previous temperatures. Such an
approach therefore requires making the assumption that the degradation resulting from new
operating conditions is independent of the way the accumulated capacity fade was reached
(Wenzl et al. (2013)).

7 T T T T T T T
| CR calc. @10°C
\ e CR calc. @20°C
6.5 R L S B e e {7 =——= CRcalc. @40°C [|
: i : ———- CR calc. @60°C
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Figure 4: Using capacity fade curves under varying conditions
(Source : Wenzl et al. (2013))

Another approach for considering battery degradation (whether calendar or cycle aging)
under varying conditions, is to consider the effect arising from operating conditions regarding
a stress factor during a certain horizon relative to the total lifespan of the battery, if those
same conditions were maintained throughout the battery’s life. This approach was used by
Hoke et al. (2011) to determine the loss of life ratios for the individual effects of temperature,
average SOC, and cycling DOD on capacity fade, and for the effect of temperature on power

fade. Using the assumption that the effects of these stress factors are independent, the
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maximum between the total capacity fade costs and power fade costs is then chosen as the
degradation cost associated with the planning horizon. Thus, the battery degradation cost
Cdeg OVer the considered horizon is obtained with equations (5) and (6), in which ¢y is the
purchase cost of the battery, cqr, cgsoc, and cg pop are capacity fade costs associated
with temperature, SOC, and DOD respectively, and cpy is the power fade cost associated
with temperature. AL, , is the lifespan lost during the considered horizon due to fading
characteristic y (i.e., capacity ) or power P) under the present conditions regarding stress
factor x (i.e., T', SOC, or DOD), and L, , is the total battery lifespan if the present conditions
regarding stress factor z were maintained until fading characteristic y reached its end of life
value. Readers may refer to the paper of Hoke et al. (2011) for more information on the

determination of the different ¢, , costs:

Cdeg = MAX CQ,T + €Q,50C T €Q,DOD; CPT (5)
AL, ,
Cyz = Cbat * —. (6)
Y, a Ly’x

Similar approaches (i.e., determining battery degradation costs via the product of relative
loss of life and the battery’s price) have also been used in a few transportation planning
problems. Barco et al. (2013) applied a version of the model of Hoke et al. (2011) to their
VRP with electric vehicles in the context of public transportation. Arslan et al. (2014)
studied a minimum cost path problem for PHEVs in which they first determine the number
of cycles which could be achieved for each DOD according to the battery’s cycle life curve
with respect to DOD, and then multiply the battery purchase cost by the inverse of the
number of cycles for each possible DOD. Hence, they determine the parameters for the
following quadratic degradation cost function in monetary units for any charging SOC swing
0; at a node 7 along the path, in which a and b are parameters which depend on the specific

cycle life versus DOD curve of the battery: cgey = a - 67 +b - d;.

This kind of approach could also be extended to include more elaborate cycle life models
as well. For example, Omar et al. (2014) developed an empirical relationship between the
number of full cycles that could be achieved by lithium iron phosphate batteries and the
charging rate used. Thus, a methodology similar to that of Arslan et al. (2014) could
be employed in an electric vehicle routing problem with different charging options (e.g.,
Sassi et al. (2015); Felipe et al. (2014)) in order to determine a degradation cost per cycle
associated with quickly charging the battery under a high charging rate. Moreover, Omar

et al. (2014) also determined an empirical relationship between the number of cycles that
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could be achieved by the battery with respect to DOD using a load profile representing
dynamic operating conditions such as those encountered by electric vehicles. The resulting
cycle life versus DOD curve could be combined with the approach of Han et al. (2014), who
use the battery’s acquisition cost and cycle life versus the DOD curve to develop a function
representing wear costs per unit of energy going in or out of the battery according to the
battery’s SOC in order to account for different degradation rates occurring at different SOC

levels.

Another interesting way of accounting for more specific cycling conditions than charge
throughput is to use rainflow cycle counting to determine what should constitute cycles under
irregular SOC driving profiles (Liu (2013)), as was done by Xu (2013) in his semi-empirical
degradation model for capacity fade. The model extends that of Millner (2010) by accounting
for irregular SOC profiles and isolating cycle and calendar aging. It considers stress factors
such as DOD, SOC, C-rate, temperature and time. In order to determine the stress factors
associated with each cycle in irregular SOC profiles, the rainflow cycle-counting method
is applied to identify cycles and their respective amplitude (DOD), mean value (average
SOC), begin time, and end time. Each cycle’s C-rate and temperature are then determined,
and their mean SOC and associated temperature are subsequently averaged to compute the
horizon’s overall SOC and temperature averages to be used in the calendar aging model
alongside time. The fitting parameters of the model are determined with experimental data

for lithium manganese oxide batteries.

