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Executive summary
Altairnano, a manufacturer of lithium titanate (LTO) battery cells, sponsored the work contained
within this innovation report to explore the unique characteristics of its chemistry. Altairnano also
sought to improve its business processes and capabilities via various projects conducted during this
research.
A large portion of the work, that continued throughout the four years of the doctorate, involved
exploring the capabilities of Altairnano’s LTO cells. Towards this goal, a study was put together
regarding the hypothesis that their commercial cells could be stored at 0 V, a voltage level that
causes damage to standard lithium ion batteries. This capability could enable a unique selling point
and competitive edge, while also increasing safety level of its cells during transport, storage, and
system manufacturing. Through this study the cells, which were stored at 0 V, had their
performance after storage periods characterized and contrasted against Altairnano’s standard
storage method. Following upon this doctorate and this research, the capability for low voltage
storage has been evaluated by Altairnano’s customers to address various application and storage
needs. This includes a unique application where due to environmental conditions charging cannot
be guaranteed and extreme low voltages are possible. With the customer’s previous batteries,
when it reached the low voltage state the battery would need to be replaced at significant cost and
difficulty. Whereas due to Altairnano’s cell chemistry demonstrated capabilities, per this research, to
withstand low voltage conditions without damage they are now able to bring a portable charger to
raise the voltage back up and continue operation, significantly reducing cost for transportation and
replacement.
A separate project worked to achieve the goal of improving Altairnano’s business capabilities.
Towards this goal a framework tool was built around its multiple independent battery performance,
aging, and thermal models. This tool would provide a platform for Altairnano’s future work on
i

modelling. In addition, the platform simplified and streamlined the interaction between the models
creating an expanded accessibility, both internal and external to the company, to its modelling
knowledge and capabilities. This work and the tools developed have been implemented into
Altairnano’s day-to-day operation, significantly reducing the turnaround time for modelling a
customer’s application. This work has also been released to a customer directly to improve the
quality of application needs discussed with Altairnano. This was achieved through the tool by
allowing the customer to pre-qualify the estimated performance of a proposed system to meet their
application requirements. This pre-qualification was not previously possible and helps to reduce the
workload on Altairnano’s limited resources.
Further building upon that platform and modelling work, a new model was built for Altairnano that
would utilize a novel method for generating a parameterization signal. The new method would
incorporate real application data collected from a grid operator for frequency regulation, a
commercial industry that Altairnano’s products participate in. The parameters from this signal
would be incorporated into an equivalent circuit model, expanding Altairnano’s modelling
capabilities beyond their original model while also increasing modelling accuracy. This work has not
been implemented into Altairnano’s workflow due to testing resource constraints within the
company, but it is planned for when resources become available to evaluate suitability in use with
Altairnano’s newest generation chemistry.
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Analysis and the modelling of battery aging to provide an accurate predictive model for
battery life and future performance in a customer's given duty cycle

1 Project Context
The battery technology based on lithium titanate (LTO) is often viewed as technology of the future, a
promising technology, that still awaits widespread commercial realisation. Despite this view, often
stated in publications such as those by Ahn et. al [1] in 2011 and Dr Mumu Moorthi [2] in 2010,
lithium titanate batteries are already seeing increasing traction in commercial applications such as
electric grid stability, renewable integration and in heavy-duty electric vehicles (buses, trains, trams,
etc.) as deployed by Altairnano as early as 2008. As with any energy storage technology, to increase
usage and uptake, a deeper operational knowledge of this material is needed.
The research conducted within this Engineering Doctorate focused on expanding the current
knowledge of lithium titanate (LTO) into areas that have little or no research. It also seeks to create
opportunities for innovation within the field and the sponsor company.
The first section presented, which challenges standard industry operation, looked at storing a lithium
titanate battery cell at 0 V. Generally, a battery cell below its stated operational lower voltage limit
especially at 0 V is considered an unusable or inactive cell which has been over-discharged [3–5].
With many conventional lithium battery chemistries, discharging a cell to low voltages can cause
deleterious reactions and risk a thermal event or failure happening. By using a lithium titanate
anode with an aluminium current collector, many if not all of the hazards can potentially be avoided.
Little research regarding lithium titanate or commercial cells at very low voltage has been done to
show this capability providing an impetus for the research presented below. Beyond the expansion
of existing knowledge this research could have significant impact for industry in terms of
maintenance costs and increased safety. The research will be demonstrated over multiple scales of
cell formats, from coin cell to full pouch. This will enable a greater understanding of the behaviour of
individual components within the cells (coin cell level) to the battery as a full system (commercial
1

