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Resumen

Titulo: Estudio de la longevidad de las baterias de iones de Litio en sistemas de
almacenamiento solar fotovoltaico

Autor: Juan Gumiel Correa
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Las baterias de ion de litio (Li-ion) son una tecnologia clave en los sistemas
solares fotovoltaicos, permitiendo minimizar el desajuste entre generacion y
consumo y maximizar el autoconsumo. Este trabajo busca ofrecer un analisis
exhaustivo de todos los parametros operacionales que pueden impactar en la
vida de las baterias de Li-ion, para identificar las tendencias asociadas a cada
uno de ellos y buscar la estrategia optima para extender su vida Util y
rendimiento efectivo.

Con este fin se estudiaron distintos parametros y estrategias para cuatro
casos representativos mediante simulaciones usando dos softwares
diferentes. A partir de esto, se determind una serie de pautas generales
para extender la vida Gtil de la bateria y se compararon con las que se dan en
la literatura.

Abstract

Title: A study on Lithium-ion battery longevity in PV battery storage systems
Author: Juan Gumiel Correa

Keywords: Lithium-ion battery, Battery degradation, Battery Energy
Storage System, Cycle aging, Calendar aging

Lithium-ion (Li-ion) batteries are recognized as a key energy storage technology for
solar photovoltaic systems, when used to minimize mismatch between generation
and consumption and maximize self-consumption of the user. This dissertation
aims to offer a comprehensive analysis of all operational parameters that can
impact Li-ion lifetime, to identify the tendencies associated with each one of them
and offer guidelines on the optimal approach to extend its operational lifetime and
effective performance.

To this end different parameters and operating strategies were studied for four
representative scenarios through simulations using two different software. From
this, a list of guidelines to extend battery lifetime were determined and compared
to the ones given in literature.
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Abstract

Lithium-ion (Li-ion) batteries are recognized as a key energy storage technology for
solar photovoltaic systems, when used to minimize mismatch between generation and
consumption and maximize self-consumption of the user. Therefore, determining the
key parameters that can impact the performance of this type of batteries is fundamental

for its optimum performance.

This dissertation aims to offer a comprehensive analysis of all operational parameters
that can impact Li-ion lifetime, to identify the tendencies associated with each one of
them and offer guidelines on the optimal approach to extend its operational lifetime and

effective performance.

To this end four representative scenarios were studied using two different software. The
scenarios included are two corresponding to one person either working or unemployed
and another two corresponding to a family of four members, two parents and two

children, with both parents either working or unemployed.

The cumulative impact of different performance loading showed that parameters such
as state of charge (SOC) range and ambient air temperature beyond the recommended
operational rang tend to decrease the lifetime of the battery, while strategies such as
oversizing the battery while keeping the same usable capacity could extend it. The more
efficient dispatch models that achieved a higher cycle of the battery suffered more from
degradation. Out of the two chemistries common for residential storage, the Lithium-

Ion Phosphate-based battery showed a better performance in terms of lifetime.

Lastly, a list of guidelines to extend battery lifetime were determined and compared to
the ones given in literature. For example, the state of charge between 20-80% is ideal
for the modelled operation. An increase from 20% to 40% state of charge only adds 1 to
2 years more to the overall expected lifetime. Although oversizing is beneficial to the
battery lifetime, this increases the capital costs. Finally, batteries should not be operated
under high temperature (>25°), as they lose capacity and life. If placed under the solar

PV panels, they would be in the shade and protected from overheating.
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1 Introduction

1.1 The drive towards solar energy

Since the beginning, humanity has had an ever-growing demand for energy. To keep up
with this demand, non-renewable energy sources like coal, oil and gas started being
massively used after the industrial revolution. However, these kinds of sources are
limited in the long term. Furthermore, they involve strong environmental threats like
pollution and global warming. Because of this, in the recent years there has been a strong
drive towards renewable energies, with the objective of providing the demanded energy

in a clean and sustainable way.

In Europe this drive resulted in the Renewable Energy Directive 2009/28/EC which was
enacted in 2009 aiming to increase the share of renewable energy across the different
sectors [1]. In 2018 the recast Renewable Energy Directive 2018/2001/EU entered into
force setting the current objective of fulfilling at least 32% of the energy needs in the
EU with renewable energies by 2030 [2]. In 2019 the European Green Deal was
announced; whose aim is to make Europe a climate neutral continent by 2050. Being
responsible for more than 75% of the EU’s greenhouse emissions, the energy sector

plays a key role in achieving this goal [3].

The transition towards renewable energies in Malta is challenging. With small land area
and limited hydrological resources, some of the common approaches towards renewable
energies in other countries are not viable. However, with an average of 300 days of
sunshine per year, photovoltaic (PV) solar energy has a very strong potential. Because
of Malta’s small surface area, land for large PV installations is scarce and expensive and
thus the installation of panels on rooftops for domestic usage is more appealing. To this
end, in the recent years the Government of Malta has incentivized the installation of PV
system through subventions and bonifications. This way consumers can benefit from

savings in their electrical bills while the country transitions to renewable energies.



1.2 Energy storage in PV residential systems

As it occurs with other renewable energies, PV solar energy is dependent on the resource
and its production is not consistent, because it depends on the availability of solar
radiation and the overall climatic conditions such as clouding, which are constantly
changing. Furthermore, the PV generation profile and residential load profiles do not
match as shown in Figure 1. The PV generation follows the irradiation pattern, peaking
around noon. The load profile on the other hand is tied to the consumers’ lifestyle,
generally experiencing increases at mealtimes and peaking in the evening. The load
profile will be strongly influenced by the situation of the particular household, varying
with the number of people, the employment situation and the general lifestyle of the

residents.
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Figure 1. Average daily PV generation and load profile of a typical household.

A strategy to mitigate this mismatch is the use of energy storage. An energy storage acts
as a buffer, allowing to store the excess power during central hours of the day and deliver
it when the demand surpasses the production after sunset. Similarly, it helps to cover the

demand when the atmospheric conditions are less favourable like during cloudy days.

In an off-grid system the energy storage must be big enough to ensure self-sufficiency.
However, in an on-grid system, which is more common, the system can be much smaller
as it only acts as a buffer. This way the use of energy storage allows a greater use of the
PV production for increasing self-consumption. On the other hand, several operational

parameters linked to battery usage such as cycling, and depth of discharge have a



significant impact on the performance of the battery bank such as lifetime and storage

capacity.
1.3 Aim and Objectives

The aim of this dissertation is to determine the extent to which variable battery usage
parameters impact the performance of Lithium-ion batteries, which are the most
common type of batteries used for energy storage that is linked with PV systems. The

main objectives of the dissertation are:

e Perform a detailed review of the failure mechanisms in Li-ion batteries and
identify the operating parameters that affect Li-ion aging.

e Study the effect of the parameters affecting Li-ion aging through simulations,
identifying the possible impact associated with each one of them.

e Extract general guidelines to extend Li-ion battery lifespan and compare them to

the ones given by the manufacturers and in literature.

1.4 Dissertation structure

The dissertation consists of 5 chapters. Chapter 1 introduces the topic, explaining the
motivation that has led to PV systems with batteries and setting the aim and objectives

of the study.

Chapter 2 provides the necessary background about batteries and batteries in energy
storage system to then focus on Lithium ions batteries and its degradation. After that it

presents the literature review conducted about Li-ion lifetime.

Chapter 3 shows the methodology followed to carry out the simulations, describing the

models employed and the scenarios studied.

Chapter 4 presents and discusses the results for the four scenarios studied, analysing the
effect of each one of the studied parameters and comparing the scenarios against each

other.

Chapter 5 summarizes the findings of the study, identifying the most relevant
observations and providing guidelines to extend the lifetime of Li-ion batteries. Lastly,

a number of recommendations for future work is provided.






2 Background Theory and Literature Review

This chapter provides the general background necessary for the dissertation and reviews
previous works on Li-ion degradation. The first section provides a brief description of
the main concepts about batteries that will be used throughout the dissertation. Then a
brief description on batteries for energy storage is presented. After that Li-ion batteries
are studied in more depth, discussing the general characteristics of this technology. The
next section is focused on the degradation of Li-ion batteries. Lastly, previous works

studying Li-ion degradation are presented and discussed.

2.1 General concepts about batteries

A battery is a device capable of storing electric energy through an electrochemical
reaction. Batteries are generally classified in two groups. Primary batteries or non-
rechargeable batteries are designed to be single used and cannot be charged. Secondary

batteries or rechargeable batteries are reusable and can be both charged and discharged.

A battery is formed in a modular manner using basic electrochemical units known as
cells. These cells are connected in series or parallel to build up to the desired battery

specifications.

The basic components of a battery cell are shown in Figure 2, where the following can

be noted:

e Anode (negative electrode). It is generally made of materials with tendency to
lose electrons (electropositive).

e Cathode (positive electrode). It is usually made of materials with tendency to
gain electrons (electronegative).

e Electrolyte. Is a material that makes possible the flow of ions between the
electrodes. It can be solid or liquid.

e Separator. It is a barrier present when the electrolyte of each electrode is
different to prevent the contact between them while being permeable to ions.

e Cell container. It is the casing for the cell that holds it together.



Separator

Cell container

Figure 2. Basic components and principle of operation of a battery cell. Adapted from [4].

The electrochemistry of the battery is as follows. When the anode is connected to the
cathode through an external circuit the cell discharges. During discharge the anode
material oxidizes, releasing electrons. These electrons travel through the external circuit
to the cathode, driving the load connected to the battery. In the cathode, the cathode
material reduces, accepting the electrons. Simultaneously, the negative ions (anions)
move through the electrolyte to compensate the resulting positive charge of the anode
after losing electrons and the positive ions (cations) move to compensate the negative
charge of the anode after gaining the electrons, thus closing the circuit. In secondary
batteries this process can be reversed applying an external potential source to the battery,

i.e., re-charging it.

In order to indicate the characteristics and behaviour of batteries there are several
concepts and variables that will be used throughout this work. The main ones used to
describe the battery condition and its technical specifications are listed below. Table 1

shows a recap of this terms.

Battery technical specifications [5]-[7]

This section describes the main technical specifications from a battery, generally

specified in its datasheet:



Chemistry. It describes the way of storing electric energy in the battery and the
electrochemical reactions involved. Batteries are further classified according to
their chemistry, as they can present very different behaviours.

Nominal Voltage. It is the reference voltage the battery has been designed to
operate at. The voltage of batteries drops as they discharge; therefore, the
nominal value provides the most “typical” value under load. Voltages are highly
dependent on the chemistry employed. Typical nominal voltage values are 2
V/cell for lead acid, 1.2 V/cell for Nickel based batteries and 3.6-3.7 V for Li-
ion batteries [8].

Cut-off Voltage. It is the minimum allowable voltage of the battery at which it
is considered fully depleted. Typical values for end voltage are 1.8 V/cell for
lead acid, 1.0 V/cell for Nickel based batteries and 2.8-3.0 V for Li-ion batteries
[8].

Charge voltage. It is the maximum allowable voltage at which the battery is
considered fully charged. Typical end charge voltages values are 2 V/cell for
lead acid, 4.2-4.3 V for Li-ion batteries while Nickel based batteries have a very
flat voltage curve and the voltage is only slightly above the nominal 1.2 V/cell
when fully charged [8].

Charge and discharge rate. Indication of the charge and discharge currents.
Usually, the manufacturer gives multiple specification for normal, rapid, pulse
or maximum currents, which may also be different during charge and discharge.
Capacity. It is the amount of charge stored in the battery and represents the
energy that can be extracted from the battery. The capacity may vary depending
on the operating conditions and fades away with the use. Because of this and in
the same way as with the voltage, the term nominal capacity refers to the original
design capacity of the battery. Generally, it is measured in Ah or mAh,
representing the discharge current that the battery could supply for an hour.
Specific energy and energy density. Specific energy is the energy stored in the
battery per unit of battery mass. In the same way, energy density is the energy
stored in the battery per unit of battery volume. They indicate how compact the
battery is and are very important in applications where mass and/or volume are
limited. Figure 3 shows the range of energy density and specific energy for the

main secondary batteries’ chemistries.
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Figure 3. Energy density and specific energy for various battery types [9].

Specific power and power density. It is the available power from the battery
per unit of mass or volume respectively. It is important as it represents the limit
on how fast the energy from the battery can be consumed. The difference
between power density and energy density is important as often the
charge/discharge time is key. Some applications require storing big amounts of
energy and others need the ability charge or discharge the stored energy quickly.
This way a mobile phone is optimized for energy density, lasting for long periods
but not providing great power and taking relatively long to charge. On the other
hand, a power tool might draw a lot of current, requiring lot of power during a
short period, so the battery will be optimized for power density.

An EV will need both power density and energy density, as it needs autonomy
as well as power.

Shelf discharge and shelf life. The self-discharge rate is the rate at which the
battery loses the stored energy due to undesired secondary reactions. It is
generally quantified as the percentage of capacity loss for a given amount of
time. On the other hand, shelf life is the time it would take a fully charged battery
for self-discharge completely.

Temperature Range. Batteries have a range of temperatures at which they can
operate. This range can be different for different operating modes such as charge,
discharge and storage. Temperature has a strong influence on most of the

parameters of the battery, which is highly dependent on the battery’s chemistry.
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Coulombic efficiency. It is the ratio between the charge delivered and the
charged supplied in secondary batteries. It shows the energy loss by the battery
in the storage process.

Cycle life. It is a measure of the lifespan of the battery. It is defined as the number
of cycles the battery undergoes until it meets a deterioration criterion. The three
main indicators to determine the deterioration of the battery are capacity
decrease, internal resistance increase and self-discharge increase. The
importance of each effect depends on the battery chemistry. For example, usually
for Li-ion batteries the cycle life is referred to when its capacity falls below 80%

of the original.

Battery condition [5][7]

This section describes some parameters used to define the instantaneous conditions of a

battery:

Voltage. It is the supplied voltage by the battery. It drops as the battery
discharges, defining the discharge profile of the battery. These curves depend on
the type of battery as shown in Figure 4. There is a distinction between Terminal
Voltage and Open-circuit Voltage depending on whether the battery is loaded or
not, respectively. From Figure 4Figure 1, it is seen that Lithium-ion (Li-ion)
based batteries tend to have a higher and more stable voltage across the full cycle.
This is similar to Nickel-Cadmium (NiCd) and Nickel Metal Hydride (NiMH)
batteries, albeit having a lower voltage. Other more common use batteries such
as the Lead Acid batteries tend to have more drop in voltage towards the end of

the discharge cycle.
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Figure 4. Discharge open-circuit profiles for primary (P) and secondary (S) batteries [§].

Charge and discharge rate. It represents the speed at which the battery is
charged or discharged.

It is measured in Amps, although it is often given by the C-rate. The C-rate is
defined as the current through the battery divided by the current at which the
battery would deliver its nominal capacity in one hour. For example, a fully
charged battery of 2Ah at 1C would provide a current of 2A for one hour. The
same battery at 2C would provide 4A for half an hour or at 0.5C would provide
1A for two hours. However, at increased C rates, the total charge delivered will
be less as there are increased losses. So, for example, at 4C it will deliver the
4A for a time slightly shorter than 30 minutes. The C-rate is useful as it allows
to compare rates and provide guidelines for different sized batteries.

Internal resistance. This is the resistance of the battery resulting from the
resistivity of the components of the battery, especially the ion flow permeability
of the electrolyte. In general, it varies with the operating conditions of the battery
and tends to increase as the battery ages. This is a source of inefficiency, as part
of the energy from the battery is lost as heat because of the Joule’s effect and this

affects both the charging and discharging cycles.
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State of Charge (SOC). Represents the remaining capacity as a percentage of
the maximum capacity of the battery.

Depth of Discharge (DOD). Expresses the battery capacity that has been
discharged as a percentage of the total capacity of the battery.