Finally, accounting for overcharging degradation can essentially be achieved by modeling
the recharging process as a CC-CV process (or CP-CV) rather than one linear charging
function with time, since the CV phase eliminates the risk of reaching exceedingly high
voltage levels which can damage the battery. However, this requires a method to monitor
the non-linearly increasing SOC during the CV phase. In the context of transportation
planning problems, Sweda et al. (2014) propose using an overcharging function that considers
the extra amount of time required for charging the battery in the CV phase of a CC-CV
charging scheme. The actual function is based on the experience of a Nissan Leaf driver
and is used to determine optimal recharging policies along a certain path. Another method
that has been employed in such problems is to use piecewise linear approximations for the
charging curve according to experimental data. This technique was applied by Ziindorf

(2014) in his minimum cost path problem with different types of charging stations.
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4. Instantaneous battery behaviour modeling

Modeling the battery as an equivalent electrical circuit is a tractable way to link the battery’s
terminal voltage, SOC and current. The simplest of these circuit models is illustrated in
Figure 5; it consists of modeling the battery as an open-circuit voltage (Voc(SOC(t)))

source connected in series with an internal battery resistance R(SOC(t)).

R(socr) i
A O

—— Voc(SOC(t) Veerm(t)

O

Figure 5: Simple battery equivalent circuit model, with current i(¢) direction reflecting
discharging.

The open-circuit voltage of the battery corresponds to its voltage when there is no ex-
ternal load connected to it, i.e., when no current is flowing through the battery (Li and Ke
(2011)). The battery’s instantaneous actual voltage (or terminal voltage, Vie.m(t)) will be
inferior and superior to its open-circuit voltage when it is being discharged and recharged,
respectively, because of the current flowing out of it or into it (Larminie and Lowry (2003)).
The open-circuit voltage and the internal resistance of the battery depend on factors such
as SOC (Larminie and Lowry (2003)). The battery’s terminal voltage at time ¢ can thus
be obtained with equation (7) from Larminie and Lowry (2003), in which SOC(t) is the
battery’s SOC at time ¢, and i(t) is the current flowing through the battery at time ¢, with
the convention that the battery current is positive during discharging and negative during
charging:

Vierm(t) = Voc(SOC(t)) = R(SOC(1)) - i(t). (7)

One way of establishing relationships between these circuit elements and such factors is
to use empirical equations and find their fitting parameters with experimental data obtained
by charging and discharging the battery. For example, Xu (2013) uses a circuit as in Figure
5 for lithium iron phosphate cells with empirical equations (8), (9), and (10); see Figure
6 for an example of these relations. The model also distinguishes between the resistance
during discharging (R,) and charging (R.), and considers these as functions of SOC. The
parameters in equations (8), (9) and (10) from Xu (2013) are determined experimentally by
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Lam et al. (2011) and given in Appendix B:

Voo (SOC) = a1e™2%°C 4 a3 + a4, SOC + a5e_1—2600 (8)
Ry(SOC) = b14SOC* + bygSOC? 4 b3gSOC? + by SOC + bsy (9)
R.(SOC) = b1.SOC* + by SOC? + b3.SOC? + by SOC + bs,.. (10)

With this model, assuming that the battery’s SOC varies with time (i.e., SOC(t)), the

Vierm(SOC)

R4(SOC)

aaaaaaaaaaaaa

Figure 6: From left to right: plots of equations (8), (9) and (10), which describe voltage,
discharging resistance and charging resistance, respectively, as functions of SOC.

instantaneous terminal voltage during discharging (Vierm.a(t)) and charging (Vierm.(t)) is

expressed through equations (11) and (12) respectively, which are adapted from Xu (2013):

Vierma(t) = Voc(SOC(t)) — Ry(SOC(t)) - i(t) (11)
Vierm.e(t) = Voo (SOC(t)) = R(SOC(1)) - u(t). (12)

Another approach is to use pre-established mathematical relationships to model funda-
mental relationships between terminal voltage, SOC and current (Li and Ke (2011)). The
model of Tremblay et al. (2007), which is based on Shepherd’s equation (Shepherd (1965)),
is an example. It has the advantage of only requiring three points on the constant current
discharge curve typically included in the battery’s data sheets (as illustrated in Figure 7) to
extract the model’s parameters and it allows to develop a generic battery behaviour model
for four battery types (including lithium-ion batteries). The approach of Tremblay et al.