pouch). Furthermore, this research is expected to unearth additional questions and lead to avenues
for future research possibilities.
The second section of the research focused on modelling and predictive performance of an LTO
battery in various applications. This part was subdivided into two main aspects:


The integration of multiple tools to increase the accessibility of a model currently in use by
Altairnano. This creates innovation within the company’s current operating processes.



The development of new methods of characterization and alternative modelling techniques,
which could be incorporated into the previous modelling tool.

Within Altairnano, modelling performance is used to provide critical information to the marketing
and sales team, customers, as well as the Engineering team. In addition, the modelling provides
direction and feedback to Research & Development to inform the development of the chemistry to
meet future customer needs. As such, developing useful tools which extend to wider user
communities within the company, and the development of new and innovative techniques for
characterization and modelling of battery performance, are the key drivers of the research.
From the sponsor company, Altairnano, several high-level goals were set prior to the start of the
program as seen below:






Data generation
o

Validation of Altairnano’s model

o

Additional cycle life data (from the research and testing phase)

MATLAB tool for aging models
o

Initial code to be based on current model

o

MATLAB tool with friendly user interface

o

Future code to be improved based upon research and data

Journal publications and IP generation
2

o

Undefined but it has been anticipated by both Altairnano and WMG that there will
be some IP and paper generated as part of the outcome from the program

These goals, the impact within the organization, and the research will be discussed in the following
sections following a background piece on the sponsor company and its battery chemistry. Each
section discussing the research will be organized in the following order: background information,
methodology, a results and discussion of the research program, and finally the innovation or new
knowledge developed as well as the impact on the company.

2 Background
2.1 Introduction to Altairnano
The sponsor company, Altairnano [6], is a small, US based battery system manufacturer incorporated
in 2006 with a focus on secondary battery cells utilizing the lithium titanate anode chemistry. In
addition to its US operations, Altairnano operates in China through a wholly foreign owned entity
(W.F.O.E.) Altair Nanotechnologies (China). The company provides lithium titanate powder, cells,
modules, and battery systems as its main products. These products are sold into several industries
including automotive, grid scale energy, heavy-duty transportation and other industrial applications.
Products are provided to a number of customers throughout the world, operating in California,
Hawaii, New Jersey, Puerto Rico, Denmark, Sweden, Czech Republic, Slovakia, Poland, Finland and
China [6].
Through its previous experience as a materials research & development company, Altairnano has a
number of patents [6] and trade secrets in relation to the development, manufacturing and
production of its proprietary chemistry and cells. This development gives Altairnano’s lithium
titanate material and cells its unique performance and behavioural properties. It has continued
development of the chemistry and is currently in its fourth generation of cell specifications. The
3

research contained within this report focuses on Altairnano’s second-generation cell, based on a
lithium titanate anode against a 1:1:1 lithium cobalt nickel manganese oxide cathode (NMC) with a
155mAh/g specific capacity.

2.2

Background on Lithium Titanate Chemistry

Of the multiple commercially available lithium ion battery technologies, one chemistry that has
started to gain traction in various markets is Lithium Titanium Oxide Li4Ti5012 (more commonly
known as Lithium titanate - LTO, or as nano material - nLTO). There are several material
manufacturers, which are able to manufacture lithium titanate powder for use in battery cell. Of
these manufacturers there is a smaller subset which sells commercially available cells including
Leclanché, Altairnano, Microvast and Toshiba, each of which have their own variant of the
chemistry.
A lithium titanate cell replaces the traditional graphite or carbon anode of a standard lithium ion cell
with one that is manufactured with lithium titanate. The cell stills maintain the use of standard
cathode materials such as lithium nickel cobalt aluminium oxide (NCA), NMC or other mixed metal
oxides. A comparison of an LTO cell versus a standard graphite cell can be seen below in Figure 1.