State of health (SOH). It is a variable used to estimate the deterioration that the
battery suffers after cycling. For example, for the purpose of this work, in Li-ion
batteries the capacity loss is the most important effect, so the SOH is generally
calculated only from it. Therefore, SOH is defined as present maximum capacity
as a percentage of the original maximum capacity of the battery. Figure 5 shows
how SOH is related to SOC and DOD. This way the battery is divided in three
zones, the zone where the energy is stored as SOC, the part that can be filled as

empty and the no longer usable part that cannot be restored as degraded capacity.
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Figure 5. Relation between SOH, SOC and DOD. Adapted from [6].
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Table 1. Main characteristics of batteries.

Voltage v

Rates C-rate, mA, A
Internal resistance mg
State of Charge SOC %
Depth of Discharge DOD %

State of Health SOH %
Nominal Voltage A%
Cut-off Voltage A%
Charge Voltage \Y

Rate (Charge/Discharge) C-rate, mA, A
Capacity mAh, Ah, C, Wh

Battery condition

Specific energy Wh/kg
Energy density Wh/l
Specific power W/kg
Power density W/l
Shelf-discharge %/month
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Shelf life months, years
Coulombic efficiency CE %
Cycle life cycles

2.2 Batteries for energy storage

One of the recent uses of batteries stems from the aforementioned mismatch between
the solar PV generation profile and the consumer load profile, thus calling for energy
storage to level off this mismatch and make the energy available at a later time when the
sun has set. In so doing, one also benefits from a lower dependency on the grid for
feeding the excess energy as well as for drawing energy from it during the night. The
use of rechargeable batteries as a storage medium is usually the most convenient option

for the domestic sector.

Figure 6 shows a comparison between the most popular battery technologies for energy

storage. Not all of them are suitable for domestic energy storage, as the space may be
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limited, the safety is critical and there is a need for batteries to be low maintenance after
installation. This excludes some of the batteries that have gained popularity in the
stationary energy storage sector such us the sodium sulphur, which operates at high
temperatures. The most suitable battery types for residential use are detailed in the next

sub-sections.

Lead-acid sodium  sodium nickel  nickel vanadium  zinc bromine lithium ion
sulphur chloride cadmium redox flow  flow battery
battery
m Energy density = Power density = Nominal voltage Life cycle

m Depth of discharge  ® Round trip efficiency ® Estimated cost

Figure 6. Comparison of the main battery technologies used for energy storage [10].

2.2.1 Lead Acid Batteries [4], [8]
Lead acid is a mature and very developed technology, being the first type of rechargeable
battery invented. Therefore, it is widely used and still is the dominant type of battery for

many applications.

Lead-acid batteries use lead oxide (PbO») as cathode and lead (Pb) as anode. These are
submerged in an electrolyte formed by an aqueous solution of sulphuric acid (H2S04) as

shown in Figure 7.
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Cathode Anode

Figure 7. Schematic diagram of a lead acid battery [11].

During discharge, lead sulphate (PbSO4) is formed on both electrodes and the electrolyte
loses much of its sulfuric acid concentration, becoming mostly water. During charging,
lead sulphate in the anode forms lead dioxide and lead at the cathode, while increasing

the concentration of sulfuric acid in the electrolyte.

Lead acid batteries are the most inexpensive among the energy storage solutions. It is a
reliable and safe technology, low maintenance and able to work in a wide range of
temperatures. Furthermore, it is fully recyclable and as it is a mature technology the

infrastructure to produce and recycle lead acid batteries is fully developed.

On the other hand, it has some disadvantages, mainly low energy density compared to
other technologies. It also has a lower cycle life and its available DOD is limited to avoid
severe damage to its lifespan, being in general about 60%. Although it is a very safe and
stable type of battery it may generate hydrogen through secondary reactions so the area

around it has to be well ventilated.

2.2.2  Lithium-ion Batteries

Lithium ion is a relatively new technology being discovered in the 1980s. It is the current
leading choice for domestic energy storage because of its high energy density, high cycle
life and full DOD range. It will be described in depth in the next section, because it is

the battery on which this dissertation is focusing.
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2.2.3 Nickel based Batteries [4], [8]

Nickel based batteries came after the lead acid batteries and gained a lot of relevance, as
they offer a higher energy density and higher cycle life option. The most popular
technology was Nickel Cadmium (NiCd), but it would be later partially replaced by
Nickel metal hydride (NiMH) as Cadmium is extremely toxic. In the present, Nickel-
based technologies have lost popularity in the domestic energy storage sector and are
being replaced by Li-ion batteries, which have overall better specifications. One main
flaw of Nickel based batteries is the “memory effect”. When the battery is partially
charged the battery acts as if “remembers” this smaller capacity as its new total capacity,
thus limiting its original storage potential. Because of this, partial charging is very

harmful for this technology.

NiCd batteries use nickel oxyhydroxide as cathode and metallic cadmium as anode,
submerged in an alkaline electrolyte such as potassium hydroxide. During discharge the
Cadmium oxides reduces to Cadmium hydroxide and the nickel reduces to nickel

hydroxide. During charge the process is reversed.

NiCd offers a long cycle life, a very flat discharge profile and higher energy density than
lead acid. This type of battery is very reliable, safe, low maintenance and can resist
physical abuse, and has found a niche area of application such as in aerospace uses.
However, it presents some major disadvantages, the memory effect, relatively low

energy density and the use of toxic cadmium.

On the other hand, NiMH replace cadmium in the anode with a metal hydride. During
discharge the metal hydride in the cathode dissociates into the pure metal and water,
while in the anode the same reaction described for NiCd batteries takes place. Again,

the process can be reversed applying an external voltage.

NiMH has a much higher energy density than NiCd and does not use toxic compounds.
However, it is less stable and the charging process is delicate and complex. NiMH also

has higher self-discharge rate.

2.2.4 Flow Batteries [4], [8]

Flow technology or Redox flow batteries (RFB) is a relatively new technology in the
energy storage marketplace. It is a promising technology, where its main advantage over
Li-ion and lead acid technologies is that it has full DOD available, with no harm in the

lifespan for bigger DOD operation.
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Redox flow batteries consist of a cell stack and two external tanks connected with pipes
as shown in Figure 8. This way the positive electrolyte and negative electrolyte
(catholyte and anolyte respectively) are stored in external tanks with a different
oxidation state. The liquid electrolyte of each cell is pumped and flows through each
half of the cell stack, separated by a membrane that allows the exchange of ions, enabling
the oxidation and reduction, hence the “redox flow battery” name. After the reaction,
the spent electrolytes return to the tanks. Right now, vanadium flow battery is the most

promising.

= |
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Figure 8. Schematic diagram a redox flow battery [12].

One main advantage of this type of battery is that power and capacity are independent.
In this way, it is possible to increase the power by increasing the membrane surface or
increase the capacity by increasing the size of the electrolyte tanks. Furthermore, it is a
very safe technology as the electrolytes are stored in different tanks and has a long

lifespan, not being aftfected by DOD.

On the other hand, it’s energy and power density are quite low and still is a very

expensive technology. However, it is expected to gain relevance in the coming years.

2.3 Lithium-ion Batteries

Li-ion batteries were first commercialised in 1991 by Sony. Since then, Li-ion batteries
have experienced a great growth consolidating as the leading technology in a wide range

of applications, as they are the best technology in terms of power and energy density.
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In Li-Ion batteries electrochemical energy is stored through the intercalation of lithium
ions into the structure of the electrode material. lons move from the positive to the

negative electrodes during charging and back when discharging.

2.3.1 General characteristics

Li-ion batteries’ characteristics vary with the chemistry employed, although they share
some common traits. This way by selecting the suitable chemistry, Li-ion batteries can
cover a wide range of applications. Table 2 summarizes the advantages and

disadvantages of Li-ion batteries relative to other technologies.

Table 2. Main advantages and disadvantages of Li-ion batteries.

Advantages Disadvantages

High single-cell voltage Moderate cost

High specific power and energy Safety (Flammable electrolyte)

High energy efficiency Degrades at high temperature

High-rate discharge and charge Unsafe when rapidly charged at low
High cycle life temperatures

Lower cost thermal management Need protective circuit

Partial state of charge excellence/No
memory effect

Low self-discharge rate/High shelf life
Broad temperature range of operation
Sealed cells/maintenance free

Design flexibility (Many possible
chemistries)

Li-ion batteries offer high energy and power densities, making them attractive for
volume or weight sensitive applications. Li-ion intercalation reactions are very efficient
and there are very limited side reactions, leading to high Coulombic efficiency. Li-ion
cells in general operate between 2.5 and 4.3 V, which is much higher than other types
of batteries thus needing less cells to build a battery of a given voltage. Li-ion batteries
have long cycle life (over 1000 cycles), low self-discharge (2 to 8% a month) and they
can also operate in a wide range of temperature (0°C-45°C) [8]. Li-ion batteries can
also charge and discharge at high rates. As these batteries are sealed, maintenance is not
required and they can operate in a wide range of environments. Furthermore, they do not

contain toxic heavy metals like other technologies and are safe for disposal.

On the other hand, Li-ion batteries are not very flexible when operated outside their

designated ranges. Rapidly charging the battery at freezing temperatures (<0°C) is
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unsafe and exposing the battery to high temperatures may damage it. Li-ion batteries
might degrade when discharged below their limits and may vent when overcharged.
Therefore, they need protective circuitry to avoid going out of their safe operating

region.

One significant disadvantage of Li-ion batteries that has held them back in favour of
other technologies is their cost. Li-ion batteries are more expensive than other types of

batteries, although this cost has decreased dramatically in recent years.

Li-ion batteries are a safe technology, although they use flammable electrolyte, which
may cause safety concerns like thermal runaway. This process consists of a rapid
increase of temperature of the battery, which may cause it to ignite or explode. This
might happen if the battery is punctured or damaged, if it is overcharged or if it suffers

a short circuit.

2.3.2  Working principle and cell components

The general working principle and components of Li-ion battery is the same as discussed
before for common batteries. Lithium is a very attractive material to make a battery. Its
configuration with only one electron in the outer atom layer makes it easy to lose an
electron and form a positive ion. This leads to high negative redox voltage, resulting in

high voltage per cell.

Lithium is a very small and light element as well, which allows to construct batteries
with high energy density. As lithium has a very small ionic radius it can diffuse through
the anode and cathode and allocate inside them through intercalation. This way lithium
ions are inserted into the host without causing significant structural change in a
reversible way. On the other hand, because of this ease to form ions, lithium is a very
reactive material so the cell components must be chosen accordingly and side reactions
may occur. The cell must be sealed to avoid contact with external elements, such as

oxygen or moisture, as they would react with lithium [5], [8], [13], [14].

The reaction mechanism is described in Figure 9. During discharge, Lithium ions move
from the negative electrode (anode) to the positive electrode (cathode), where they are
intercalated. At the same time, electrons move through the external circuit in the same
direction to compensate the resulting positive charge at the cathode. This way electrons

drive the load applied to the circuit.
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Figure 9. Reaction mechanism of Li-ion batteries [15].

During charge the process is reversed. The external voltage applied make Lithium ions
move from the positive electrode (cathode) to the negative electrode (anode), where they

allocate through the same process of intercalation.

The anode and the cathode are separated by the electrolyte in order to prevent any
uncontrolled reaction between them. The electrolyte must prevent the contact of the
electrodes while enabling the flow of ions through it. As lithium is a very reactive
material and Li-ion cells operate at significantly higher voltages than other types of cells,
this electrolyte must be chosen carefully. It is not possible to use aqueous solutions as
with other cells because under a high voltage these compounds would dissociate and
react with other components of the battery [14]. Because of this Li-ion cells generally

use liquid organic solvent with Lithium salts dissolved to allow the ionic flow. However,
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this causes the main safety concern of Li-ion batteries, as these organic solvents are

highly flammable.

Despite all this the electrolyte will not be completely inert, as side reactions with the
electrolyte will play a key role in the cell degradation. During the first charge cycle, a
solid electrolyte interface (SEI) layer forms on the surface of the anode, preventing it
from reacting with the electrolyte. The SEI is critical for the safety, stability and cycle
life of the cell [13], [15].

The active materials used for each component generally are:

e Positive electrode or cathode. In general consists of an aluminium foil coated
in both sides with a metal oxide that contains lithium [13]-[15].

e Negative electrode or anode. In general consists of a copper foil coated with
graphite [13]-[15].

e Separator and electrolyte. In general, consists of a polymeric membrane of
polypropylene or polyethylene saturated with the liquid electrolyte formed by a
Lithium salt dissolved in a flammable organic solvent [13]-[15].

e Current collectors. In addition to supporting the electrodes, the aluminium and

cooper foils act as current collectors, bridging the cell with the external circuit.

2.3.3 Types of Li-ion batteries

Li-ion batteries’ characteristics depend heavily on the composition chosen for the
cathode, the anode and the electrolyte. This section covers the commercially available
chemistries for Li-ion batteries. However, the technology of Li-ion battery is not mature,
with several more chemistries as well as blends of the existing ones being researched.

Therefore, this list could be subject to change in the coming years.

2.3.3.1 Anode and Cathode chemistries

Usually, batteries are classified according to their cathode composition, given that most
of them have the same graphite anode. Table 3 summarizes the main cathode
chemistries. The exception to this is Lithium Titanate anode batteries. Table 4

summarizes the two main anode options.
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Table 3. General characteristics of common cathode chemistries [13], [15]-[17].

Material Abbreviation

Description

Lithium Cobalt Oxide LCO

Lithium Manganese

Oxide LMO
Nickel Manganese
Cobalt DA
Lithium Iron
Phosphate LEP
Nickel .Cf)balt NCA
Aluminium

High energy density

Low cycle life

Poorer safety

Expensive

Good power and energy density
Poor cycle life.

Good thermal stability and safety
Good overall

High energy density

Good power density

Good cycle life

Very safe

High power density

Low energy density.

High stability

Highest energy density per unit mass
Lower thermal stability
Expensive

Table 4. General characteristics of common anode chemistries [13], [15]-[17].

Material Abbreviation
Graphite
Lithium titanate LTO

Description

Most common

Cheap

Higher energy density and voltage
Can be used with LMO or NMC
cathodes

More expensive

Very high cycle life

Excellent thermal stability
Excellent safety

Good low temperature operation
Much lower voltage output

Much lower energy density



Lithium Cobalt Oxide (LCO) [13], [17]

Lithium Cobalt Oxide (LCO) was the first lithium battery chemistry introduced in 1991.
LCO consists of a Lithium Cobalt Oxide (LiCo0O3) cathode and a graphite anode. Figure
10 summarizes LCQO’s characteristics in a hexagonal spider graphic, which shows that it
excels in energy density. However, the drawback of LCO batteries is a relatively low
cycle life, poorer safety and a limited power density. Because of these drawbacks, its
main application is consumer electronics like mobile phones, cameras, laptops, etc
where specific energy is key but have less demanding power performance than industrial
applications. In the recent years it has lost popularity in favour of Manganese or

Aluminium alternatives with a cheaper cost than Cobalt and improved performance.

Specific energy

Cost Specific
power
Life span Safety
Performance

Figure 10. Snapshot of LCO [17].

Lithium Manganese Oxide (LMO) [13], [17]

Lithium Manganese Oxide (LMO) was first commercialised in 1996 offering better
power density than LCO. LMO consists of Lithium Manganese Oxide (LiMn2O4)
cathode and a graphite anode. Figure 11 summarizes LMO’s characteristics using a
similar graphic to Figure 10. LMO batteries have better power density than LCO but
about a third less energy density. They have good thermal stability and safety, but still
have relatively low lifespan. Its use is in applications that require more power than LCO
like power tools or medical devices. However, they have lost relevance and have been

replaced by blending the manganese oxide with nickel and cobalt.
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Performance

Figure 11. Snapshot of LMO [17].

Lithium Nickel Manganese Cobalt Oxide (NMC) [13], [17]

Lithium Nickel Manganese Cobalt Oxide (NMC) was introduced in 2008. It is a
combination of Manganese, Nickel and Cobalt. Figure 12 shows that NMC has good
over all characteristics, excelling in energy density. This is achieved by combining the
high energy density of Nickel with the good thermal stability of Manganese, while
Cobalt helps further stabilising Nickel. The cathode is generally formed by one third
Nickel, one third Cobalt and one third Manganese, although other combinations are
possible to target the desired qualities as well as to try to reduce Cobalt content, which
is an expensive material. It is used in applications where high energy density as well as
good power capabilities are desired like power tools or electric vehicles. However, it is
also used in industrial applications or energy storage, as it is a balanced cell. Therefore,

NMC popularity has greatly risen in the recent years.