(2007) considers the following relationship between the open-circuit voltage and current:

Voo(S0C(t)) = Eo —

SOfé(t) + Aexp(—BQ(1 — SOC(1)). (13)

In equation (13), Ejy is the battery constant voltage, K is the polarisation voltage, @ is

the maximum battery capacity in ampere-hours, i(¢) is the instantaneous current, SOC(t)
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Figure 7: Typical constant current discharge curve
(Source : Tremblay et al. (2007))

is the present charge at time ¢ with respect to maximum capacity @, A is the exponential
zone amplitude, and B is the exponential zone time constant inverse. Readers may refer to
Tremblay et al. (2007) for the practical method to extract the parameters from the discharge
curve. The model assumes that the internal resistance R in equation (7) is constant, that
all parameters are identical during charging and discharging, that the temperature has no

effect on the parameters, and that the minimum open-circuit voltage is zero.

Using this expression in (7) we obtain equation (14), which constitutes an alternative to

(11) and (12) to describe the terminal voltage, for both charging and discharging:

Vi (1) = Fo = 5507 + Aexp(=BQ(L = SOC(1) = R-i(0). (14)

There exist several additional ways of modeling the battery as an equivalent circuit,
which vary according to trade-offs between accuracy and complexity (Chen and Rincén-
Mora (2006)). For example, the model in Figure 5 assumes that the terminal voltage reacts
instantaneously to an applied load, while in reality during sudden current variations there
are both an instantaneous variation and a gradual one. These dynamic voltage responses
under step current variations can be captured by adding parallel resistor-capacitor (RC)
components to the circuit of Figure 5 (e.g., Chen and Rincén-Mora (2006), Liu (2013)).

In models based on mathematical relationships such as the one of Tremblay et al. (2007)
previously discussed, such dynamic voltage responses during sudden current variations can
be incorporated by using a filtered current flowing through a polarisation resistance, as
proposed by Tremblay and Dessaint (2009). These authors further improved the model of
Tremblay et al. (2007) by developing separate relationships for the four battery types during

discharging and charging due to certain differences in voltage behaviours.
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4.1 Discharging

In the context of routing electric vehicles for goods distribution, during discharging it is
the required battery power that will determine the current to be supplied by the battery.
In scenarios assuming a constant speed or infrequent and slow speed variations, the errors
resulting from disregarding dynamic voltage responses are less significant (Larminie and
Lowry (2003)). In such circumstances, a tractable circuit like that of Figure 5 seems like a

practical way to account for fundamental battery discharging behaviour.

During discharging, the required mechanical power (P;) can be found based on the
road forces acting on the vehicle. The associated power output (or input in the case that
regenerative braking is also considered) by the electric motor (Pg) and battery (Pg) can then
be found according to their output (or input) efficiencies (Goeke and Schneider (2015)), as
illustrated in Figure 8. Once the power profile required from the battery with respect to
time is known (i.e., Pp(t)), it can be linked to its instantaneous terminal voltage Viepm(t)

and current i(¢) with equation (15) from Larminie and Lowry (2003):

Speed v Vehicle mass m Gradient a
Y Ve ————— 7
Air resistance Fg Rolling resistance F. Gravitional force Fy

Mechanical power  Ppr

£
Electric power Pp

¥

Battery power Pp

Figure 8: Schematic calculation of required battery power
(Source : Goeke and Schneider (2015))

PB(t) = V;ferm(t) Z(t) (15)

Recalling that the terminal voltage can itself be modeled with equations (13) and (14),

equation (15) can be reformulated as (16):

Py(t) = (Voc(SOC(t)) — R -i(t)) - i(t). (16)
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As in Moura et al. (2011), we define the rate of change of SOC with respect to time as

soc) = Lsocw) = —%

o (17)

Note that since the maximum capacity () is assumed to be in ampere-hours, it must be
converted to coulombs by multiplying it by 3600, since current is expressed in coulombs per
second. One can then solve the quadratic formula (18) resulting from equation (16) and thus
find equation (19) for the instantaneous SOC rate of change, SOC(t), as in Moura (2011):

Po(t) = Voc(SOC() - i(t) — R i(t)’ (1s)
soc() = — Yoel50CW) = X‘gzgég(})%c(t)2 —4APp(t)R (19)

The expression of SOC with respect to time for the associated power profile can then be

determined by solving the differential equation (19) with an initial SOC value, see Figure 9.

The same approach could also be used with a model considering the internal resistance
R as a function of SOC (e.g., with equations (9) and (10)); it would yield comparable results
to those shown in Figure 9. If using a degradation model considering charge throughput,
the expression for the electrical current with respect to time (which can easily be found
knowing the expression of SOC(t)) can be integrated over travel time to find the total charge
throughput. If the degradation model also involves the discharging rate, one can then make
the assumption that the C-rate corresponds to the one associated with the average current
supplied (i.e., the charge throughput divided by the travel time). The expression for current
with respect to time can also be discretized into segments during which the current does
not vary significantly. The capacity fade curves associated with the average C-rate of each
segment could then be used as in Figure 4 by replacing the horizontal axis with charge
throughput and with variations in operating conditions being caused by changing C-rates

rather than temperatures.