Figure 1: Comparison of LTO and Graphite anode [2]
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A comparison of a graphite particle and the LTO material manufactured by Altairnano can be seen
below in Figure 2.

Figure 2: View of an uncycled graphite particle versus Altairnano’s nano lithium titanate (nLTO) agglomerate

The replacement of the standard anode with one made of lithium titanate has a number of effects
on the performance of the battery [2,7–20]. These effects include:


A lower cell operating voltage range



minimal to negligible solid electrolyte interface (SEI) layer formation



wider functional operating temperature range



generally lower energy density



higher power density



longer calendar life



lower self-discharge rates



considerable increase in cycle life



higher operational current ratings especially on charge



wider usable state of charge range with minimal impact on life



increased safety.

Each of these effects will be discussed greater detail in the following paragraphs.

5

In the mid-1980s J.B. Goodenough and his group published a paper [12] exploring the
superconducting-semiconducting transition in LTO spinels which built upon previous work
completed in the 1970s. In 1989 Colbow et al. [21] continued the work and looked at the
chemistry’s cycle reversibility and voltage profile, but discusses the chemistry as a cathode rather
than an anode of modern day LTO cells. In the 1990s and on into the 2000s research on lithium
titanate occasionally emerged, with the chemistry often discussed as “an excellent potential
electrode for battery applications” due to its characteristics in safety and cycle life [22–25]. As noted
in the introduction, the status of LTO is often referenced in the literature “as a promising anode
material” [15]. By this wording it implies that LTO requires considerable time in development prior
to being introduced into commercial usage. However, LTO batteries are already being deployed
commercially by several manufactures such as Altairnano and Toshiba, in addition to Microvast,
Leclanché and Enerdel among others. Despite referencing commercial entities in their paper
Sandhya et al. [15], and many other authors referenced in this and previous paragraphs, still refer to
LTO as a technology of the future, rather than a technology of the present.
2.2.1.1 Structure
One feature of a LTO electrode is that the chemistry is considered a zero strain material [15,17,25–
28]. During lithium ion and electron insertion and extraction there is no noticeable change in lattice
dimension, or volumetric expansion with changes from the Li4Ti5012 state to Li7Ti5012, as seen in
Figure 3. This results in electrodes, and further full cells, which do not exhibit volume changes
during cycling operation due to electrode swelling.
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Figure 3: Crystal structure of LTO from spinel (Li4Ti5O12) to rock salt (Li7Ti5012) [28]

With no expansion fractures due to dimensional changes at the SEI layer or at grain boundaries
(please see Figure 4), failures due to damage to the material are not seen in LTO electrodes [29]. This
stability of the crystalline structure through its various phases helps to support the long cycle life
exhibited by LTO cells and avoid one of the main aging mechanisms of other Li-ion batteries based
on carbon, graphite or silicon, mechanical stress and exfoliation of the material.

Figure 4: Comparison of stresses caused by Li-ion insertion

2.2.1.2 Voltage
Despite the benefits that LTO battery cells bring, there are a number of perceived negatives which
have impacted the widespread adoption in commercial applications. The first of which is the lower
7

operating voltage of full LTO cells when compared to tradition Li-ion batteries. A lower cell voltage
has implications in module and system design as it will take additional cells to reach a specific
voltage as compared to higher voltage cells, which can increase weight and cost of a system. LTO
electrodes have a stable operating voltage vs lithium of 1.5-1.6 V [9,11,29–32] as seen in Figure 5.

Figure 5: Voltage curve of LTO vs Lithium [31]

When a LTO electrode is combined in a cell with either a lithium nickel manganese cobalt oxide
(NMC) or a lithium nickel cobalt aluminium oxide (NCA) electrode, the full cell will have an operating
voltage range of 1.5-1.9 V to 2.8-2.9 V with a nominal voltage between 2.2 – 2.3 V as seen in Figure
6.
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Figure 6: Voltage curve comparison of LiCoO2 versus graphite and LTO anodes [25]

This nominal voltage is lower than standard lithium ion cells, such as lithium iron phosphate (LFP)
which has a nominal voltage range of 3.3-3.4 V, or for various other lithium ion chemistries such as
NMC, NCA, or Mn which have nominal values of 3.6-3.8 V as seen in Figure 7. Cells that pair an LFP
cathode with an LTO anode have proven to be a safe and thermally stable cell, but with an even
lower nominal voltage of 1.9 V seen in the right hand side of Figure 8 [15,30].