Specific energy
Cost Specific
power
Life span Safety
Performance

Figure 12. Snapshot of NMC [17].
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Lithium Iron Phosphate (LFP) [13], [17]

Lithium Iron Phosphate (LFP) was introduced in 1996. LFP consists of a Lithium Iron
Phosphate (LiFePOs) cathode and a graphite anode. Figure 13 summarizes LFP’s
characteristics in a similar graphic to the previous ones. LFP batteries have a really good
specific power, being able to work at high ratings as well as long life cycle. LFP batteries
are more robust than other Li-ion batteries, having a good thermal stability and tolerance
if abused, which makes them very safe. On the other hand, LFP batteries have a rather
low energy density, having a lower voltage per cell of 3.2 V/cell. They also have elevated
self-discharge. Its use is restricted to applications with power and safety requirements,
expected to have a long lifespan and where energy density is less relevant, like industrial
applications or energy storage. It has experienced a moderate growth in recent years in

the energy storage sector.
Specific energy

Cost T Specific
T power

Life span 1 Safety

Performance

Figure 13. Snapshot of LFP [17].

Lithium Nickel Cobalt Aluminum Oxide (NCA) [13], [17]

Lithium Nickel Cobalt Aluminium Oxide (NCA) was introduced in 1999 as an option
with good specific and power. NCA consists of a Nickel Cobalt Aluminium Oxide
(LiNiCoAlQO») cathode and a graphite anode. Nickel grants high energy density while
Aluminium contributes to the cell stability. Figure 14 outlines NCA’s characteristics.
NCA batteries are similar to NMC cells, offering good lifespan and specific power and
excelling at specific energy. However, they have lower thermal stability and high cost.

It was outclassed by NMC, although in the recent years it has regained relevance in the
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electric powertrain industry, used by Panasonic and Tesla, as it offers the highest energy

density.

Specific energy

Specific
power

Life span
Performance

Figure 14. Snapshot of NCA [17].

Figure 15 shows the popularity of the main cathode chemistries in 2018 and it expected

evolution for 2030.

2018 2030
2%

Ak A

<

= NMC m LFP = LCO “ NCA = LMO

Figure 15. Cathode materials distribution in 2018 and forecast for 2030 [18].
These pie charts show that in the present NMC batteries are the most popular and are
expected to keep growing in the near future, becoming the prevalent Li-ion cathode
active material. Other chemistries like LFP and LMO are expected to slowly lose
popularity, outclassed by NMC. NCA is expected to have a mild rise as a chemistry used

by some electric vehicle battery manufacturers.
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Carbon based anodes [13], [15]

Graphite is used as anode for the majority of the lithium-ion batteries. It can be natural
graphite or artificial graphite. Lithium ions intercalate between the carbon sheets during
charge and are released during discharge. Graphite is rather inexpensive compared to
the cathode or to other anode alternatives materials and it is the most extended option as

it has an overall good performance.

Lithium Titanate (LTO) [13], [17]

Lithium Titanate (LTO) was introduced in 2008. LTO consists of a NMC or LMO
cathode but replacing the graphite anode with Lithium Titanate (Li2TiO3). Figure 16
shows that LTO’s characteristics are rather different than the ones from previous
graphite anode chemistries. The great advantage of LTO batteries over graphite anodes
is that they do not form SEI in the anode, allowing for greater charge and discharge rates,
very long lifespan and avoiding the precipitation of metallic Lithium on the anode during
charging known as lithium platting when charged at low temperatures. Despite its great
life cycle, safety and good power capabilities, LTO batteries have a very low energy
density, having 2.8 V/cell and they are extremely expensive, as Titanium is a rare

material. Common uses are UPS, street lightning and electric powertrains.

Specific energy

Cost Specific

power

Life span Safety
Performance

Figure 16. Snapshot of LTO [17].

Table 5 summarizes the main characteristics of the different types of Li-ion batteries.
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Table 5. Comparison of the main li-ion chemistries [13], [19].

Positive electrode LCO LMO NMC LFP NCA LELA O
NMC
Negative electrode | Graphite | Graphite | Graphite | Graphite | Graphite %ﬁg;{r:
Optimized for Energy Power Energy or Power Energy | Cycle life
Power
Operating voltage
3-42 3-42 3-42 2.5-3.65 3-42 1.8-28
range
Nominal voltage 3.6 37-38 | 36-37 | 3.2-33 3.6 24
Specific energy
(Whke) 150-200| 100-150| 150-220| 90-120 | 200-260| 70-80
0.7-1C 0.7-1C 0.7-1C 1C 1C
Charge rate (3h) (3h) (3h) (3h) 1€ | (5¢ max)
. 1C, 10C 1C (25C 10C
Discharge rate 1C (1h) I 1-2C ) 1C Togelble
[P 3,000-
Cycle life (ideal) | 500-1000 | 300-700 |1000-2000 | 10002000 500 7 000
150°C 250°C 210°C 270°C 150°C One of
(higher (higher (higher (safe at (higher safest
1Nigorcel| ey when when when full when Li-ion
empty) empty) empty) charge) empty) batteries
Ambient
temperature during 0-45 0-45 0-45 0-45 -20-45 -20-45
charge (°C)
Ambient
temperature during | -20-60 -30-60 -20-60 -30-60 -30-60 -30-60
discharge (°C)

2.3.3.2 Electrolyte chemistries

As shown in previous sections, the electrolyte role in Li-ion batteries is more demanding

than in other types of batteries, as it needs to withstand higher voltages while not reacting

with the lithium ions. Therefore, the effort in the recent years has been to substitute the

flammable organic liquid electrolyte with safer options. Table 6 shows the main

commercially available electrolyte options.
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Table 6. Main types of electrolytes [13], [15].

‘ Type Description

— Polymeric membrane saturated with liquid electrolyte

Liquid organic (lithium salt in organic solvent)
electrolyte — Most extended
— Flammable (Safety)
Gel polymer
electrolyte — Gelled electrolyte or a solid polymer electrolyte
(LiPo) — Less flammable because of the elimination of organic
/ solvent, increasing safety
Solid State — Very expensive
electrolyte

The lithium polymer batteries’ (LiPo) electrolyte, also referred to as solid-state
electrolyte, gel polymer electrolyte or solid polymer electrolyte, replaces the organic
liquid electrolyte with a solid polymer or gelled electrolyte. A solid polymer consists of
inorganic lithium salts dissolved in polymeric framework like polyethylene oxide.
However, it has low conductivity at room temperature and nowadays most of the LiPo
batteries use gelled electrolyte. A gelled electrolyte uses lithium salts suspended in a

polymer gel [13], [20].

The main advantages of this system are the elimination of organic solvent, not using
flammable components and increasing the safety of the cells. In Li-ion batteries the
anode and cathode swell and contract during charge and discharge. Conventional
compositions need to have applied external pressure in order to keep the electrolyte in
contact with the electrodes, while in LiPo batteries the electrolyte binds the anode and
cathode together [13], [15], [20]. However, the ionic conductivity is worse than the
liquid electrolyte alternatives and the cost remains extremally expensive, which have

limited its commercialization [13].

2.3.4 Battery architecture
Li-ion batteries are formed by the aggregation of cells to store energy and all the

auxiliary systems that ensure its correct and safe operation.

2.3.4.1 Cell construction
In many cases the voltage output of a single cell will be less than the required for a
certain application. Therefore, cells are stacked in series to build up the total desired

voltage of the battery. Similarly, cells can be stacked in parallel in order to increase its
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capacity. This section shows the different strategies available to combine the individual

cells in order to build the battery pack.

Cylindrical cells [13], [15], [21]

In cylindrical cells multiple cells are stacked and rolled to form a cylinder-shaped
battery, as shown in Figure 17. This aggregation is then sealed by a rigid metal housing,

which will prevent any exterior pollutant such as oxygen or moisture.

Cell housing

electrolyte/separator
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Figure 17. Lithium-ion battery construction for a cylindric cell [13].

Cylindrical packaging offers good mechanical stability, as the cylinder shape helps to
withstand the internal pressures without swelling and resists well external abuse. It
further allows the allocation of added safety features like short circuit protection or
pressure relief mechanisms, making it generally the safest configurations. Cylindric cells
production can be easily automated, making it the cheapest configuration to
manufacture. Its main drawback is a less ideal packaging, as empty space cavities exist

in the cell.
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Its main applications are portable application like power tools, medical applications,

portables and e-bikes.

Prismatic cells [13], [15], [21]

In prismatic cells the battery is shaped in the form of a prism. The aggregation is then
sealed with a similar construction to that in cylindrical cells. There are multiple strategies
to achieve this as depicted in Figure 18. Generally, in small format batteries the cells are
rolled in a pseudo-prismatic way or folded like an accordion and in large format batteries

individual larger cells are stacked on top of each other.

Pseudo-Prismatic Accordion fold Stacked

Figure 18. Different prismatic cell constructions [15].

Prismatic batteries are similar to cylindrical cells but achieve a better packaging as there
is a better use of space and almost no empty space exist inside. Further this strategy
allows to reduce the thickness of the cell and the prismatic shape fits better in many
applications. On the other hand, prismatic cells are less robust than cylindrical cells and
some swelling may occur as a consequence of internal pressure. The lack of empty
spaces makes it less efficient in thermal management and the manufacturing of prismatic
cells is more complex, making them costlier to produce than cylindrical cells. Small
format prismatic cells are used for mobiles, tablets and low-end portables while large

format batteries are mainly used in electric powertrain in electric and hybrid vehicles.
Pouch cells [13], [15], [21]

Pouch cells use a similar laminated architecture to large format prismatic cells,
innovating in the packaging. Instead of a using a rigid metal case they use a flexible

lightweight bag sealed by heat as shown in Figure 19.
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heat seal

electrodes

aluminum/polymer pouch

Figure 19. Pouch cell structure [13].

This type of cell achieves great density for both power and energy as the space is greatly
used with almost no empty interior space and the elimination of the metal housing,
greatly reducing the weight of the cell. The downside is a reduction in the mechanical
resistance. This type of case will not properly protect the battery from external abuse

and the possibility of allocating safety features is more limited.

Because of the flexible case, pouch cells will suffer more moderate swelling during the
charge and discharge cycles. Unlike cylindric and prismatic cells, pouch cells cannot
apply pressure to the electrodes to keep them together, requiring an additional
mechanism for this purpose. Because of this, pouch packs are commonly used for Li-
Polymer, as this type of battery naturally does not need pressure as the polymer

electrolyte binds together the cathode and the anode.

Pouch cells are still a relatively new technology and their manufacturing costs are still
higher than cylindric cells. Pouch cells serve similar applications to prismatic cells with
special emphasis in stationary applications, as their poorer safety is a lesser inconvenient

for these.

Figure 20 shows the popularity of each type of packaging through the years. Prismatic
cells are expected to progressively be replaced by pouch cells, as they serve similar
purposes and pouch cells have better power and energy density and are expected to
further develop to overcome their disadvantages. Cylindric cells will experience a more

moderate growth, as a solid option in their field of application.
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Figure 20. Number of batteries produced per year of each type of packaging strategy and

expected evolution [18].

2.3.4.2 Battery management system

The Battery Management System (BMS) monitors the state of the battery and controls

the ancillary systems

to ensure its correct operation. Figure 21 shows an example block

diagram for the BMS.
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Figure 21. BMS block diagram [15].
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The complexity and number of functions of the BMS may vary the with the size and role

of the battery but some of its main functions are [15]:

e Monitoring. The BMS receives and interprets the signal from sensors to
monitor the state of the battery measuring parameters like cell voltage, battery
voltage, cell temperature, string current, and ambient temperature among others.

e Cell protection. Through the monitoring of the battery variables the BMS can
detect potentially dangerous situations and modify the operation or shut down
the battery for protection.

e Cell balancing. In batteries formed by multiple cells, each cell will charge and
discharge at slightly different rates, as each cell is unique. In order to avoid the
overcharge or over discharge of any of them the BMS will monitor the voltage
of each cell and keep them balanced.

e Charge and discharge control. The BMS controls the charge and discharge
process, regulating the voltages and currents and communicating with the
charger.

e Determination of SOC and SOH. The BMS will determinate the current SOC and
SOH from the variables monitored and may communicate it to an external
system.

e Communication. The BMS is in charge of managing the communication with
other components from the battery, other auxiliary system like thermal
management or safety systems if they are present, the charger during the
charge processes and external communication with the system the battery is

part of.

This way the BMS is behind all the control and operation of the battery and a correct
BMS operation not only ensures the proper functioning of the battery but can further

extend its lifetime.

2.3.4.3 Thermal management system [15]

This system is not present in all batteries, being in general only necessary when the
battery is susceptible to high charge and discharge rates. Therefore, many batteries
monitor the temperature to avoid safety concerns and only rely on passive heat transfer

in order to maintain the cell temperature.
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The objective of thermal management system is to use active strategies to extend the
lifetime of the battery and keep it in the range of temperature for optimal performance.
In general, the mission of thermal management system will be to refrigerate the battery
as it heats up during operation. However, the heating of the battery at low temperatures

is also possible, as these may be very harmful during charging.

2.3.4.4 Safety systems [15]

As seen previously, most Li-ion batteries are flammable and present safety concerns.
Because of this, batteries have basic short circuit and overcharge protections. This is
done through the BMS operation, fuses and voltage driven or current driven switches.

Additional safety features may be required with increasing capacities or operating rates.

Once it starts, a thermal runaway is almost impossible to stop and the best option is to
let the battery burn away in a well vented place. Therefore, the main objective of the

safety systems is to detect and shut down the battery before this happens.

In the event of a thermal runaway, it is important to vent the accumulated gas in order
to avoid more violent reactions. Because of this, cylindric and prismatic cells may be
equipped with vent valves while pouch cells will be vented by the rupture of the foil

pouch. Similarly, larger battery banks may have fire extinction systems.

2.3.5 Operation of Li-ion batteries

The operation of Li-ion batteries must be maintained within defined conditions.
Overcharging a Li-ion battery can lead to a fire or explosion, and over discharging below
the minimum voltage (usually because of self-discharge during storage) can cause the

copper from the anode to dissolve in the electrolyte, disabling the cell [13], [15].

Li-ion batteries are usually charged in two steps as shown in Figure 22. The first step is
a high constant-current charge (~0.5-1C) until the battery reaches its maximum voltage
(~4.1-4.2 V/cell). After that, the battery is charged at constant voltage until the current
drops below a threshold (~0.02C-0.1C), or for a fixed amount of time (~2h). Precise
voltage regulation is necessary as the tolerance for overcharging in Li-ion batteries is
very narrow (<50 mV) [13]. These values are indicative and are common for cobalt
blended batteries. For other chemistries like LFP or LTO the charging process is similar

but the voltage thresholds are different and generally allow for higher charging rates.
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Figure 22. Approximate evolution of current and voltage of the battery during charging [13].

When multiple cells are connected, their voltage must be balanced by the BMS such that
none of them exceeds the maximum. Surpassing the charge rates indicated by the
manufacturer can lead to the formation of lithium dendrites in the anode, which may
eventually cause a short circuit. Even higher rates can lead to the formation of oxygen

in the cathode, decomposition of the electrolyte or catastrophic failure [13], [15].

Discharging of Li-ion batteries is less delicate and can be done at any rate within the
manufacturer’s specifications. In general, the manufacturer will give indication of
recommended discharge patterns like peak, pulsed or nominal. Unlike previous
technologies, Li-ion batteries do not have a memory effect and do not need full discharge

cycles, in fact benefiting from partial discharge cycles.

2.3.6 Li-ion batteries for PV application

A battery in a PV system is exposed to frequent cycling as it is designed to charge and
discharge every day. Moreover, the charging power or time is limited and therefore the
battery has long operation at partial states of charge. Li-ion batteries are suitable for this
application as operation in partial state is not harmful [15]. Furthermore Li-ion batteries

require very little maintenance once installed.