In addition, since the discharging process must be halted when the terminal voltage of
the battery reaches a certain cut-off value V,,;,, it is possible to approximate the maximum
available discharging power at any given moment ¢ according to SOC(t) with the relation
linking terminal voltage, SOC and current. The maximum instantaneous discharging current
imaz(t) is the one which would result in the battery’s terminal voltage Vieqm(t) dropping to
its known cut-off value V,,;,. With the model of Figure 5 and assuming that resistance

R is constant, the following equations from Liu (2013) allow approximating the maximum
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Figure 9: Numerical solutions of (19) for two different power profiles: a constant one, Pg),

and an oscillating one, P(2) (top left diagram). In clockwise order starting from the top right
diagram, for Jj =12, the corresponding states of charge SOCY), currents i), open-circuit
voltage Voc and termlnal voltage ;) as given by Equations (13) and (14) (right). The
horizontal line in the voltage plot marks the cut-off voltage (V,.;, =2.5V), the horizontal
axis represents time (in seconds).

instantaneous available power Pg . (t):

Vierm(t) = Voc(SOC(t)) — R - i(t)
Vmin - Voc<SOC<t)) R Zmaz( )
. o VOC(SOC(t» mzn
Zmaac(t) - R

Assuming that the maximum allowable discharging current 4,4, 1imit specified by the

manufacturer is known, then if i,0.(t) < tmaz timits PBya, (t) 1S

= Vierm (t) * imaa (t)

25
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- (VOC<SOC<t>> -R- imaz (t)) ' imaz (t)

= Vmin * Zmam<t)

On the other hand, if 4,42 () > tmaz simit, then the maximum instantaneous available battery

power (described in equation (20)) is the one that would require a current ¢4z 1imit:
PBm,w (t) - (VOC(SOC(t>> -R- imam,limit) : imar,limit' (20)

Finally, it should be noted that the parameters of electrical circuit models are typically
determined for single electrochemical cells, while battery packs are made of several parallel
strings of cells connected in series. Assuming all cells in the pack are identical and that
power P,qc;, terminal voltage Viqck, and current i,,.; at the pack level are evenly distributed
among the cells (i.e., Py, Veen, and ig), the relationships between these elements at the
pack and cell level are given by equations (21), (22), and (23) from Xu (2013). N, indicates

the number of parallel strings and N, indicates the number of cells connected in series per

string:

Ppack
P =2 21
SN, (21)

Vack

Vee £ 22
§= (22

. Z aC
Leell = I])V i . (2?))

Some cell models use parameters that can be directly extended to the pack level according
to the cell’s data sheets and the number of parallel strings in the pack and cells connected
in series per string (e.g., MathWorks (2015)).

4.2 Charging

The battery models just described can be used to model the charging process since they allow
monitoring the battery’s terminal voltage and current throughout the process of CC-CV and
CP-CV charging schemes (e.g., Marra et al. (2012)).

As discussed in Section 1.2, in a CC-CV charging process, the charging current is held
constant during the first phase until the battery’s voltage reaches a predefined maximum
value Veoy; the SOC will therefore increase linearly with time, and the battery’s terminal

voltage can be monitored according to its relation with SOC and current. Once the terminal
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voltage reaches its specified threshold, the charging process switches to the CV phase, during
which the terminal voltage is held constant; the electrical current decreases exponentially
with time until a minimal cut-off current value is reached, and the SOC’s rate of change

therefore continuously decreases. This is illustrated in Figure 10.

—icc = 10A

Vierm Vev = 3.6V

SOC(T) = 0.96

SoC

ls

Il
5000 10000 15000

SOC(0) = 0.01 |

Figure 10: CC-CV charging scheme. The horizontal axis shows the time, the vertical axis is
not in scale, in order to simultaneously illustrate the behaviour of current, voltage, and state
of charge. The CC phase (t < t5) is obtained explicitly from (24). The CV phase (t > t;) is
obtained as a numerical solution of the differential equation (26)-(28).

Thus, during the CC phase (i.e., until the terminal voltage reaches its specified threshold
Vov), the state of charge is given by

oo -t
SOC(t) =50C(0) — —— Vt | Vierm(t) < Vo, 24
(1) = SOC0) = 52625t Vi 1) < Vo (24
where SOC(0) is the known SOC at the moment the charging process begins, and i¢¢ is
the known constant charging current (the battery current is assumed to be negative during

charging).