Figure 7: Voltage ranges for LTO full cells (right) vs other lithium ion full cells (centre to left) [33]

A lower full cell voltage of an LTO cell has a large influence on the engineering and system design:


By increasing complexity (as more cells are needed to reach specified operational voltages
of pack which increases the number of connections that must be made).
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When the lower operating cell voltage is compounded by a lower energy content (watthour,
Wh) the choice of an LTO cell can drive an overall heavier system when the system is sized
to reach a desired Wh, kWh, or MWh goal often requested by end users.

There has been work on higher voltage LTO cells such as the study by Yi et al. who paired LTO with
various other cathodes as seen in Figure 8 with a goal of building a higher voltage LTO cell. [20] This
goal comes with its own unique challenges including the need for stable high voltage electrodes and
high voltage electrolytes that do not degrade at the higher voltage potentials vs lithium.

Figure 8: Cell voltages of various cells comprise of a varying cathode materials pair with a LTO anode [9]

2.3 Aging and Degradation
As mentioned throughout literature understanding battery aging is a highly challenging and complex
issue [34–48]. As such, one of the hardest things to achieve when modelling lithium ion battery
performance is predicting how the battery will degrade or age and determining the effect that this
predicted degradation will have on the cell’s performance over time. This degradation can be from
either age effects or usage effects, and often with a lithium ion battery how the cell is used
throughout its life (duty profile or usage profile) varies significantly and can be hard to quantify [49].
There are several variables which can impact how a cell ages when the battery is not used in a stable
consistent manner over its lifetime:
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The actual age of the cells (calendar aging).



The current rate at which the cell is charged or discharged (C-rate).



How many times the cells have been either charged or discharged (cycle life).



The depth of charge or discharge during each cycle (DoD).



How the temperature of the cell changed throughout usage and storage.
o

High temperature (HT) cycling and excursions

o

Low temperature (LT) cycling

Each of these factors vary continuously and often simultaneously in an application and rarely remain
constant similar to the web seen in Figure 9 [50], these compounding factors increase the
complexity of understanding and isolating specific aging behaviours within a cell.

Figure 9: High number of interdependent mechanisms that can affect aging in cell and create difficulties in modelling
[50] (RT – room temperature, LT – low temperature, HT – high temperature)

Larger applications with longer lives and more complex operating environments are driving an
increased interest and need to understand how a lithium ion battery cell will degrade under a wider
range of conditions [35]. In small-scale applications such as portable electronic devices, with nonreplaceable batteries, the upgrade/replacement cycle of the devices is generally shorter than the life
span of the battery. In these small-scale applications, the understanding of aged cells was of less
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concern as the device was disposed of, discarded or replaced prior to failure of the battery. In
contrast, larger format applications such as automotive, electric grid, and aerospace, all require
multi-year life from the battery in a wide range of environmental operating conditions [51].
Automotive applications need batteries that can handle wide temperature ranges from diverse
driving conditions across the world. Handling the variability of driving in a stop and go urban setting
or driving long distances on highways or in rural environments also present variable drive cycles in
addition to temperature effects. The battery is required to remain operational above 80% of the
initial capacity for the length of their vehicle’s warranties or longer. In many cases warranties are
targeted for 5, 7 and even 10 years of life. Grid applications are looking for batteries that last like
the equipment they know and are familiar with such as power plants, generators, turbines,
transformers, and other industrial equipment, all which have life spans greater than 10 years. To the
utility industry, equipment that is put into service on the electric grid needs to last. [52–54]
Quantifying how much a cell degrades in a single cycle that may have a variable current rate
combined with a variable ambient/cooling/heating environment can be quite difficult and creates a
need for modelling tools to be developed to support this. Research conducted on this topic is
further discussed in following sections.
2.3.1