For home storage applications, safety and space limitations are generally assumed to be
the most defining parameters. In this context LFP and NMC are the most popular
chemistries. NMC batteries offer high energy density, and good overall characteristics

while LFP batteries offer very safe operation.

35



Table 7 summarizes the main characteristics of some popular commercial models. To

allow for easier cost comparison, the total cost of each battery is divided by the total

energy it would deliver during its lifetime according to the warranty.

Table 7. Characteristics of popular Li-ion battery models for PV energy storage [22]-[29].

Nominal Max Steady . Cost per warranted kWh
Type Capacity Power Cycle life (1 cycle a day)
3200 cycles
Iﬁgs(ﬂ‘z“s‘ NMC 6.5 kWh “aﬁ dk:i‘;flll’:rrg: 90% DOD  $0.30 (+inverter cost)
: 8¢ (60% SOH)
2800 cycles
Pov;ree:’v';“ | NMC  14kwh :nﬁ‘x:cﬁ.gz 100% DOD  $0.31 (+inverter cost)
& (70% SOH)
Varta 2.5 kW charge 4000 cycles
Pulse 6 NMC 6.5 kWh 2.3 kW 90% DOD $0.48
discharge (80% SOH)
RLUNLAG 1.5 kW charge cl:;(:)l(::g
I;or;lg;’g NMC Flsut 2 kW discharge ~ 80% DOD B
()
y (60% SOH)
ReLiON 5 kW charge 7000 cycles
RB48V100 LFP 5 kWh 10 kW 80% DOD $0.29 (+inverter cost)
discharge (70% SOH)
6000 cycles
LFP  5kWh asn ﬁﬁ;ﬁfﬁi 100% DOD  $0.35 (+inverter cost)
£ (80% SOH)
S 5000 cycles
S e 34kwh g Evz/dg:c};gfi 90% DOD  $0.42 (+inverter cost)
: € (80% SOH)
Power Plus 5000 cycles
Energy L. LFP 3.3 kWh OLIEY el 75% DOD $0.37 (+inverter cost)

Pr.

3 kW discharge

(70% SOH)

2.4 Degradation Mechanisms of Li-ion batteries

In theory, Li-ions batteries use a completely reversible mechanism and should last for
an infinite number of cycles. Unfortunately, there are a number of undesired chemical
and mechanical processes that limit their lifetime. Aging in li-ion batteries involves a
loss of available capacity and an increase in internal resistance. Of the two, capacity loss

is the most significant and usually used to characterize the aging.
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2.4.1 Degradation mechanisms

There are several degradation mechanisms that cause Li-ions batteries to age. The
dominant degradation mechanism can change with the chemistry chosen or the operation
conditions of the battery [30]. Figure 23 summarizes the main degradation mechanisms

for Li ion batteries. These can be further classified by the component affected.
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Figure 23. Main degradation mechanism of Li-ion batteries [31].

Anode degradation

Figure 24 shows some of the degradation mechanism that affect the anode. This analysis
is focused on graphite-based anodes as they are the most common. Some of the main

ones arc:

e SEI formation. SEI growth is generally considered one of the dominant aging
mechanisms in Li-ion batteries. Although SEI can be formed in anode and in the
cathode, it is more significant in the anode due to the low potentials within cell
charging [31]. SEI is formed due to the reaction of Li-ions with the electrolyte.
This reduces the number of cyclable Li-ions available (less capacity) and makes
the SEI layer thicker (more internal resistance) [31]-[34].

e Lithium plating. Lithium plating happens when the metallic Lithium
precipitates to the surface of the anode. These usually happens when the

intercalation of Li-ions in the anode slows down because of low temperatures.
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This reduces the amount of cyclable Li-ion and may produce shorts [30], [35]
Because of this a lithium battery should never be charged below 0°C [36].

e Structural changes and mechanical stress. In combination with SEI growth,
this is generally the other main degradation mechanism responsible of Li-ion
aging. The constant cyclic intercalation and de-intercalation of Li-ions in and
out of the active material causes structure changes, cracks and wear in the anode
electrode and reduction of the surface of active material as well as the loss of

mechanical and electrical contact, deteriorating transfer [31]-[34].
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Figure 24. Anode degradation mechanisms [31].

Cathode degradation

Cathode degradation mechanism are somewhat similar to the anode ones. Figure 25
summarizes the known mechanism that cause the cathode to age. There are several

cathode chemistries and each one of them will have particular degradation modes but in

general terms are:

e SEI growth. Although much less significant than in the anode, in the cathode
some SEI is formed due to the reaction with the electrolyte [31]-[34].

e Structural changes and mechanical stress. As with the anode, the constant
cycling of the battery will cause cracking and structural disorder in the cathode.
This may lead to the isolation of the active materials and weaker contact,

reducing the capacity and increasing resistance [31]—[34].
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e Active material dissolution. This is a characteristic of Manganese based

cathodes. In these, the Manganese will dissolve in the electrolyte and may
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Figure 25. Cathode degradation mechanisms [31].

Separator degradation

Although the separator films are inert and do not react with the battery components, its
physical degradation can disrupt the ion flow, increasing the overall resistance. This is
usually consequence of the obstruction and deformation of the pores with cycling. A
worse flow through the separator can also favour the electrolyte decomposition and its

consequent reaction with the anode and cathode [31].

Current collector degradation [31]

The main degradation of the aluminium and copper current collectors is the corrosion
by the electrolyte. Aluminium is relatively inert due to the passive layer formed in its
surface. However, some corrosion may happen with cycling due to pitting corrosion. On
the other hand, copper may dissolve in the electrolyte at very low voltages, reacting with

it so the voltage of the cell should never wall below the manufacturer’s minimumes.
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2.4.2 Calendar aging and Cyclic aging
The overall cell aging of lithium-based batteries is usually classified in two categories

distinguishing between time-based and cycling-based effects:

Calendar aging

The calendar aging is the aging due to the passage of time, regardless of whether the
battery is being used or not. It is mainly driven by time and influenced by the temperature
and SOC [37]. The calendar aging is mainly a diffusion driven mechanism. This way,
when the battery is idle at a SOC high there is a significant potential and concentration
difference across the electrolyte. This difference will cause the diffusion of lithium ions
from the electrode to the electrolyte. This will expose more electrode material and will
also cause the lithium ions to react with the electrolyte to form more SEI [30]—-[32]. The

temperature increases diffusion, accelerating this process.

High SOC are more harmful as the battery is at a higher energy state. However, if the
SOC in storage is too low, the battery could become severely depleted via self-discharge,

which may cause permanent damage and make it unsafe to charge [13].

Cyclic aging

Cycling aging is the aging due to battery use. Is influenced by the depth of discharge
(DOD), current rate (C-rate) and temperature [37].

There is a limit to the rate at which lithium ions can be accepted by the electrode.
Because of this, at high rates a small portion of Li-ions are deposited on the surface of
the electrode instead of intercalating into it, where they react with the electrolyte forming
more SEI. This limit is tighter in the anode as there is already SEI formed and the ions
must diffuse through it, which implies that the rate will be more limited during charging
than discharging [15]. This effect is aggravated at low temperatures as the diffusion
through the SEI and intercalation in the electrode becomes slower, further limiting the
rate, or at higher temperatures, that may lead to the dissociation of the electrolyte easing
its reaction [15], [32]. High temperatures will also accelerate the kinetics of side

reactions and diffusion, accelerating the aging processes [30].
As seen before, low temperatures may also lead to lithium plating.

LTO anode batteries do not form SEI in the anode so they will be significantly less
affected by the rate of charge, being able to charge and discharge at the same rate [15].
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Higher DOD induce a greater volume change in the graphite during the intercalation
process, increasing stress and microcracks. This exposes more active material, enabling

further reaction with the electrolyte to form more SEI [30].

2.4.3 Guidelines to extend Li-ion battery lifetime
The manufacturers and literature give a number of instructions to extend the lifetime of
batteries. These guidelines are a direct consequence of trying to minimize the aging

processes studied above and can be summarized in the following points:
General

e Avoid extreme temperatures and high moisture environments when using or
storing Li-ion batteries [38].

e Avoid any type of mechanical damage or stress [13], [38].

Storage

e In most cases, batteries should be stored near or below room temperature and at

20-50% state of charge [13], [36], [39].

Charging

e Use moderate charge rate and avoid fast charge when possible [38].

e Select a lower float voltage and avoid saturation charge, as fully charging
stresses the battery. The optimal charge voltage is estimated to be the
corresponding to about a 70% SOC, as going lower may not gain further extend
of lifetime. It is important to try to keep the average SOC not too high as well,
charging the battery only the amount predicted to be needed [36], [38]-[43].

e Most Li-ion batteries should not be charged at ambient temperatures below 0°C

or above 40-50°C [13], [36], [38].

Discharging

e Fully discharging a Li-ion battery will reduce its life, and discharging the battery
below 2.5-3 V/cell can cause permanent damage or short-circuiting [36], [38],
[39], [42].

e Use partial discharge cycles, with small DOD [36], [38]-[40], [42], [44].

e Avoid high discharges rates [38].
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2.5 Li-ion degradation and lifetime analyses in the literature
This section aims to review previous studies concerning Li-ion degradation and lifetime.

2.5.1 Lifetime studies based on experimental data

The study of degradation experimentally is challenging, as it often requires the operation
of multiple batteries in a controlled environment for years. This often leads to
compromised results because of the use of short time studies, the usage of accelerated
aging conditions that can stimulate faster degradation or not considering the current

developments in new materials [37].

Dubarry et al. studied the degradation in a real Battery Energy Storage System (BESS)
during a three-year period [45]. The IMW/250 kWh Lithium titanate BESS was used
under heavy duty conditions, cycling an average of 8 times a day and spending 85% of
the time above 90% of the rated power. In the three-year period the BESS suffered a 5-

10% capacity degradation after more than 5000 equivalent full cycles.

Gailani et al. tested batteries from three different manufacturers, studying calendar aging
and cycle aging [37]. Calendar aging was studied for two different manufacturer LFP
batteries during 30 months under different SOC and temperatures. In both cases,
calendar aging increased with increasing temperatures and SOCs. Cycle aging was
studied to the two previous LFP batteries and one NMC battery under different DOD,
temperature and C-rate limit. In all cases the capacity fade increased for increasing
DODs, temperatures and C-rate limit. However, the NMC battery outperformed both
LFP batteries and degrade slower for the same conditions, reaching 80% SOH after 3000
cycles at 1C rate, 35°C temperature and 70% DoD.

Grolleau et al. studied calendar aging in Li-ion batteries for EV application [46]. For
that the degradation of NMC batteries at different SOC and temperatures was studied
for 24 months, showing as previous studies increased aging for hight temperatures or
high SOC. After that, the degradation of batteries which expended most of the time at
rests subjected to small cycling was studied for different charging scenarios, showing

that even very reduced cycling caused a strong negative effect on Li-ion lifetime.

Preger et al. [30] performed a three year cycling study of commercial LFP, NCA and
NMC cells. The cells were cycled with varying temperature, DOD and discharge rate.
LFP had the highest lifetime across all conditions. The trends in temperature, DOD
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and rates were chemistry specific, with the capacity fade increasing with temperature for
LFP cells but decreased for NMC cells, indicating different dominant degradation
mechanisms. The discharge rates did not show a clear tendency in aging. The capacity
fade increased with increasing DOD ranges for all chemistries, with NCA and NMC

showing a stronger dependence than LFP.

2.5.2 Lifetime modelling for Li-ion degradation

By the time of writing this dissertation, the exact conclusions about Li-ion battery
degradation remain unknown and the existing lifetime prediction models are empirical
or semiempirical. This will irremediably result in some limitations to the available
models and increased dependency on experimental data. However, these models still
give reasonable predictions that in most cases match with reality, making them useful
tools. The degradation models used in this dissertation will be discussed in detail in the

methodology chapter. Many authors have proposed different models.

The model proposed by Smith et al. is highly empirical, consisting of trial functions
statistically regressed to Li-ion cell life datasets [34]. Grolleau et al. proposed a calendar
aging model fitting their experimental data following a similar approach [46]. Pérez et
al. proposed a model for obtaining the Li-ion degradation under erratic operation from

the manufacturer’s degradation data for constant DOD ranges [33].

Other models like the one proposed by Goebel et al. follow a more semiempirical
approach [47], trying to mathematically model the degradation mechanisms using
physical and chemical laws and using the experimental data to adjust these expressions

and make them fit the experimental data.

2.5.3 Lifetime studies based on simulations

Because of the limitations of experimental studies, many authors choose to use lifetime
models to simulate different scenarios. Although these stem from the experimental data,
they allow to simulate complex scenarios and obtain results much quicker and at a lower

cost.

Mishra et al. studied the impact of different chemistries and climatic conditions on a
battery in a residential energy storage system under different operating conditions [41].
In the study high temperatures, high DODs and high average SOCs showed to be

detrimental to the lifetime. The LFP chemistry showed less sensitivity to temperature
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and DOD and achieved better lifetime predictions than the NMC one. Lifetime was also
improved by oversizing the battery and cycling it within tighter SOC limits.

Tian et al. performed an economic analysis of the lifetime of a BESS under multiple
SOC ranges [48]. It showed that although wider SOC ranges led to higher revenue from
the market, the lifetime of the BESS was reduced reducing the overall value of the BESS.
Thus, the optimum SOC range is smaller, finding the balance between the BESS revenue
and degradation. Won et al. and Goebel et al. also follow a similar approach analysing
a BESS system and looking for the operational dispatch to maximize its rentability

considering the degradation cost associated [44], [47].

Beltran et al. studied time expectancy for commercial Li-ion batteries implemented as
home solar storage systems [49]. Each battery was studied at three different load
patterns, in three different locations, with two sizes of PV system and three different
battery sizes. The simulations showed that NMC batteries were affected more by cycle
aging than the LFP ones. However, as the battery size increased calendar aging gained
relevance and the two chemistries converged. Additionally, the degradation experienced

by different load profiles and PV generation profiles did not vary significantly.

Overall, the literature shows similar results. In most of the studies the LFP chemistry
outperforms NMC one in cycling aging and is less affected by the DOD and rate.
Temperature showed a strong effect in all scenarios, with higher temperatures
accelerating aging both in calendar and cyclic aging. The higher charge and discharge
rates accelerated cyclic aging as well in most of the studied reviewed. Lastly, the SOC

showed a strong influence on calendar aging with higher SOC leading to faster aging.
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3 Methodology

This chapter discusses the methodology followed to perform the analysis of the lifetime
of Li-ion batteries. The main parameters affecting the lifespan of Li-ion batteries were
identified in the literature review and their effect was studied through simulations in
three different modelling software. The analysis was performed for 4 different scenarios,
corresponding to four different household, with two different sized PV systems

associated.

3.6 Scenarios considered

In order to cover a wider range of situations and to study the effect of the household

type, four scenarios were studied:

e One person unemployed
e One person working
e Family, two children, both parents unemployed

e Family, two children, both parents working

These cases were chosen to study simple cases, where the duty of the battery is expected
to be significantly different. One working person within a household will usually spend
most of the day away from home, so the battery will play a key role in using the PV
energy outside that time window. On the other hand, a family with both parents
unemployed will very likely have energy consumption during the PV’s working hours
and the battery’s contribution will be less critical. Thus, a broad battery use scenario is

covered.

This way the working and unemployed scenario for multi-person and one-person
households were studied. Multi person scenarios are expected to have a higher and more
varied load pattern, while working cases expected to have higher mismatch between PV

and load than their unemployed counterparts.

The battery and PV system employed was kept the same in the working and unemployed
variants, being the difference between them the load profile. On the other hand, different
battery and PV systems were considered for the person and family case, as the family is

expected to have a higher demand and thus use a larger system.
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3.1 Consumption profiles

In order to simulate the operation of the battery it is necessary to know the time evolution

of the demand and the PV generation, i.e., the consumption and generation profile.

Both the consumption and generation profiles were obtained from Polysun software to
serve as a starting point [50]. This software is very renowned and has been first
developed at the Institute for Solar Technology, University of Applied Sciences
Rapperswil, Switzerland, back in 1992. Later on, a spin-off company was formed to

offer the software on a commercial basis.