The terminal voltage must be monitored during the CC phase in order to switch to
CV charging when it reaches its known threshold Vi and thus ensure the battery is not
overcharged. This can be achieved by incorporating the expression for SOC(t) from (24)
and the constant charging current i into equation (7), thus giving equation (25) in which
Voc(SOC(t)) can be determined with (13) if the resistance R is assumed to be constant:

Vierm(t) = Voc(SOC(t)) — R-ice Yt | Vierm(t) < Ve (25)

27 CIRRELT-2015-43



Goods Distribution with Electric Vehicles: Battery Degradation and Behaviour Modeling

The same could be done by assuming that the internal resistance R varies with SOC as well,
in which case equations (8) and (10) could be used for Vo (SOC(t)) and R(SOC(t)).

Let ts; denote the time t for which Vi..,(f) = Vv, which marks the switching time
between CC and CV phase. The value of SOC upon entering this phase is simply SOC(ts) =
SOC(0)—ice-ts/3600-Q. The relationship linking the terminal voltage to the battery’s SOC
and current (now a decreasing function of time, i(t)) allows one to establish a differential
equation which can be solved to find SOC as a function of time during the CV phase,
according to the initial value SOC(t,) and the maintained voltage value V. Recalling the
relationship between the rate of change of SOC and electrical current (17) results in the

following equations for the CV phase:

i(ts) = ice (26)
Vov = Voc(SOC(t)) — R-i(t) Vt>t,

= Voo (SOC(t)) + R - 3600 - Q - SOC(t) (27)

SOC(t) = Yov ;2 %600(0?%0@)) . (28)

Once the expression for SOC(t) has been determined, the one for i(f) can be easily
deduced during the CV phase and the charging process can be terminated once it falls below
a certain current threshold i,,;,. One can intuitively understand why the SOC increases
concavely during the CV phase by recalling that the battery’s open-circuit voltage increases
with SOC and that a larger current implies a larger difference between the battery’s open-
circuit and terminal voltage (with the latter superior to the former during charging). The
battery’s terminal voltage is held constant during CV, so that following an infinitesimal time
increment after entering the CV phase, the SOC will increase by the amount corresponding
to the current used in the CC phase. Since the SOC will have increased, so will the open-
circuit voltage, but since the terminal voltage must remain constant, the current will have to
decrease (Bergveld (2001)). Hence following another infinitesimal time increment, the SOC
will have further increased, but at a slower pace due to the current decrease, thus requiring

the current to further diminish, and so on until the current reaches its termination value.

The other advantage of considering the charging process in such a way is that it allows
for monitoring the power being retrieved from the grid more accurately, and hence for the
development of more realistic grid capacity constraints in routing problems which allow
central depot recharging. For example, the power on the grid side can be monitored by

linking the instantaneous grid charging power Py,;q(t) to the required battery power Pp(t)
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according to the charging efficiency n (Marra et al. (2012)). Since the current is held constant
while the terminal voltage increases during the CC phase, and since Pg(t) = Vierm(t) * ice
during this phase, both Pg and P,,;4 will increase (in absolute values) with time until reaching
the CV phase. This is illustrated in Figure 11 for a CC-CV scheme with an initial charging
power level of 3.7 kW and an initial SOC of 60%.

4.5 - 100
a4 - 90
35 - ,‘4 - 80
S s - 70
~ 60
=25 (@]
< 50 O
L 2 w)
= 40
E 13 | e Py - 30
1 Panc - 20
05 — S0C - 10
0 0

time

Figure 11: Charging power during CC-CV charging scheme
(Source : Marra et al. (2012))

This also enables us to determine the charging current ¢c¢ that will be applied to the
battery during the CC phase if the charger offers an adjustable initial power level P,,;4(0).
Denoting Vp := Vo (SOC(0)), the following equations describe the relation between P,;4(t)

and Pg(t), as well as how to find ic¢, assuming the initial SOC and charging power to be
known (i.e., SOC(0) and P,,;4(0)):

Pg(t) =n - Pyria(t) (29)
Pp(0) =1+ Pyia(0) = Vierm(0) - icc = (Vo — R - ice) - ice

Vp — /VZ — 4P5(0)R
2R ’

oo =

On the other hand, in the absence of an increase in the grid’s power output throughout
the charging process, the battery can be charged under a CP-CV charging process (Marra
et al. (2012)). According to the constant power output from the grid and the charging
efficiency, the power applied to the battery during the CP phase can be found with equation
(29), and the functions for SOC and current (which decreases with time since the terminal
voltage increases but the power must remain constant) can be found with equation (19) for
a constant power Pp instead of Pg(t), assumed to be negative during charging. Once the

terminal voltage reaches its threshold, the same method as for the CV phase in the CC-CV

29 CIRRELT-2015-43



Goods Distribution with Electric Vehicles: Battery Degradation and Behaviour Modeling
scheme can be applied to express SOC as a function of time.