Aging of LTO

As noted by Svens et al. [10] currently there are large gaps in literature detailing the aging
mechanisms of LTO electrodes, especially commercial LTO electrodes. Because of this gap,
understanding how LTO degrades in a complete battery cell can be difficult. Where there is
literature on a LTO based cell degradation, the aging of the cell is generally attributed to the cathode
[10,23,25,28,55]. Due to the fact that the cathodes are standard commercial cathodes the research
and literature is more readily available and accessible.
When discussing LTO cells the cycle life is often the main focus, with calendar life and capacity loss
as secondary interests. Regarding its cycle life multiple commercial manufacturer have claimed and
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demonstrated greater than 10,000 full 100% DoD cycles at 25 °C. Some of the manufacturers are: (i)
Microvast, demonstrating greater than 20,000 full cycles (www.microvast.com); (ii) Altairnano,
demonstrating greater than 16,000 cycles [56] and Toshiba which has demonstrated greater than
10,000 cycles (http://www.scib.jp/en/product/detail.htm). The long cycle life of LTO causes further
complication in the collection of aging data as the time required, even with accelerated testing, is
many times longer than traditional lithium ion cells. At a 1 C-rate (current rate, ratio of current to of
amp hour capacity of the cell) charge/discharge cycle 10,000 cycles would take 20,000 hours or
approximately two and a quarter year of non-stop testing. Because of this time commitment,
empirical data to fully characterize a cell in an aging model can be difficult to come by as the time
required to collect the data can be a significant detriment.

Figure 10: Altairnano cell cycle life at 2C charge/discharge rates [56]
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Figure 11: Microvast cell cycle life (www.microvast.com)

Figure 12: Toshiba cell cycle life (http://www.scib.jp/en/product/detail.htm)

Furthering the claim of extremely long cycle life Zaghib et al. have demonstrated in their lab LTO
cells which exhibit greater than 20,000 to 30,000 cycles at very high current rates of 10 to 15 C
charging with a 5 C discharge, significantly higher than traditional lithium ion batteries as seen in
Figure 13 below [57].
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Figure 13: LTO/LFP cell under 15C/10C charging and 5C discharge cycling [57]

In addition to the long cycle life, Zaghib et al. have also demonstrated the stability of the cell voltage
while cycling [57]. The voltage window for an LTO cell remains stable and consistent throughout the
life of the cell during cycling as seen in Figure 14, which is ideal for supporting accurate life
estimating and future performance predicting models.

Figure 14: Cell voltage window over the cycle life of an LTO/LFP cell [57]
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2.4 Project Flow
All of the projects within this research focused on Altairnano’s 2nd generation chemistry of their
lithium titanate cells, with much of the research conducted on the 13 Ah pouch cell format. All
research conducted was in an effort to establish new knowledge and innovation within Altairnano or
industry.

Figure 15: General Project Flow

While presented second for reading purposes, the initial project was the integration of Altairnano’s
model and various tools into a single tool or platform. This work provided the base from which the 0
V and new parameterization signal and ECM model developed from. This first project developing a
not tool for Altairnano allowed the researcher to develop an understanding and competency with
the MATLAB environment, which would support subsequent work through data analysis techniques.
The 0 V project, grew from the initial project as a way to establish a more complete understanding of
Altairnano’s lithium titanate chemistry and behaviour through characterization, but also to establish
new knowledge. This characterization data was fed back into the initial project allowing for a more
complete open circuit voltage curve to be implemented into the model, while providing evidence
into the effect of storage periods at 0 V would have on the performance of the cells after aging and
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storage. This knowledge is a critical piece to the understanding the aging of cells as often models do
not incorporate or account for storage periods by customers.
The final project built upon the two previous projects, bringing together data developed during
characterization of the 0 V cells with the modelling knowledge developed during the work with
Altairnano’s original model. This allowed for a model to use accurate data within the framework of
the tool originally developed to process the model’s inputs and outputs.
All three projects together help to build a more complete picture of the behaviour and performance
capabilities of Altairnano’s chemistry and cells.
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3 0 V storage of Lithium Titanate
3.1 Background
As a result of the increased use of rechargeable lithium ion batteries in today’s life there has been a
matched increase in the volume of lithium ion batteries shipped and stored in warehouses around
the world. As such, due to lithium ion’s potential for explosive reactions, as has been seen in recent
news, there has been an increase focus on safety during shipping and warehousing.
Figure 16 shows proposed solutions to increasing safety during shipping with the goal of reducing
the significance of damage done if an event does occur. One of the ideas noted in Figure 16 is the
concept of reducing the state of charge at which a cell is shipped. As energy is stored in a battery
due to chemical reactions and electrical potential differences, reducing the state of charge reduces
the electrochemical energy contained within the cell. Various abuse testing has substantiated that a
cell at lower state of charge tends to have a reduced chance of gassing and fire [58–60], thus
increased safety and increasing the ability of safety personnel to manage events that do happen.