Polysun has an extensive database of consumption profiles for more than 70 household
types. Out of these the “one-person” and “family with two children” scenarios were
chosen as simple and somewhat common cases for one-person and multi-person
scenarios. Considering the unemployed and working variants, the four consumption

profiles were obtained with a data resolution of 1 hour.

These profiles were then scaled to reflect the typical consumption in Malta. This was
based on the data from a report on energy consumption in households from the National
Statistics Office of Malta [51]. The data considers four types of dwellings as presented
in Table 8.
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Table 8. Summary of energy consumption per household type [51].

Daily average (kWh/d)

house
1.92 2.47 2.51 2.46
0.11 0.09 0.14 0.19
0.00 0.10 0.00 0.00
0.22 0.20 0.06 0.36
0.09 0.07 0.06 0.07
2.52% 2.52 2.87 2.53
Space Heating (non-
0.00 0.14 0.00 0.36
0.00 0.07 0.00 0.00
1.08 0.99 0.95 0.92
0.00 0.01 0.00 0.02
0.36 0.59 0.50 0.17
0.24 0.26 0.25 0.33
0.00 0.06 0.00 0.02
0.00 0.05 0.00 0.00
0.00 0.00 0.00 1.02
2.94 3.15 3.69 4.27
9.47 10.76 11.02 12.72
Yearly average
3455 3929 4023 4644
*The study reported that the water heating figure for Apartments was abnormally high so the same value
as maisonettes was used instead.

The four households identified earlier were associated with an appropriate dwelling from
those considered in the report. In this way, an apartment was considered for the one-
person households while a villa was chosen for the family households. The
corresponding yearly average consumption values were then used to scale the respective

Polysun profiles.

3.2 Photovoltaic System and generation profiles

Each household was assumed to own a PV system. The PV systems were designed using
Polysun software, setting up two different sized PV systems; one for the single person
and one for the family households. The criterion used to size the PV system in both cases
was to have an annual generation that is close to the annual consumption identified from
Table 8. All of the chosen components were state-of-the-art with good efficiencies so
the analysis would be valid for newer projects. The photovoltaic modules selected were

monocrystalline panels, mounted with a south-orientation and a tilt angle of 30° to the
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horizontal. The number of panels was adjusted in each case to achieve the desired total

energy generation.

The weather data was obtained from the Polysun software itself with the location set to
Valletta (Malta). Polysun obtains this data using the webservice of Meteonorm. In this
way, the data of a typical meteorological year was obtained using data from the 1996-
2015 period for radiation parameters and from 2000-2019 for temperature, dew point

temperature, wind, precipitation and days with precipitation.

Using the designed PV systems and the obtained weather data, the generation profiles
were obtained with 1 hour resolution. Table 9 shows a brief summary of the designed

system but this will be further elaborated in the next chapter.

Table 9. Summary of the PV system designed.

Total annual consumption 3455 4644

[KWh]

Total annual generation (AC)
[KWh] 3384 4504
PV peak power
2.25 2.92

[kWp]
Battery size

[KWh] 4.5 kWh 6 kWh

3.3 Battery sizing

The Association of European Automotive and Industrial Battery Manufacturers
(EUROBAT) suggests a typical battery size of 2 kWh per installed kWp of PV for
household installations [52]. Weniger et al. studied the sizing of Li-ion batteries for PV
residential application and recommended similar capacities [53]. Consequently, the
batteries were sized to the closest commercially available capacities following this rule.
Thus, as indicated in Table 9, 4.5 kWh and 6 kWh batteries were chosen for the single
person and family households respectively. Further characteristics and selection of

operational parameters for the batteries will be discussed in the next subsections.
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3.4 Lifetime models and battery operation strategies

Three different models were used in this dissertation, Polysun lifetime prediction [50]

SAM software [54] and simSES [55].

3.4.1 Polysun lifetime prediction [56]
Polysun offers a first approximation of the battery lifetime, considering the cycling and

calendar aging.

For Li-ion batteries the number of cycles to fail Cr at different DOD is modelled as a

Wohler curve as shown in (1):

Ckr = a; - DOD™%2 (1)
Where a;and a, are parameters obtained from empirical lifetime test data, intrinsic to
the battery model used. Then the data obtained from the modelled battery is divided into
20 DOD ranges of the same size and the number of cycles in each range, M;, is
computed. Using M; and the number of cycles to failure at each range Cp; obtained

from (1), the annual damage D to the battery is computed according to (2):

D= 2 M
: CrLi

The total cycling life is then obtained from the annual damage.

2)

On the other hand, calendar life is given in the respective battery catalogue entry. In
most cases this value is 20 years. Finally, the combined lifetime estimation will be the

minimum of the calendar life and cycling life.

3.4.2 SAM Software[54]

SAM (System Advisor Model) is a free techno-economic software for the renewable
energy industry developed by the National Renewable Energy Laboratory (NREL) of
the United States.

The utility used in the program was the battery storage system analysis. Introducing the
generation and consumption profiles obtained from Polysun it allows to analyse the

performance of the battery. SAM software has several dispatch models for the battery:

e Peak shaving: This strategy attempts to reduce the peak power injection into the
grid, considering the solar resource and the load during the day. Two approaches

are available:
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Peak-shaving one-day look ahead: For each day, the battery dispatch is
based on the solar resource and load data over the next 24 hours. The
look-ahead option gives the ideal case as it is based on a perfect
prediction of the future load and solar resource data.

Peak shaving one-day look behind: Similar to the previous approach
but the dispatch is based on the previous 24 hours. This is a more realistic
case as it does not predict the future and leads to some mismatch between

the assumed and actual profiles.

e Input targets: This strategy tries to operate the battery in response to specified

targets. Two targets are available, as follows:

Grid input power: In each time step the demand from the grid is
compared to the set target. The battery charges when the overall load is
less than the target, and discharges when the overall load is greater than
the target.

Input battery power targets: In each time step, an attempt is made to
charge to the negative power value introduced, or discharge to the

positive power value introduced.

e Price signal forecast: This option operates the battery to minimize the electricity

bill over the next 24 hours by considering the load, system power output, and

electricity rates.

e Manual dispatch. In this option the timing of battery charges and discharges as

well as the maximum amount it can be charged in each time slot is manually

introduced. A manual dispatch was set to be equivalent to the operation strategy

“Greedy” from simSES. In this mode the battery can charge and discharge as

much as possible at any given time.

Out of these options the “Manual dispatch greedy” was used, as there is no grid power
or battery power target and this work does not cover the economic aspect. The peak
saving options show very little operation of the battery, with it spending most of the time

idle and not actively participating.

To analyse the battery lifetime, SAM also differentiates between cyclic aging and
calendar aging. The cyclic degradation model relies on the curves of capacity fade versus

number of cycles elapsed at distinct average DODs like the one shown in Figure 26.
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These curves can be found in the datasheet of the battery or use the default curves for

the main Li-ion chemistries provided by SAM.

CYCLE LIFE vs. DEPTH OF DISCHARGE (DOD)

100% DISCHARGE 0.5C/CHARGE 0.5C @ 25°C (77°F)

95%
90%
85%
80%
75%
70% -
65%

60% —50% DOD
—100% DOD

Remaining Capacity

50%
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Figure 26. Capacity fade versus number of cycles of the ReLiON RB48V 100 LFP battery [26]

Counting the number of cycles in a Li-ion battery is complex, as partial DOD cycles
degrade the battery slower, and thus do not accumulate to form a full cycle. This way
for instance five partial 20% DOD would account for less than a full 100% DOD cycle.
To track the number of cycles that the battery has undergone SAM applies a rainflow
counting algorithm [57]. This algorithm is often used in cycle counting in fatigue
processes, allowing to transform a complex, irregular discharge history into a series of
constant amplitude events. To achieve this the algorithm defines the cycles as closed
hysteresis loops [58]. After obtaining the number of cycles, the aging is determined by
interpolating the curve at the current cycle number and average cycle DOD at the

corresponding timestep.

On the other hand, the calendar aging follows the model proposed by Smith et al. [59].
This model calculates the parameter k.,; as a function of the SOC and temperature as

shown in (3), where the parameters a, b and c are fitted to the empirical data.

11 soc_ 1
Ko = a- eb(f‘m) : eC(T‘Tref) 3)
With k., the resulting remaining capacity (measured in SOH terms) of the battery is

calculated as a function of the square root of time t according to (4), where q, is the

initial SOH of the battery.
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q = qo— kcal‘/z )
Finally, the total resulting aging is obtained as the value that gives the lowest remaining

capacity out of calendar and cyclic aging in each time step.

In SAM, a reference set of parameters for each scenario was analysed more in detail as
it will be explained in the simulations section. For these cases the general characteristics
like cycling, average DOD and SOC were studied as well as the SOC and DOD
distributions, plotting the histograms of the corresponding data arrays. The performance
of the battery for the reference parameters in each scenario was studied by analysing the
self-consumption fraction achieved. The aging in all scenarios was analysed
representing the SOH time evolution. For the reference parameters this aging analysis
was further split into aging and calendar aging Some additional outputs were studied to
help understanding the results like the C-rate distribution, which was obtained

representing the histogram of the power data normalized with battery size.

3.4.3 simSES [55]
The simSES software (Simulation of stationary energy storage systems) is an open-
source modelling framework for the simulation of stationary energy storage systems

developed by the Technical University of Munich, Germany [55].

In simSES, the tool for residential storage was used. The same PV generation and load
consumption profiles obtained from Polysun and previously used in SAM were used. In

simSES, four operation strategies are offered for the battery:

e Greedy: This mode maximizes the self-consumption of the system. The excess
power is stored in the battery and excess demand is supplied by the battery. There
is no forecast or consideration of system limits, as the available capacity is finite
and limited by the SOC limits, thus the battery can get fully charged or
discharged.

e Self-Consumption Optimization avoiding Curtail: The curtailment is the
deliberate limitation of the power output of the PV system, generally in order to
balance supply and demand, security or because of transmission limitations. This
mode is similar to the Greedy strategy but incorporates a way to minimize
curtailment losses. The expected curtailed energy is calculated and computed to
corresponding SOC of the battery. SOC limit is temporarily changed to keep

sufficient storing capacity to store the power above curtailment limit.
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e Feed-in damping: This strategy was implemented according to Zeh et al. [60].
The power at which battery is charged is damped, depending on the remaining
empty capacity of the battery and the predicted remaining time until sunset
achieving a nearly constant charge power over the complete sunshine duration.

e Dynamic feed-in limit. This mode introduces a small improvement on the
previous one. Energy for certain thresholds is roughly estimated to obtain a near-

optimal reference feed-in limit.

The models used by simSES are different for each battery technology. For the NMC
chemistry the capacity fade due to cycling is obtained through the exponential equation
shown in (5), where n is the number of cycles and a, b, ¢ and d are parameters obtained
from fitting the data from the warranty sheet of the Tesla Powerwall with 6.4 kWh

storage size.

feye=a-e™+ c-etm (5)
The capacity fade due to calendar aging is obtained in the same way as shown in (6),
Where now t is the time elapsed and a, b, ¢ and d are fitted to the Powerwall’s time

degradation data.

fear=a-ePt+ c-edt (6)
cal

The combined effect of the two only considers the cyclic aging.

On the other hand, the model for LFP batteries is more detailed. This model is based on
the model proposed by Wang et al. [61] and was implemented by Gobel et al. [47]. The
capacity fade due to calendar aging f.,; is expressed as function of the duration d, the
surface temperature T and the state of charge SOC. This relation is given by (7), where

the parameters 1, S2, B3, B4, Ps, Pe and [ are fitted to the empirical data.

fcal(d; Ts, 50C) = (,81 -SOCPz + .83) ’ (ﬁ4 ) TSBS + B6) - dFs (7
Then, the capacity fade due to cycling f, is obtained as a function of the capacity

consumed measured in Ah, the surface temperature T and the C-rate at which the cell

was cycled, 7. (8) shows the resulting expression,

< Bo () > ®)
feye (AR, Te,72) = Bg(r) - e\Roes *ED)) . (0.5 - AR)Fro

where the variables 3g and B4 and the parameter B, are fitted to the empirical data, Ry,
is the gas constant and k1 is the conversion summation (273.15) from Celsius to Kelvin.
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Finally, the resultant combined fade of the battery is the maximum of the cycling fade

and calendar fade for each timestep.

In simsSES it was proceeded in a similar way than in SAM. The same general
characteristics were analyzed in simSES for the reference parameters. The performance
of the battery in each scenario in this case was studied by analysing the self-consumption
fraction achieved. Similarly to SAM, the SOH evolution was used analyse the
degradation of Li-ion batteries under multiple operation parameters, and the calendar
and cycling aging for the reference parameters. sSimSES software does not offer the

option to limit the ratings so this effect was only studied in SAM

3.5 Simulations

The main objective of the simulations performed was to identify the best operating
strategies in order to extend the Li-ion batteries lifetime. In order to achieve this, the
effects of the parameters affecting the battery lifetime’ as identified in the literature

review, were studied. These consisted of:

e SOC operating range: Limiting the maximum and minimum allowable SOC is
a common strategy to prolong the lifetime of Li-ion batteries. This directly limits
the maximum DOD.

e Charge and discharge rates: Higher charge and discharge rates cause
accelerated aging. Therefore, establishing an upper C-rate limit for
charging/discharging can prolong the battery lifetime. The C-rate limit also
indirectly reduces the battery cycling as it limits the power exchange.

e Battery Capacity: Oversizing the battery is a possible strategy that could
extend the lifetime as the same amount of energy in a larger battery will
represent a smaller DOD with correspondingly less cycles than for a smaller
battery. However, the effect of increasing the battery capacity is not trivial. A
larger battery could keep operating in situations where a smaller battery would
be either full or depleted, and thus experiencing the same or even higher number
of cycles. This would of course improve the performance and self-consumption
ratio of the system, but the lifetime could be decreased. In order to assure an
increase in the lifetime, the usable capacity must remain the same using tighter

SOC ranges.
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e Battery dispatch method: The battery dispatch method will dictate how the
battery operates, consequently conditioning the evolution of the SOC and the
DOD. This way the dispatch method chosen will influence the lifetime. It is
important to notice that the usual objective of the dispatch method is to
maximize the performance and self-consumption of the system and often will
not prioritise battery lifetime.

e Battery chemistry: The main Li-ion chemistries used for energy storage are
NMC and LFP. Of the two, LFP usually has a longer lifespan, although the
difference between the two has decreased in the recent years.

e Temperature: Temperature has a strong influence in aging and limiting the

exposure of the battery to high temperatures can increase its lifetime.

As shown in the previous subsection the impact of each of the parameters will be
conditioned by the model used. Therefore, firstly the effect of each parameter was
explored to analyse its effect on the lifetime prediction for each model used in just one
of the studied cases. The scenario studied extensively was family, both parents working
as it was considered as the most common out of the four in which to consider installing
a PV battery system. In order to do this a set of parameters was taken as a reference out
of which one parameter was modified at a time, thus obtaining the SOH evolution as a
function of the said parameter. The reference parameters were chosen according to the
manufacturer and literature guidelines and are summarized in Table 10. The predictions

obtained from the three models were then compared.

In simSES, the chemistry used as reference was LFP as the NMC model seems limited.
Similarly, LFP batteries are used in SAM. For battery dispatch, the “Manual dispatch
greedy” was used as it was the one which achieved the best use of the battery. In simSES

“Greedy” mode was used, as it is equivalent to SAM’s dispatch model.

Table 10. Reference parameters.

SAM

SOC range 20-80%
Charge/discharge
rate limit 0.5C/0.5C
Battery dispatch :
method Manual dispatch greedy Greedy
Battery chemistry LEP
Temperature 25°C
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The simulated period in all cases was set to 25 years, given that this is commonly taken
as the expected service life of residential PV systems. The simulation step size used was
one hour, as it offers enough resolution to obtain valid results. The battery replacement

threshold used was a SOH of 80%, as it is the common reference in the literature.