4.3 Simplifications

Evidently, there exist several different ways of modeling the behaviour of a battery during
discharging and charging, ultimately varying according to trade-offs between accuracy and
complexity. Nevertheless, some simplifications can also be made. A few of these are now

discussed.

4.3.1 Time discretization

In order to avoid having to deal with continuous temporal functions for SOC and current
that must be determined by solving differential equations, time can always be discretized
into short intervals during which it is assumed that the battery’s power, terminal voltage
and current remain constant. This eliminates the need both for solving differential equations
and for integrating current to find charge throughputs. Knowing the initial SOC at the start
of the horizon and the length At of each time step, the SOC at the beginning of each time
step k could thus be determined according to the current of the previous one, as expressed
in equation (30) from Dekkiche (2008):

At

SOCk+1 = SOCk - m c k.

(30)

Similarly, the charge throughput of a period will correspond to the product of its current
and duration. With a tractable circuit model in which the battery is considered as a SOC-
dependent open-circuit voltage connected in series with a constant internal resistance, the

terminal voltage of each time step will correspond to
‘/termk = VOC(SOCk) — R iy

As a result, for a given SOC), and discharging or charging battery power Py, the current of

each time step will be

o Voc(SOCk) — \/Voc(SOCk)2 —4P.R

R (31)

g

During the CV phase of charging, the current of each period is then determined according
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to the constant terminal voltage Vi and the SOC at the start of the period:

Vev = Voc(SOCk) — R -1
- Voc(SOCy) — Vey
1 = R .

Note that such time discretization can also be used to solve the previous differential

equations numerically with the explicit Euler method.

4.3.2 Constant open-circuit voltage

Although it seems relevant to closely monitor the battery’s terminal voltage, current, and
SOC during charging in the context of goods distribution with electric vehicles in order to
determine realistic charging times, this seems somewhat less reasonable in a transportation
planning problem to simulate the battery’s voltage, current and SOC in real time. Doing so
while simultaneously optimizing delivery routes and respecting their associated operational
constraints may lead to a problem that is simply too large for practical purposes. However,
since some lithium-ion batteries such as those with a lithium iron phosphate cathode have
a relatively flat open-circuit voltage curve for a large SOC range, while the battery is dis-
charging one could assume that it has a fixed open-circuit voltage, e.g., its average value
with respect to SOC. A circuit model with a constant internal resistance can then be used
to further simplify the analysis. With such a model, if in addition the discharging power is
assumed to be constant, the discharging current will also be constant for the required power
output. As a result, SOC can be assumed to decrease linearly, and the value of degradation

model variables such as charge throughput and C-rate can be easily determined.

4.3.3 Peukert equation

If the load can be regarded as a constant discharge current, the Peukert equation offers a
practical method to account for variations in available capacity according to the discharging
current. The following discussion is based on principles and equations from Larminie and
Lowry (2003) and Khajepour et al. (2014). A battery’s Peukert capacity C, is assumed to
be the available capacity in ampere-hours of a battery under a constant discharge current of
1A. The battery’s constant Peukert coefficient £ is used to establish a relationship between
its Peukert capacity and any constant discharge current ¢ and associated discharge time ¢,
(i.e., the elapsed time in hours from a fully charged state before the terminal voltage reaches

its cut-off value when discharged with constant current ):
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-k
Cp =1 - tcut-

The coefficient k& can be found with two known capacity ratings (C; and Cy) for the
battery and their associated discharge time in hours (t.,, and t..,). First, the discharge

current (i1 and is) for each capacity rating can be computed:

Ci . Gy

) 19 =

11 =

tcutl tcutz

We can then use this information to find the Peukert coefficient k since the right-hand

side of both following equations must be equivalent:
Cp — Z’f . tcutp Cp - ZIQC . tcth.
The coefficient £ is thus

1{7 . log tcutg - IOg tcut1
~ logiy —logis

The available capacity C,(7) in ampere-hours and discharge time ¢.,(7) in hours for any

constant discharge current ¢ can then be estimated through the following equations:

Co(i) = tow (i) -1 = 2.