Figure 16: Various safeguarding options to help reduce airborne fire hazards from lithium ion batteries; the strategy of
reducing the state of charge or voltage is studied in this paper.

The increased need for safety and lowering the state of charge of a cell as method of achieving this
goal was a catalyst for researching a lithium titanate cell’s potentially unique behaviours at low
voltage, down to and including a potential of zero volts which is not possible with standard lithium
ion cells without causing irreversible damage or risking additional modes of failure.
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Of the above methods, lowering the state of charge looks at reducing the total electrical energy
contained within the cell to a minimum state and increasing safety as noted above. Uncontrolled
electrical energy release can lead to chemical reactions within the cell, which lead to increased heat
within the cell, which can then lead to explosion or fire. The initiation of the event is caused by an
uncontrolled release of electrical energy, one such example is a short, either internal or external, to
the cell. Shorts can be caused by connection of the external terminals, by external mechanical
failures such as crush or puncture creating a connection between the electrodes internally, or
electrochemical factors within the cell such as conductive dendrites.
By reducing the potential between the two electrodes to zero volts, the opportunity for uncontrolled
electrical release causing an unwanted side reaction due to an internal or external short circuit can
be eliminated.
One challenge to the approach of lowering the state of charge, or electrical energy, is that there is
generally a limitation on how low the voltage of a lithium ion battery can be reduced until damage is
caused within the cell. This damage can be in the form unwanted chemical reactions such as the
dissolution of the copper current collector, which is often used for the anode. This dissolution can
introduce impurities to the electrolyte and creates focal points for the formation of lithium plating
and dendrite growth. [3,4,59,61,62] As demonstrated in Figure 17 [63] when a standard lithium ion
cell is discharged to zero volts there is a cross over point where the potential between the two
electrodes is zero volts. This cross over point is at a greater potential versus lithium, than the
potential where copper begins to dissolve, as noted as the substrate dissolution potential in Figure
17. In standard practice a full cell voltage below the manufacturers recommended lower voltage
limit is considered an over discharge event. The voltage curves for the anode and cathode shown
below in Figure 17 are representative of the voltage response under a constant current load.
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Figure 17: Standard carbon-based half-cell voltage curves with a zero-volt crossing point greater than the dissolution
potential of copper

In addition to the improved safety for shipping and warehousing provided by a zero-volt cell, a
potentially a more important aspect of the zero-volt cell may be for commercial pack manufacturers.
During the construction of high voltage systems such as vehicle packs, bus packs or electrical grid
systems these battery systems typically have a high voltage, ranging from a few hundred volts to
upwards of 1100 V on grid systems. Due to the number of cells that are present in a system, the
working voltage of the system quickly increases during manufacturing as cells are added in series
until the voltage quickly reaches hazardous dc voltages, which includes any voltage greater than 50
V. This increases the danger to personnel building the system and requires increased safety
standards, an increase in required operator training, and the need for certification of workers to
handle the hazardous voltage systems. In this situation, cells which have been reduced to a zerovolt potential allows for a system to be manufactured at, or near a working voltage of zero volts.
This change in operating procedure has the chance to improve the safety of the operator working on
the system, creating an opportunity for less restrictive manufacturing environments, increased
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worker comfort and potentially increasing assembly throughput. Novel research such as the work
presented here on zero-volt storage has the potential to have significant impacts on various
industries, including but not limited to shipping and manufacturing.