Once the key parameters were identified, the analysis was extended to the rest of the
cases. Lastly, the results of the different scenarios were compared. In summary, Figure
27 shows a flow chart describing the methodology used for exploring the effect of the

parameter settings on the lifetime.

Identify the key variables

!

3 Study the effect of a variable

only in one scenario

Hasita
significant
effect?

Keep the reference value

Extend the study to the rest
of scenarios

Yes

There are
still variables
to study?

Compare the scenarios and
identify the tendecies

v

Reach optimal strategies to
extend the lifetime

Figure 27. Flow chart of the methodology employed.

The chapter showed the methodology followed in order to perform this study. The
motivation for the four scenarios studied was discussed, showing the criteria followed
to dimension the PV system and the battery and thus obtain the consumption and

generation profiles for each scenario. After that the models and dispatch methods of the
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software used were described. Lastly, the methodology followed to perform the

simulations was described, showing the main parameters studied.
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4 Results and discussion

This chapter presents the results for the four scenarios studied. The first scenario was
subjected to a deeper and more complete analysis while the following ones are studied

more lightly, focusing on their particularities and differences between them.

4.1 Scenario 1: Family with both parents working

Both in SAM and simSES the simulations were set up introducing the “family with both
parents working” consumption and generation profiles and adjusting the size of the
battery. To showcase the profiles, a week of operation during the summer is presented

in Figure 28 and a week during the winter in Figure 29.

The load in both figures is similar, showing a marked difference between the weekdays
and the weekend, with the central hours of the weekdays having very little consumption,
as everyone is away from home. In the weekends the consumption is greater and more
distributed throughout the day, having more consumption during the PV production

hours. Most of the days present three peaks corresponding to the mealtimes.

The PV system size for the family scenarios was 2.92 kWp. The PV generation during
the summer is high and experiences very little variation from day to day, as in Malta the
cloud coverage during summer is rare. In contrast, the generation during the winter is
lower and more irregular as there are less sun hours and cloudy or rainy days are more

common.
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Figure 28. Consumption and generation profiles of Scenario 1 during a summer week.
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Figure 29. Consumption and generation profiles of Scenario 1 during a winter week.

4.1.1 Reference parameters

The summary of the simulations performed using both SAM and simSES is presented
in Table 11. The number of cycles, average DOD and average SOC are very similar, as
both models are using the same dispatch method. In SAM, the fist number of cycles
value is measured in the same way as in simSES, as the number of times the accumulated
discharge reaches 100%. The second value for number of cycles is the one obtained
from the counting algorithm in SAM. This value was extremely high across all scenarios
and was analysed in more detail, observing that the rainflow algorithm was being

triggered by the small changes in state of charge, where the battery switches between
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charging and discharging for short periods. As this value is used to compute cycle aging,

the cycle aging in SAM is more pronounced.

Table 11. Summary of Scenario 1 with reference parameters

sav

Total Cycles 5585 5583
Counting algorithm (16115)

Average Cycles/day 0.61 0.61
Average DOD 34.25% 39.51%
Average SOC 40.68% 40.47%

Battery replacements 1 (16" year) 1 (14" year)
SOH Calendar Aging 96.87% 83.91%
SOH Cycling Aging 81.30% 86.39%
Total SOH 81.30 % 81.25%

To analyse the operation of the battery in both software their SOC evolution for the same
weeks as the profiles of Figure 28 and Figure 29 is shown in Figure 30 and Figure 31.
In both cases, the battery follows the profiles and is operated in a similar way. Generally,
it charges early on in the day reaching the upper SOC limit and is discharged to the
bottom limit in the evening. In the weekends when there is a higher demand in the central
hours of the day the battery can alternate between charge and discharge. In the winter
the PV production is more limited, and the battery sometimes does not fully charge

during the day.

S 38
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SOC (%)
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Figure 30. SOC in SAM and simSES at Scenario 1 during a summer week using the reference
parameters.
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Figure 31. SOC in SAM and simSES at Scenario 1 during a winter week using the reference
parameters.

Figure 32 shows the evolution of the SOH obtained from the two models. The simSES
prediction is less favourable with the battery needing replacement before, although

initially the aging happens faster in SAM.
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Figure 32. Evolution of the SOH in SAM and simSES at Scenario 1 using the reference
parameters.

The calendar and cycling aging of both models is analysed in more detail in Figure 33
and Figure 34. Figure 33 shows that in SAM, as the number of cycles obtained from the
counting algorithm was extremely high the cyclic aging dominates during the whole

simulation.
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Figure 33. Calendar and cycling aging in SAM at Scenario 1 using the reference parameters.

On the other hand, Figure 34 shows that in simSES the dominant aging mechanism is
calendar aging, with cycling aging only dominating at the start. In SAM the cycle and
calendar aging are calculated separately and then the combined aging is the lowest value
of the two at each time step whereas in simSES at each timestep the cycle and calendar
aging is calculated, and the total aging takes the biggest drop of the two, leading to a

smaller total aging than either cycling or calendar aging.
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Figure 34. Calendar and cycling aging in simSES at Scenario 1 using the reference parameters.
Throughout the results section it will be shown that in SAM the cyclic aging dominates,
as a consequence of the rainflow algorithm miscount. On the other hand, the simSES
model takes a more conservative approach when predicting calendar aging than SAM

and will be generally the dominant aging mechanism.
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To further analyse the operation of the battery in each software the frequency of different
SOCs and DODs was plotted. The histogram of Figure 35 shows that SAM and simSES
have a very similar distribution, having tendency to the extreme SOC. This in agreement
with Figure 30 and Figure 31, as once the battery reaches either the upper or lower limits
it stays idle at it until the next power exchange takes place. This is a consequence of the

‘greedy’ algorithms in use.
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Figure 35. Frequency distribution of the different SOCs in SAM and simSES at Scenario 1 using
the reference parameters.

On the other hand, Figure 36 shows the histogram of the different DOD. Again, both
models show a close behaviour, with a greater tendency to 60% DOD (the maximum

allowable with the SOC limit).
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Figure 36. Frequency distribution of the different DODs in SAM and simSES at Scenario 1
using the reference parameters.

4.1.2 SOC Range
The influence of different SOC ranges was studied in Polysun, SAM and simSES.

The expected lifetime for each SOC range in Polysun is represented in Figure 37. As
expected, the lifetime of the battery increases as the SOC interval narrows. Centred
intervals show a very similar behaviour to non-centred ones and the key determining
factor seems to be the width of the range. In this way, ranges smaller than 40% DOD are

limited by the 20 years calendar aging limit.

21
19
17
15
13
11

Lifetime in years

T T T T 1

do do g0 do do g0 g do o do do g
ENEN O S R SN SERT SRR SR U
et F oSS S S P

SOC range

Figure 37. Expected lifetime in Polysun for different SOC ranges at Scenario 1.
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The SOH evolution in SAM is represented in Figure 39. In the 20-100% and 20-80%
ranges after the 6 year, because of the very elevated number of cycles, the cycle count
exceeds the data of most of the curves of lifetime shown in Figure 38 that SAM uses to
calculate the cycling aging. When this happens, it starts using the slower aging data of
the small 10% and 20% DOD curves for bigger DOD, leading to an inaccurate
deceleration in the aging. Because of this the 20-100% and 20-80% show a better
performance than tighter ranges, as the aging for them has slow down. This will happen
often in SAM and along with the very high cycle count greatly limits the legitimacy of
SAM’s results.
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Figure 38. Lifetime curves used by SAM to model the cyclic aging for the LFP chemistry.

Observing before this effect took place, at the first five years, the results are the expected,
with wider ranges aging faster. As cycling aging dominates in all the ranges studied, the
position of the range has very little effect with the ranges 20-60% and 30-70% or 40-
60% and 20-40% showing very similar results. Because of the high cycle counting, all
SAM cases are subjected to extreme cycle aging, with the ranges of 20-60% and 30-
70% needing two battery replacement and the ranges of 40-60% and 20-40% needing

one.
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Figure 39. Evolution of the SOH in SAM for different SOC ranges at Scenario 1.

On the other hand, the evolution in simSES is depicted in Figure 40. As the predominant
aging mechanism was calendar aging, the most important effect is how the ranges limit
SOC. This way ranges with higher SOC perform worse, as it happens with the 40-60%,
which despite having a shallower DOD than the 20-60% range performs worse, as it has
a higher average SOC. All the ranges need at least one battery replacement, with the less

favourable 20-100% range needing two.
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Figure 40. Evolution of the SOH in simSES for different SOC ranges at Scenario 1.

Lastly, the effect of either high or low SOC was studied. For that, the intervals of 0-20%
and 80-100%, which have extreme SOC and very shallow DOD, were analysed. The
results for both SAM and simSES are represented in Figure 41. In SAM the resulting
SOH for the 0-20% interval is very similar to other 20% ranges. On the other hand, in
simSES this interval performs substantially better than the previous ones, as the calendar

aging modelled by simSES benefits from lower SOC.
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SAM also punishes high SOC in calendar aging. The 80-100% in SAM is similar to the
0-20% one. However, in this case because of the very high SOC calendar aging
dominates during the first years, although the difference with other 20% ranges is small,
as cyclic aging remains relevant. In contrast, in sSimSES the difference is much more
pronounced, with this range being the worst performing and even needing battery

replacement twice.
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Figure 41. Evolution of the SOH in SAM and simSES for extreme SOC ranges at Scenario 1.

4.1.3 Charge and discharge rate
The influence of the charge and discharge rates was studied only in SAM, as simSES
software does not offer an option to limit the ratings. Figure 42 shows how different C-

rates affect the lifetime. The three rates show almost the same evolution.
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Figure 42. Evolution of the SOH in SAM for various C-rate limits at Scenario 1.

The histogram in Figure 43 shows the distribution of C-rates in SAM and simSES when

there is no rate limit. Both histograms are very similar, with the most common rates
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being very small and with the rates over 0.5C being very infrequent. Rates over 0.25C

being are more frequent but still rather uncommon, what could explain the small effect

of these limits.

It is important to notice that the battery capacity was sized to have double the size of the
PV peak power and therefore the maximum possible charging power will be half of the
battery size, i.e., a 0.5C rate. This way the charge C-rate, which is usually most

restrictive, is limited by design to 0.5C.
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Figure 43. Frequency distribution of the different charge (positive) and discharge (negative) C-
rates with no rate limit in SAM and simSES at Scenario 1.

4.1.4 Battery size
The battery size sensitivity was studied by testing batteries one third bigger and one third

smaller than the design size. The result in SAM is shown in Figure 44. This plot shows
very similar results for the three battery sizes, in favour of the smaller batteries. As
discussed before, bigger batteries work in situations where a smaller battery would be

either depleted or full, and thus cycle more. This way the bigger batteries can experience
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a faster cycle degradation. However, is important to consider the error introduced by

SAM’s model once surpassed the lifetime curves ranges, as before that point the three

sizes had a very close performance.
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Figure 44. Evolution of the SOH in SAM for different battery sizes at Scenario 1.

In order to extend the lifetime instead of the performance, when increasing the battery

size, it is necessary to keep constant the total usable capacity and modify the DOD ranges

accordingly. In this way the original design 6 kWh battery, which cycled between 20-
80% would have 60% of its capacity as usable (3.6 kWh). This 3.6kWh usable capacity
represents 45% of the 8kWh battery and 90% of the 4kWh battery. Figure 45 shows the
SOH evolution when cycling the 4kWh battery from 5% to 95%, the 6kWh battery with
the original 20% to 80% and the 8kWh battery from 27.5% to 72.5%.
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Figure 45. Evolution of the SOH in SAM for different battery sizes while keeping the same

usable capacity at Scenario 1.

70



Once again, the cycle count surpassing the lifetime data range on the less favourable
ranges makes them perform better than they should. Focusing on the four first years, the

expected evolution with the increase of battery size improving the lifetime is observed.

On the other hand, in simSES the results are almost identical when operating with the
same SOC range as shown in Figure 46. This might be due to calendar aging being the
dominant degradation mechanism for most of the run. This way the change in cycling
does not have an effect and the calendar aging is only slightly affected by the small
changes in the SOC distribution.

100 :
98 \
96
74 _

92 N,

N —— 4KkWh

88 N .6 kWh

3 ' 8 kWh

SOH (%)
3

Years
Figure 46. Evolution of the SOH in simSES for different battery sizes at Scenario 1.

Figure 47 shows the results when the SOC ranges are changed to keep the same usable
capacity. It shows that now batteries of a greater size are seen to perform better than the
smaller ones. As calendar aging is the dominant mechanism probably the reason is the
smaller SOC limits. All batteries have the same usable capacity and cycle in the same
way, but the higher SOC limit in bigger batteries is smaller. Presumably this effect would

be more relevant in cycle dominated cases, as the maximum DOD would be smaller.
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Figure 47. Evolution of the SOH in simSES for different battery sizes while keeping the same
usable capacity at Scenario 1.

In the following scenarios only the battery capacity increases with constant usable
capacity will be studied as it showed to be the most interesting case from a lifetime

perspective. The study was done in simSES due to the limitations identified in SAM.

4.1.5 Dispatch method
This section studies the effect in the lifetime of the different dispatch methods available

in each software. The three dispatch methods tested in SAM are shown in Figure 48.
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Figure 48. Evolution of the SOH in SAM under different dispatch methods at Scenario 1.

The “Manual dispatch greedy” suffered a stronger aging than the two “peak shaving”
methods, especially during the first years, as it suffers the very high cycle aging due to
the fault in cycle counting observed previously. “Peak shaving” methods showed very
little operation of the battery, with the battery spending most of the time idle and thus

suffered much less from cyclic aging. This way both dispatch methods do not even need
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battery replacements in the period studied, although their operation of the battery was
really inefficient. “Peak saving one-day look ahead” achieves a higher cycle of the
battery than “Peak saving one-day look behind” as it has the perfect forecast for the

following day, and thus suffers more from cycle aging.

Figure 49 shows the state of health evolution under different dispatch methods in
simSES. The four of them exhibit very similar results, probably because the calendar
aging is the dominating aging mechanism and dispatch models mostly affect cyclic
aging. “Greedy” and “Maximize Self-Consumption” obtain the exact same result as the
difference between them is PV curtailment, and neither in this scenario nor in any of the

following ones put a limit on the PV output power.

100

78

?6

24 Greedy
i 92
; 20 \ N\ -Feed-in Damping
Q 8

86 AN Dynamic Feed-in Limit

84 ‘

87 N Maximize Self-

80 Consumption

0 5 10 15 20 25
Years

Figure 49. Evolution of the SOH in simSES under different dispatch methods at Scenario 1.

4.1.6 Chemistry

The next effect studied was the influence of the battery chemistry. Figure 50 shows the
result for SAM. The LFP chemistry performs much better in terms of lifetime as the
NMC needs to be replaced multiple times. This probably happens because the lifetime
curve used to calculate NMC cyclic aging includes the same amount of data for each
DOD and thus not experiences the slower aging observed with the LFP one. Observing
the first five years of simulation, before this phenomenon takes place, it would seem that

the evolution of both chemistries could be similar.
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Figure 50. Evolution of the SOH in SAM for different battery chemistries at Scenario 1.

On the other hand, the result from simSES is shown in Figure 51. When comparing the
results of the two chemistries it is important to remember that the NMC model is more
limited as it is a much simpler model and does not consider calendar aging. In this case,
the NMC battery performs much worse than the LFP one. Considering that it does not
include calendar aging and the literature the NMC chemistry performs only slightly
worse than the LFP one, this low life is unexpected and probably a consequence of the

limitations identified for the NMC model in simSES.
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Figure 51. Evolution of the SOH in simSES for different battery chemistries at Scenario 1.

4.1.7 Temperature

Lastly, the lifespan of the battery at various ambient temperatures was studied. Figure
52 shows the SOH’s evolution obtained in SAM. In SAM temperature only affects
calendar aging. This way, calendar aging is eclipsed by the extreme cycling and is only

dominant at high temperatures cases at beginning.
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Figure 52. Evolution of the SOH in SAM at different ambient temperatures at Scenario 1.