It is also possible to assume that with a time-varying discharge current i(t), the level of
discharge of the battery can be estimated with respect to the constant Peukert capacity C,,
according to the integral of i*(¢) over time. Assuming a positive current during discharge,
if the instantaneous level of discharge D(t) is defined as a value ranging from 0 (i.e., fully
charged state) to 1 (i.e., when the cut-off voltage has been reached), and if the initial level

of discharge Dy is known, then D(t¢) can be defined as

Jo *(®)
D(t) = Dy + =20~
(1) = Do+ 5600 C,

The Peukert capacity is multiplied by 3600 to convert it to the same unit as i*(¢)
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(coulombs). The instantaneous variation of the level of discharge is thus

dD(t)  *(t)
dt  3600-C,

This is a simple but interesting capacity modeling approach since it provides a method
to estimate variations of available capacity without having to monitor the terminal voltage
of the battery. The coefficient k for lithium-ion batteries typically varies between 1 and 1.09,
where a value of 1 indicates that there is no loss of capacity under higher discharge currents
(Omar et al. (2012)). Estimations of available capacity based on the Peukert relationship
can also be further extended to incorporate the effect of other factors (e.g., temperature and
cycle life) on the Peukert coefficient (Omar et al. (2013)).

5. Conclusions

The goal of this article was not to advance the science of battery monitoring and degrada-
tion, but rather to model these features so as to provide applicable knowledge to the growing
community of researchers involved in the planning of goods distribution by electric vehicles.
Several lithium-ion battery degradation mechanisms and specific storage and operating con-
ditions that affect their lifespan were described, as well as a few useful degradation models.
In addition, some existing battery models and principles were investigated and aggregated
in order to account for fundamental battery behaviour during discharging and charging.
We have shown that battery degradation and behaviour are quite complex phenomena to
model, and that several different modeling approaches are available. We have concluded
that empirical approaches allow for the development of capacity fade equations which are
more easily employed without an expertise in electrochemistry. In the same vein, modeling
the battery as an equivalent circuit appears to be a tractable way to describe basic battery

characteristics during charging and discharging.

Moreover, our simultaneous investigation of both battery degradation and behaviour
leads to a few intuitive insights which should be of interest from a fleet management perspec-
tive in the context of goods distribution with electric vehicles. For example, since calendar
aging occurs faster when the battery is stored at a higher SOC, in terms of battery health, the
charging of fleet vehicles should always be performed as closely as possible to their departure
time. Another insight concerns the charging time and the required SOC upon departure. If
different charging rate options are available at the depot for the CC phase during CC-CV

charging, the use of a higher charging rate will cause the SOC to increase more quickly
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during the CC phase, but the terminal voltage will reach its maximum value at a lower SOC
(Lam (2011)). Since the purpose of using a higher charging current is to quickly charge the
battery, in such cases it seems logical to terminate charging after the CC phase. Hence, if
the CV phase is not performed, there exists a trade-off between the elapsed time and the

SOC at the end of the CC phase according to the charging rate used.

Finally, we believe that some of our findings can be used in the context of goods dis-
tribution with electric vehicles to develop charging and discharging policies which ensure
that battery health is preserved both in the short and long term, the latter being treated
from a more strategic perspective. For instance, operating the battery outside its specified
voltage range will quickly cause severe overcharging and overdischarging degradation, and
should therefore always be avoided (Lam (2011)). However, storing the battery overnight
at a higher rather than a lower SOC has a much smaller effect, and hence does not need to
be as tightly constrained. The same could be said about cycling the battery with a large
DOD or with large charging and discharging rates. The incorporation of such stress fac-
tors in transportation planning problems is not so straightforward, but the use of calendar
and cycle aging models should allow for the development of certain habits that can prolong

battery life.
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Appendix A. Glossary

Anode: The electrode of a cell at which the oxidation reaction (i.e., loss of electrons) occurs

during discharging.

Available capacity (C,): The amount of charge that can be discharged from a fully
charged battery before the terminal voltage reaches its cut-off value. The available capacity
is reduced when the battery is discharged with larger currents. Capacity is expressed in

ampere-hours (Ah), with one Ah equivalent to a current of one A supplied during one hour
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(i.e., A = C/s = 5555 Ah/s). If the terminal voltage reaches its cut-off value at time fey

when discharged from a fully charged state at time t,, the available capacity in Ah is

teut /L(t)
Co = - dt.
/to 3600

Available energy (E,): The amount of energy that can be supplied from a fully charged
battery before the terminal voltage reaches its cut-off value, expressed in watt-hours (Wh).
If the terminal voltage reaches its cut-off value at time t.,, when discharged from a fully

charged state at time ¢y, the available energy is

tcut tcut

B, = / Po(t) - di = / Vi (1) - i(t) - dt.
to to

Battery current (i(t)): The electrical current flowing through the battery at time ¢, as-

sumed to be positive during discharging and negative during charging in this article. The

battery current is expressed in amperes (A), with one A equivalent to one coulomb (C) per

second.