On the other hand, the results from simSES are shown in Figure 53. Temperature shows
a strong effect on the SOH evolution and as temperature increases the battery ages faster.

This way high temperature cases like 40°C or 35°C need many battery replacements.
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Figure 53. Evolution of the SOH in simSES at different ambient temperatures at Scenario 1.

4.2 Scenario 2: Family with both parents unemployed

As in the Scenario 2, the simulations in SAM and simSES were set up introducing the
corresponding “family with both parents unemployed” consumption and generation
profiles and adjusting the size of the battery. The same weeks as in the Scenario 1 are

represented in Figure 54 and Figure 55.
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Figure 54. Consumption and generation profiles of Scenario 2 during a summer week.
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Figure 55. Consumption and generation profiles of Scenario 2 during a winter week.

Comparing these figures with Figure 28 and Figure 29 from Scenario 1 it is shown that
in the unemployed scenario the demand is more distributed throughout the day, with a
greater consumption during the hours that have PV production. It also no longer shows
a marked difference between the weekdays and the weekend, as now the parents are

unemployed.
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4.2.1 Reference parameters
The summary of the simulations performed using both SAM and simSES is presented
in Table 12. As for scenario 1, both models obtain similar values for cycle, average SOC

and average DOD, while the counting algorithm obtains a very high cycle number.

Table 12. Summary of Scenario 2 with reference parameters

sav

Total Cycles 5203 5246
Counting algorithm (14861)

0.59 0.60
35.01% 39.07%
39.81% 38.79%
1 (18" year) 1 (14™ year)
95.51% 84.08%
82.28% 86.85%
82.28% 81.37%

The SOC evolution for the summer and winter week is shown in Figure 56 and Figure
57. When compared with the equivalent Figure 30 and Figure 31 from Scenario 1 it is
observed that now due to the most common consumption during the central hours of the
day the battery is even used while there is PV production, when the consumption in the
profiles (shown Figure 54 and Figure 55) surpasses the generation. The figures also show
that the battery is not fully charged during the day more often, especially during winter,

as a greater share of the PV production is being directly consumed.
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Figure 56. SOC in SAM and simSES at Scenario 2 during a summer week using the reference
parameters.
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Figure 57. SOC in SAM and simSES at Scenario 2 during a winter week using the reference
parameters.

On the other hand, the difference in aging is similar to the previous scenario. Figure 58
shows the evolution of the SOH obtained from the two models. This evolution is very
close to the corresponding Figure 32 from Scenario 1. The aging comparison between

scenarios will be discussed in more depth in the last sub-section.
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Figure 58. Evolution of the SOH in SAM and simSES at Scenario 2 using the reference
parameters.

The calendar and cycling aging of both models is analysed in more detail in Figure 59
and Figure 60. Figure 59 shows that in SAM the cycle aging is the dominant mechanism.
Comparing with the Figure 33 from Scenario 1, the evolution is very similar as the same

very high cycling happens.
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Figure 59. Calendar and cycling aging in SAM at Scenario 2 using the reference parameters.

On the other hand, in Figure 60 the same effects as in scenario 1 is observed, with the

SOH evolution being very similar to the one of Figure 34.
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Figure 60. Calendar and cycling aging in simSES at Scenario 2 using the reference parameters.

The histogram of Figure 61 shows the frequency of each SOC. The same behaviour than

for scenario 1 is observed, with the histogram being very similar to Figure 35.
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Figure 61. Frequency distribution of the different SOCs in SAM and simSES at Scenario 2 using
the reference parameters.

On the other hand, Figure 62 shows the histogram of the different DOD. As with the
SOC, the behaviour is very similar to the one obtained in scenario 1, being this plot very

similar to Figure 36.
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Figure 62. Frequency distribution of the different DODs in SAM and simSES at Scenario 2
using the reference parameters.

4.2.2 SOC Range
The influence of different SOC ranges was studied in Polysun, SAM and simSES.

The expected lifetime for each SOC limits is in Polysun is represented in Figure 63. The
plot depicts the same tendency of smaller SOC ranges having better lifetime predictions,
although the performance is better than for Scenario 1. This is probably a consequence
of the profiles having a smaller mismatch in this case, which leads to more direct
consumption and less cycling of the battery. In this case, all SOC ranges of 40% or less

have the maximum 20 years calendar prediction.
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Figure 63. Expected lifetime in Polysun for different SOC ranges at Scenario 2.

The SOH evolution in SAM is represented in Figure 64. This figure is very similar to
the corresponding Figure 39 from Scenario 1. As observed in Polysun, the aging is

slightly less as in this case as the battery cycles less, although the difference is small.
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Figure 64. Evolution of the SOH in SAM for different SOC ranges at Scenario 2.

Similarly, simsSES’ result shown in Figure 65 is almost the same as Figure 40. This
happens because calendar aging dominates in all the ranges and in Figure 61 it was
shown that the SOC distribution of Scenario 2 was very similar to the one of Scenario
1. This way, having the same SOC, ambient temperature and elapsed time than Scenario

1 the predicted calendar aging is the same.
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Figure 65. Evolution of the SOH in simSES for different SOC ranges at Scenario 2.

4.2.3 Charge and discharge rate
The influence of the charge/discharge rates depicted in Figure 66 shows the same

behaviour than Figure 42 from Scenario 1.
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Figure 66. Evolution of the SOH in SAM for various C-rate limits at Scenario 2.

The histogram in Figure 67 shows the distribution of C-rates in SAM and simSES when

there is no rate limit. This Figure is also similar to Figure 43 from Scenario 1.
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Figure 67. Frequency distribution of the different charge (positive) and discharge (negative)
C-rates with no rate limit in SAM and simSES at Scenario 2.

4.2.4 Battery size
The effect of the battery size was studied keeping the same 3.6kWh usable capacity as
explained for the previous scenario. The resulting plot represented in Figure 68 is very

similar to Figure 47 previously obtained for Scenario 1.
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Figure 68. Evolution of the SOH in simSES for different battery sizes while keeping the same
usable capacity at Scenario 2.
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4.2.5 Dispatch method
The three studied dispatch methods studied in SAM are shown in Figure 69 showing a

very similar behaviour to Figure 48 from Scenario 1.
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Figure 69. Evolution of the SOH in SAM under different dispatch methods at Scenario 2.

On the other hand, Figure 70 shows the state of health evolution under different dispatch
methods in simSES. The result is very close to the previous Figure 49, again because of

calendar aging being the dominant degradation mechanism.

100

98 N {\

96 |-\ N\

94 "\..\_\ a Greedy
5? 97 “\-\_\'_\ | 6"*\\\
; %0 ‘ -Feed-in Damping
9 e N\ o

86 \ l \ -Dynamic Feed-in Limit

84 S .

8 Maximize Self—

- W Consumption

0 5 10 15 20 25

Years
Figure 70. Evolution of the SOH in simSES under different dispatch methods at Scenario 2.

4.2.6 Chemistry

The next effect studied was the influence of the chemistry. Figure 71 shows the result
for SAM. The resulting plot is similar to Figure 50 from the previous scenario, with both
chemistries showing lightly less aging due to the smaller cycling in this scenario. As
before the LFP chemistry experiences a great deceleration in aging because of its

lifetime curve and the actual lifetime will probably be considerably shorter.
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Figure 71. Evolution of the SOH in SAM for different battery chemistries at Scenario 2.

On the other hand, the result from simSES is shown in Figure 72. This figure is very

similar to Figure 51 from Scenario 1.
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Figure 72. Evolution of the SOH in simSES for different battery chemistries at Scenario 2.

4.2.7 Temperature
Lastly, the SOH evolution of the battery at various ambient temperatures for SAM is
represented in Figure 73. Once again, the same behaviour as in Scenario 1 in Figure 52

is observed with a slightly slower aging because of the lower cycle count.
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Figure 73. Evolution of the SOH in SAM at different ambient temperatures at Scenario 2.

On the other hand, the results from simSES are shown in Figure 74. The same trends as

for Figure 53 is observed with temperature accelerating the SOH loss.
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Figure 74. Evolution of the SOH in simSES at different ambient temperatures at Scenario 2.

4.3 Scenario 3: One person working

As with the previous scenarios, the profiles in the same summer and winter weeks are

represented in Figure 75 and Figure 76
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Figure 75. Consumption and generation profiles of Scenario 3 during a summer week.
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Figure 76. Consumption and generation profiles of Scenario 3 during a winter week.

Comparing these figures with Figure 28 and Figure 29 from Scenario 1 and Figure 54
and Figure 55 from Scenario 2 it is shown that in the one-person scenarios there are less
demand spikes, as there is only one person consuming. This leads to a slightly bigger
mismatch between the profiles. Also, the profiles show a difference between the
weekdays and the weekends, similarly to Scenario 1, as it is also working scenario, being
the demand during the central hours of the weekdays low and the consumption greater
at the evenings and early in the morning. The PV system size for the one-person

scenarios was 2.25 kWp and thus they show a lower generation.
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4.3.1 Reference parameters
The summary of the simulations performed using both SAM and simSES is presented
in Table 13. As for the previous scenarios, both models obtain similar values for cycle,

average SOC and average DOD, while the counting algorithm obtains a very high cycle

number.

Table 13. Summary of Scenario 3 with reference parameters

SAM

Total Cycles 5547 5546
(Counting algorithm) (12838)

0.61 0.61
43.20% 42.89%
42.81% 42.16%
1 (22 year) 1 (13" year)
96.77% 83.04%
83.34% 85.55%
83.34% 80.35%

The SOC evolution for the summer and winter week is shown in Figure 77 and Figure
78. When compared with the Scenario 1 (Figure 30 and Figure 31) and Scenario 2
(Figure 56 and Figure 57) it is observed that its behaviour is quite similar to the working
scenario, with the battery being charged without interruption in summer’s weekdays and

with more interference during the winter.
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Figure 77. SOC in SAM and simSES at Scenario 3 during a summer week using the reference
parameters.
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Figure 78. SOC in SAM and simSES at Scenario 3 during a winter week using the reference
parameters.

Figure 79 shows the modelled SOH evolution in each software. As in previous cases
simSES predicts a faster aging. However, cycle aging is predicted outside of the lifetime
curves as has happened in previous occasions and is probably leading to a much slower

aging than it should.
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Figure 79. Evolution of the SOH in SAM and simSES at Scenario 3 using the reference
parameters.

Studying the aging mechanism in SAM in Figure 80 it shows a similar evolution than in
the Scenarios 1 and 2 (Figure 33 and Figure 59). However now the aging is slower as

the number of computed cycles by the counting algorithm shown in Table 13 is smaller.
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Figure 80. Calendar and cycling aging in SAM at Scenario 3 using the reference parameters.

In simSES calendar aging is the dominating aging mechanism as in as depicted in Figure
81 like in the previous scenarios (Figure 34 and Figure 60). However, the aging happens

faster as the average SOC shown in Table 13 is higher.
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Figure 81. Calendar and cycling aging in simSES at Scenario 3 using the reference parameters.

The SOC and DOD distributions can help to understand how the role of the battery has
changed for one person. The histogram of Figure 82 shows that the general shape of the
SOC distribution is the same as in the family scenarios in Figure 35 and Figure 61, but

the frequency of high SOC has slightly increased.
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Figure 82. Frequency distribution of the different SOCs in SAM and simSES at Scenario 3 using
the reference parameters.

On the other hand, Figure 83 shows that now bigger DODs are slightly more frequent
than in the family scenarios displayed in Figure 36 and Figure 62, which might be a
consequence of the bigger mismatch of the demand of one person with the PV
generation, making full discharges more likely.
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Figure 83. Frequency distribution of the different DODs in SAM and simSES at Scenario 3
using the reference parameters.
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4.3.2 SOC Range
Figure 84 shows the expected lifetime in Polysun. The same general trend is observed
with the exception of the 20-100% range which performs better than other smaller

ranges.
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Figure 84. Expected lifetime in Polysun for different SOC ranges at Scenario 3.

Figure 85 shows the predicted SOH evolution in SAM. The same tendencies than in the

previous scenarios are observed, with this scenario having a slower cycling as a
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consequence of the smaller number of cycles.
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Figure 85. Evolution of the SOH in SAM for different SOC ranges at Scenario 3.

On the other hand, in simSES the results are similar to the previous scenarios as

represented in Figure 86, as in all of them calendar aging dominates. In this case the
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aging is slightly slower than in the family scenarios because this scenario has a higher

average SOC, although the difference is small.
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Figure 86. Evolution of the SOH in simSES for different SOC ranges at Scenario 3.

4.3.3 Charge and discharge rate

As shown in Figure 87, the behaviour of this scenario is very similar to the previous

scenarios, with C-rate limit having almost no effect.
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Figure 87. Evolution of the SOH in SAM for various C-rate limits at Scenario 3.

The C-Rate distribution of the histogram in Figure 88 shows that high discharge rate is

more frequent than in the Scenarios 1 and 2 shown in Figure 43 and Figure 67. However,

it still does not show a perceptible influence on the lifetime.
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Figure 88. Frequency distribution of the different charge (positive) and discharge (negative) C-
rates with no rate limit in SAM and simSES at Scenario 3.

4.3.4 Battery size

The effect of the battery size was studied keeping the same usable capacity. In the 4.5
kWh battery the 60% SOC range represents 2.7 kWh. The proportions are kept, and this
energy still represents the same 90% and 45% SOC range for the 3kWh and 6kWh

batteries, so the same SOC intervals as before are used.

Figure 89 shows that SOH degrades at a lower rate in larger batteries, as also happened

in the previous scenarios.
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Figure 89. Evolution of the SOH in simSES for different battery sizes while keeping the same
usable capacity at Scenario 3.

4.3.5 Dispatch method
Figure 90 shows that in SAM the difference between the dispatch methods is similar to

the previous scenarios.
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Figure 90. Evolution of the SOH in SAM under different dispatch methods at Scenario 3.

Similarly, Figure 91 shows that in simSES the results of all the dispatch models are very

similar as shown in as in previous scenarios.
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Figure 91. Evolution of the SOH in simSES under different dispatch methods at Scenario 3.

4.3.6 Chemistry
The NMC and LFP chemistries degradations are shown in Figure 92. As in the previous

scenarios the NMC battery degrades much faster.
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Figure 92. Evolution of the SOH in SAM for different battery chemistries at Scenario 3.

Figure 93 represents the SOH evolution of each chemistry in simSES. The result is
similar to Figure 50 and Figure 71 from the Scenarios 1 and 2 with the aging in the NMC

chemistry depending on the cycles of each scenario (as it only models calendar aging).
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Figure 93. Evolution of the SOH in simSES for different battery chemistries at Scenario 3.

4.3.7 Temperature
Finally, the temperature dependence in SAM is the same as in previous scenarios as
shown in Figure 94, although in this case and because of the smaller cycle aging the less

favourable 40°C shows a much faster aging.
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Figure 94. Evolution of the SOH in SAM at different ambient temperatures at Scenario 3.

On the other hand, Figure 95 shows that in simSES the results do not differ from

previous scenarios.
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Figure 95. Evolution of the SOH in simSES at different ambient temperatures at Scenario 3.

4.4 Scenario 4: One person unemployed

As with the previous scenarios, the profiles in the same summer and winter weeks are

represented in Figure 96 and Figure 97.
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Figure 96. Consumption and generation profiles of Scenario 4 during a summer week.
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Figure 97. Consumption and generation profiles of Scenario 4 during a winter week.

Comparing these figures with Figure 75 and Figure 76 from Scenario 3 it is shown that
in the “unemployed scenario” there is no difference between the weekdays and the
weekend and the consumption is more distributed throughout the day rather than

concentrated at some time of the day.

4.4.1 Reference parameters

The summary of the simulations performed using both SAM and simSES is presented
in Table 14. As for the previous scenarios, both models obtain similar values for cycle,
average SOC and average DOD, while the counting algorithm obtains a very high cycle
number. Contrary to what happened with the family scenarios, now the unemployed

scenario cycles more than the working scenario.