Battery electric vehicle (BEV) : A vehicle that is propelled by an electric motor and
only uses the power provided by its battery that can be charged from the electricity grid.

Battery power (Pg(t)): The instantaneous power supplied by or to the battery, equivalent
to the product of the battery’s instantaneous terminal voltage and current, and expressed in
watts (W):

Pg(t) = Vierm(t) - i(1).

Cathode: The electrode of a cell at which the reduction reaction (i.e., gain of electrons)

occurs during discharging.

C-rate: A discharge rate of one C'is a measure of the discharging current associated with the
available capacity when a fully charged battery reaches its cut-off voltage in one hour, and

serves as the reference for expressing other discharging currents. If the one-hour discharge
capacity of a battery is 10 Ah, then C = 10A, 5C = 50A, and 0.2C = 2A.

Cut-off voltage (V,i,): The minimum allowable terminal voltage value. Discharging must
be halted when the terminal voltage, which decreases while the battery is discharged, reaches

this value.

35 CIRRELT-2015-43



Goods Distribution with Electric Vehicles: Battery Degradation and Behaviour Modeling

Electrolyte: The medium that allows ions to be displaced between the anode and the

cathode within a cell while electrons flow through an external electrical circuit.

Depth of discharge (DOD): The proportion of electrical charge discharged or charged

during a cycle with respect to the maximum possible charge the battery can hold.

Hybrid electric vehicle (HEV): A vehicle that uses an internal combustion engine and

an electric motor for propulsion, as well as a battery for electrical energy storage.

Lithium-ion battery: Several lithium-ion cells connected in series and parallel to reach

the desired voltage and capacity.

Lithium-ion cell: An electrochemical device in which lithium ions are displaced back and
forth between two electrodes in order to transform the stored chemical energy into electrical
energy during discharging, and the provided electrical energy into chemical energy during

charging.
Maximum charge voltage (Vo ): The maximum allowable terminal voltage value during
charging, expressed in volts (V) and indicating when the charging scheme switches from the

constant current phase to the constant voltage phase.

Memory effect: The gradual loss of available capacity when certain types of batteries

are frequently recharged without being fully discharged.
Open-circuit voltage (Voo (SOC(t))): The voltage between the battery terminals when
there is no load connected (i.e., when no current is flowing through the battery), expressed

in volts (V). The open-circuit voltage depends on the SOC of the battery at time ¢.

Plug-in hybrid electric vehicle (PHEV): A hybrid electric vehicle with a battery that

can be charged from the electricity grid.

Specific energy: The approximate amount of energy stored per unit of battery mass,

expressed in watt-hours per kilogram (Wh/kg).

Specific power: The approximate amount of available power per unit of battery mass,
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expressed in watts per kilogram (W /kg).

State of charge (SOC(t)): The proportion of electrical charge inside the battery at time

t with respect to the maximum possible charge @) it can hold.

Terminal voltage (Vi (t)): The voltage between the battery terminals at time ¢ when
a load is connected (i.e., when a current is flowing through the battery), expressed in volts
(V). The terminal voltage is superior and inferior to the open-circuit voltage while charging

and discharging, respectively.

Appendix B. Parameter values

In this section, we list the numerical values used to produce Figures 6, 9, and 10.

Figure 6 uses parameter values from Lam et al. (2011); (left) is the plot of equation (8)

with parameters
a; = —0.5863, ay=21.90, a3=3414, a4 =0.1102, a5= —0.1718, ag = 0.008;
(center) is the plot of equation (9) with parameters
big = 0.1298, bog = —0.2892, b3q = 0.2273, byy = —0.07216, b5y = 0.0898;
(right) is the plot of equation (10) with parameters

b, = 0.1369, by, = —0.2518, bs, = 0.1609, by, = —0.041, by, = 0.0821.

Figure 9 (top left): Final time: T = 6370 seconds, PY(t) = 70, PP (t) = 70(1 +
0.5 cos(27t/T)); (top right): numerical solution of Equation (19) with R = 0.01, @ = 40,
and Voo (SOC) given by (13) with Ey = 3.5, K = 0.025, A = 0.2, B = 0.375 (parameter
values from Marra et al. (2012)); (bottom left) is the plot of (13) and (14); (bottom right)

the current is obtained from (18), as in (31).

Figure 10: (CC-phase): i, = —10A, SOC(t) is obtained from (24), Vi (t) from (25),
with Voo given by (13) with R = 0.01. (CV-phase): SOC'is obtained from (28) with ¢ = 40
and Voy = 3.6V.

The numerical solutions of the ordinary differential equations (19) and (28) are obtained
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with the ode45 solver in MATLAB.
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