Table 14. Summary of Scenario 4 with reference parameters

sav

Total Cycles 5725 5720
(Counting algorithm) (14823)

Average Cycles/day 0.61 0.61
Average DOD 38.62% 43.13%
Average SOC 41.03% 39.93%

Battery replacements 1 (20" year) 1 (14" year)
SOH Calendar Aging 95.93% 83.86%
SOH Cycling Aging 82.91% 86.76%
Total SOH 82.91% 81.39%
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The SOC evolution for the summer and winter week is shown in Figure 98 and Figure
99. When compared with the Scenario 3 (Figure 77 and Figure 78) the battery not fully
being charged during the day is observed more often, especially during winter, as a
greater share of the PV production is being directly consumed. This difference was also

shown when comparing the Scenario 1 and Scenario 2.
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Figure 98. SOC in SAM and simSES at Scenario 4 during a summer week using the reference
parameters.
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Figure 99. SOC in SAM and simSES at Scenario 4 during a winter week using the reference
parameters.

The comparison of the SOH evolution in the two software is shown in Figure 100. As in
all the previous scenarios simSES predicts a faster aging although the SAM keeps

experiencing the high cycles problem.
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Figure 100. Evolution of the SOH in SAM and simSES at Scenario 4 using the reference
parameters

The aging mechanisms in SAM are studied in Figure 101, showing the same tendency

as in the other three scenarios.
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Figure 101. Calendar and cycling aging in SAM at Scenario 4 using the reference parameters.

The same happens in simSES with the resulting evolution shown in Figure 102 being

very similar to the ones in Figures 34, 60 and 81.
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Figure 102. Calendar and cycling aging in simSES at Scenario 4 using the reference parameters.

After that, the SOC and DOD distributions were analysed. Figure 103 shows the
frequency distribution of each SOC. This histogram is very similar to the ones of the

other scenarios.
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Figure 103. Frequency distribution of the different SOCs in SAM and simSES at Scenario 4
using the reference parameters.

On the other hand, the histogram of Figure 104 shows a very similar distribution to the
other scenarios. However, as happened with the other one-person scenario in Figure 83,

greater DODs are more frequent than in family scenarios.
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Figure 104. Frequency distribution of the different DODs in SAM and simSES at Scenario 4
using the reference parameters.

4.4.2 SOC Range

The analysis in Polysun once again exhibits the same trends. Figure 105 shows how the
lifetime increases with decreasing SOC range until reaching the maximum 20 years
lifetime. The expected lifetime of this scenario is slightly lower than the previous one,

as the battery cycles more.
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Figure 105. Expected lifetime in Polysun for different SOC ranges at Scenario 4.

Similarly, the results in SAM and simSES follow the same trend as in previous scenarios

as shown in Figure 106 and Figure 107 respectively.
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Figure 106. Evolution of the SOH in SAM for different SOC ranges at Scenario 4.
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Figure 107. Evolution of the SOH in simSES for different SOC ranges at Scenario 4.

4.4.3 Charge and discharge rate
Figure 108 shows that the evolution of the SOH is almost the same for all C-rates, as

happened in the other scenarios.
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Figure 108. Evolution of the SOH in SAM for various C-rate limits at Scenario 4.

Analysing the histogram of C-rate distribution in Figure 109 it is observed a similar
distribution than in the other scenarios. As the other one-person scenario in Figure 88, it
shows a slightly higher frequency of higher discharge rates than the family scenarios of

Figure 43 and Figure 67.
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Figure 109. Frequency distribution of the different charge (positive) and discharge (negative)
C-rates with no rate limit in SAM and simSES at Scenario 4.

4.4.4 Battery size
The battery size analysis in Figure 110 shows once again the same trends as in the

previous scenarios.

106



78 \

9%

94

92 N\

90 —3kWh

88 ——4.5kWh

a6 ——6KWh
15 20

84 N

SOH (%)

82 \
0 5 10
Years

Figure 110. Evolution of the SOH in simSES for different battery sizes while keeping the same
usable capacity at Scenario 4.

4.4.5 Dispatch method
Figure 111 and Figure 112 show the SOH evolution under the different dispatch methods

in SAM and simSES, which exhibits the same trends as for the previous scenarios.
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Figure 111. Evolution of the SOH in SAM under different dispatch methods at Scenario 4.
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Figure 112. Evolution of the SOH in simSES under different dispatch methods at Scenario 4.

4.4.6 Chemistry

As in previous scenarios the NMC battery suffered a faster degradation as depicted in
Figure 113, although presumably the LFP model would have had a similar evolution if

it was not experiencing the slowed aging described before.
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Figure 113. Evolution of the SOH in SAM for different battery chemistries at Scenario 4.

Similarly, Figure 114 shows the SOH evolution in simSES. As in previous cases, the

SOH of the NMC model fades much faster, needing multiple replacements.
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Figure 114. Evolution of the SOH in simSES for different battery chemistries at Scenario 4.

4.47 Temperature
Figure 115 shows the temperature dependence in SAM, being very similar to Figure 94

from Scenario 3 and following the general trend.
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Figure 115. Evolution of the SOH in SAM at different ambient temperatures at Scenario 4.

Figure 116 shows the temperature dependence in simSES, which follows the same trend

as the other scenarios with higher temperatures accelerating the degradation.
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Figure 116. Evolution of the SOH in simSES at different ambient temperatures at Scenario 4.

4.5 Cross-scenario comparison

Through the analysis of each scenario the particularities of each one have been identified
and compared. This last section aims to offer a more general comparison of the four
scenarios studied by observing the aging evolution with the reference parameters as well
as its calendar and cycling components. The scenarios included two one-person and two
multi-person households with their working and unemployed variants. Multi-person
households are expected to have higher and more variated load pattern while a higher
mismatch between PV and load is expected in working cases. The scenarios were
simulated in SAM as well as in simSES. For both models, there was no significant

difference between the results of the four scenarios.

Table 15 shows how a battery bank enhances self-consumption from the PV system and
significantly increases the rentability of the system. The most favourable situations are
the unemployed cases over the working ones, as the energy consumption during the sun
hours will be higher. Similarly, the family situation has a more varied demand, making
it more likely to have consumption during the sun hours. Larger improvements in self-

consumption should mean more duty for the battery, and thus might affect the lifetime.
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Table 15. Self-consumption fraction in each scenario with and without battery.

Unemployed Unemployed

22.4% 35.1% 14.9% 25.5%

Self-consumption
fraction without battery

Self-consumption o . . .
fraction with battery 63.6% 70.9% 50.2% 63.6%

To compare the lifetime the simSES model will be used as SAM presented several

limitations in the lifetime calculation.

Figure 117 shows the calendar aging for each scenario. The evolution of each case is
very similar, as calendar aging is only slightly affected by some scenarios having more
frequent high SOC. This way “family scenarios” perform better than “one-person
scenarios” because the demand is more continuous and thus the battery spends less time
idling at high SOC. For the same reason, unemployed cases age slower than their
working counterparts, as in working scenarios the battery will often idle at high SOC
having been charged while the residents are away from home. However, these

differences are very small in all cases and do not have a pronounced effect in the lifetime.
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Figure 117. Evolution of the SOH due to calendar aging in simSES at the four studied scenarios.
Figure 118 shows the cycle aging in each scenario. Despite calendar aging dominating
all scenarios the values for cyclic are not far from calendar ones. Cycle aging is more
affected by the different scenarios although the effect is still very small, showing a 1%

difference between the extreme cases. The difference between the scenarios is induced
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by the different cycling and the different DODs in this case. In the same way as with
calendar aging, “one-person scenarios” age faster than “family scenarios”, as it was
observed when analysing the DOD distribution in Figure 83 and Figure 104, which
showed a higher frequency of high DODs. Similarly, the “working scenarios” show a

faster aging than the “unemployed scenarios”.
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Figure 118. Evolution of the SOH due to cycle aging in simSES at the four studied scenarios.

The two effects are combined to obtain the total aging shown in Figure 119. In the four
scenarios the calendar aging dominates. After combining the effects only, Scenario 4
shows a small difference with the rest of the scenarios, as it was the less favourable from

a lifetime perspective.
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Figure 119. Evolution of the SOH in simSES at the four studied scenarios
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Lastly, Table 16 shows the estimated lifetime by each software. In SAM, the change in
slope shown in Figures 39, 64, 85 and 106 in the SOH curves for the 20-100% and 20-
80% seems to indicate that the SOH calculation malfunctions as the cycle count
increases as discussed in Scenario 1. Since this did not happen for smaller ranges, the
lifetime predictions at the end of the initial higher slope are extracted and shown in the
table as well. On the other hand, simSES shows more continuity in the SOH progression
and hence gives more confidence in the lifetime prediction. The values from Polysun
and simSES are relatively similar while SAM tends to predict different values, as a
consequence of the malfunction encountered. The values from Polysun and simSES
seem relatively reasonable, being in line with the warranties from manufacturer provided

in Table 7 and the values from the literature.

Table 16. Lifetime prediction for each scenario for the reference parameters.

Unemployed Unemployed

Polysun 9.7 years 13.4 years 12.9 years 11.1 years

SAM
(Value at the end of the
initial slope

15.8 years 17.4 years  21.8 years 19.2 years
(5.7 years) (6.7 years) (7.3 years) (7.7 years)

simSES 13.1 years 13.2 years 12.7 years 13.2 years

The effect of the operating parameters will be discussed in depth in the next chapter but
to conclude this section it will be briefly discussed and compared with the literature

reviewed in the next points:

e The effect on the lifetime of different consumption and generation profiles is
small. This was also previously reported by Beltran et al. [49].

e Calendar aging is increased by high SOC. This effect has been extensively
observed in the literature [37], [41], [46].

e Cycle aging is favoured by high DODs. This effect has also been extensively
observed in the literature [30], [37], [41].

e The SOC ranges can limit cyclic aging by limiting DOD and calendar aging by

limiting the allowable SOCs. This is a very common strategy in the literature and

113



multiple studies have been made looking for the optimum SOC range [30], [41],
[44], [47], [48].

The C-rate did not show noticeable influence in any of the scenarios, although
this could be a consequence of the inaccuracy experienced in SAM. In the
literature higher C-rates are harmful to the lifetime of the battery [30], [37].

The increase on battery size while maintain same useable capacity showed a
positive effect on the lifetime. This effect was also reported by Mishra et al. [41].
The dispatch method influences cycling and SOC distribution and thus affects
the lifetime. In SAM the two “Peak shaving” methods showed very little
operation of the battery and thus suffered less aging. In simSES the four dispatch
methods studied obtained similar aging values, as the strategy of these dispatch
methods is relatively similar.

The LFP batteries performed much better in terms of lifetime than the NMC
batteries. However, this is probably because of the limitations identified in SAM
and simSES models. In the literature both chemistries usually experience a
similar aging, with the LFP often performing slightly better [30], [37], [41], [49].
High temperatures strongly increased calendar aging. This effect has also been

extensively reported in the literature [30], [37], [41], [46].
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5 Conclusions

In this dissertation the mechanisms affecting the lifetime of Li-ion batteries and the
corresponding parameters set in PV battery systems were identified. Four scenarios
were considered in order to study the effect of the settings through simulations, a family
with the parents either unemployed or working and one person either unemployed or

working.

Through them it was observed that in the models the aging is the result of the dominating
degradation mechanism at each step. The different parameters as well as the generation
and demand can promote either of the aging mechanisms or both. Overall, the lifetimes
estimated in Polysun and simSES are similar to the ones observed in the literature for
similar situations. Out of the two, simSES predictions are probably more reliable, as the
model is more complex and considers the influence of more parameters like ambient
temperature, charge and discharge rates or calendar aging. In SAM, the results are
limited because of the cycle count malfunction and thus the reliability of the prediction
cannot be properly discussed, as presumably once this malfunction was corrected the

lifetime prediction would improve.

The generation and consumption profile had a small influence in lifetime, mainly
affecting the cycle aging, with a lesser effect on calendar aging. “Family scenarios”
showed a better performance, as their demand was more distributed throughout the day,
leading to spending less time at high SOC and undergoing more partial charge and
discharge cycles instead of full ones. Similarly, “unemployed scenarios” perform better
because they have consumption during the central hours of the day allowing for partial
SOC and charges and discharges as a greater share of the demand is directly consumed
from the PV. These effects were discussed in Figures 117 and 118 and can be explained

using the SOC and DOD distribution shown in the histograms from each scenario.

The SOC range impacts both cycling aging and calendar aging. Smaller SOC ranges
limit the maximum DOD reducing the cycling aging, as shown in the cycling aging
dominated cases of SAM represented in Figures 39, 64, 85 and 106. On the other hand,
the limits restrict the possible SOC and therefore lower limits can reduce the calendar
aging as depicted by the calendar aging dominated cases of simSES represented in

Figures 40, 65, 86 and 107.
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Restricting the charge and discharge rates did not show a noticeable effect as shown in
Figures 42, 66, 87 and 108, possibly because this effect was eclipsed by the very high
cycling experienced in SAM.

The battery size affects the cycling aging and calendar aging. For the same SOC range
increasing the battery size generally improves the performance as the battery is able to
operate in situations where a smaller battery would be either full or depleted. However,
this makes the battery cycle more and can hurt the lifetime. If the goal is to improve the
lifetime of the battery by using a bigger battery, the usable capacity must be restricted
to be the same as before. In this case the SOC limits are reduced, limiting the maximum
DOD and SOC, and thus reducing the cycling aging and calendar aging. This way a
similar effect than regulating the SOC limits is achieved without reducing the usable

energy. This was shown in Figures 45, 47, 68, 89 and 110.

The dispatch method mainly affects the cycling aging. Efficient dispatch methods can
achieve a greater energy usage, therefore cycling more the battery and causing a faster
cycle degradation. This was clearly observed in SAM as “Manual dispatch greedy”
achieved a much higher cycling of the battery.

The effect of the chemistry on calendar aging could not be studied because of the
limitations of the models. In cycle aging the LFP chemistry showed a much slower
degradation than the NMC both in SAM, as in Figure 50 and simSES as in Figure 51.
However, this is probably consequence of the difference in lifetime curves in SAM,
which led to the NMC technology not suffering the inaccurate slower aging, and the

limitation of the model in simSES.

Temperature showed a strong effect only in calendar aging, being the effect of
temperature noticeable in simSES as in Figures 53, 74, 95 and 116. This way high
temperatures greatly accelerated aging. This effect was less significant as temperature

decreased, with batteries aging similarly at temperatures below 20°C.

Lastly, some general guidelines can be extracted from the simulations and the tendencies

identified:

e A tighter SOC range can extend the lifetime but limits the usable energy. The
20-80% range seems reasonable, as it offers a reasonable usable capacity and

tighter 40% DOD ranges only offered 1 or 2 years more of lifetime.
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e The charge and discharge rate did not show a strong influence, possibly because
of limitations in the models. The rate limit of 0.5C can be obtained from the
literature, which improves the lifetime with small performance loss, as higher
rates were very infrequent.

e Opversizing the battery can greatly extend the lifetime but increases the initial
cost of the battery.

e The study of the NMC chemistry was not conclusive by the limitations of the
models. From the literature it can be concluded that both LFP and NMC
chemistries have their advantages and do not show important difference in terms
of lifetime, so both are valid choices.

e Temperature can greatly hurt the lifetime of the battery. Because of this the
battery should be protected from sources of heat. Room temperature of 20-25°C

is adequate as lower temperatures show very similar aging.

This way the objectives of the dissertation have been met, having realized a
comprehensive review of the degradation mechanisms in Li-ion batteries, identifying
and analysing the main operating parameters affecting Li-ion aging and extracting

guidelines from this analysis to extend the lifetime of Li-ion batteries.

Suggestions for future work

This study has shown that most strategies to minimize the battery aging have associated
a loss of performance or an increase in the cost of the system. In order to evaluate them,
the next logical step to this study would be to perform an economic analysis, seeking the

optimal set of parameters to maximize the rate of return of the system.

Moreover, this work is conditioned by the accuracy of the models and the limited
experimental lifetime data available. In the future the limitations of these models should
be addressed, and more experimental/field tests should be carried out in order to support
these models. Specifically, the models and lifetime data for NMC batteries for energy
storage application is limited. In particular the limitation of the lifetime prediction in

SAM software needs further investigation.
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