3.2 Alternates to Standard Lithium Ion Battery Configurations
3.2.1

Current Collector Material

One method to avoid the dissolution of the copper current collector at low voltages, and allow a cell
to reach a zero volt potential without damage, is to replace the copper with another material such as
titanium which has been used in over-discharge studies [64,65], or aluminium which is often used as
a cathode current collector material. As shown in Figure 18, by replacing the copper current
collector with another material, the dissolution potential of the current collector material can be
adjusted to a potential voltage that is greater than the threshold where the full cell reaches a
potential of zero volts. By moving the current collector dissolution potential to one that is greater
than where the electrode voltages crossover, the risk of the current collector dissolving when the full
cell voltage is low can be eliminated.

Figure 18: Half-cell voltage curves of a lithium ion cell with titanium current collector. The zero volt cross over point is
shown well below the potential of the Titanium current collector, allowing the cell to safely reach 0 Volts [63]
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One limitation to replacing the copper current collector in a standard lithium ion cell with alternative
materials, such as aluminium, is the alloying potential for the aluminium to alloy with Li+ at the
standard operating voltage of a graphite/carbon anode which has a low potential voltage versus
lithium [66]. When the potential of the carbon/aluminium electrode is near that of lithium, the
opportunity for the alloying process is a risk, thus an aluminium current collector is generally not an
option when paired with the standard anode materials. This points to that while replacing the
current collector for a graphite/carbon based cell with aluminium would solve the issue of the
dissolution of copper at a zero volt full cell state, it creates new difficulties by creating a situation
where alloying could occur during standard operation due to the anode’s operating voltage versus
lithium.
Alternatively, replacing the copper current collector with titanium while addresses both the
dissolution and alloying risks, it is generally not a financially feasible solution for mass produced cell.
One of the main driving goal of mass production cell manufacturers is to reduce the cost of a cell.
With the cost of titanium being much higher than copper it is not a cost-effective solution, as such 0
V operation of full cells remains unfeasible with standard graphite-based cells.
3.2.2

Lithium Titanate Cells

An alternative solution to replacing the current collector material to is to replace the anode material
which would allow for a change to current collector material without alloying potential. One such
solution is the lithium titanate cell, which replaces the standard anode material with of lithium
titanate (LTO) which allows the manufacture to also replace the standard current collector with
aluminium (Figure 19). This creates a cell in which both current collectors are aluminium and, as the
potential of the anode material is much greater than graphite’s this cell configuration, does not have
the possible reactions seen in a standard graphite-based cell.
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Figure 19: Lithium titanate cell construction diagram, highlighting the aluminium current collector material on both sides
of the cell.

A cell manufactured in this method should theoretically allow for the potential of the full cell to be
reduced to zero volts without damage internally to the cell. The concept can be seen in Figure 20,
which shows half-cell voltages with the zero-volt potential crossing point and the aluminium current
collector voltage potential for dissolution. As laid out by the chart, the potential versus lithium for
the zero-volt crossing point is less than the dissolution potential of aluminium, this indicates that a
full cell zero-volt potential should theoretically be feasible, and more importantly be feasible
without damage to the cell’s performance or behaviour. The voltage curves for the anode and
cathode shown below in Figure 20 are representative of the voltage response under a constant
current load.
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Figure 20: Theoretical half-cell voltage curves for a lithium titanate cell, showing the current collector dissolution
potential greater thhan the zero volt cross over point.

The work in the following sections explores the feasibility of zero volts and further studies the
effects that storing an LTO cell at zero volts may have on the performance and life of the cells.

3.3 Electrochemical Characterisation of 0 V cells
3.3.1

Half-cell Research

3.3.1.1 Half-cell Manufacture
To support understanding of the behaviour of the nano lithium titanate (nLTO) electrodes under
storage conditions, i.e. at the voltages that the anode would experience during full cell zero-volt
storage, four LTO half-cell coins were manufactured [10]. Upon the initial voltage check one of the
four coin cells was determined to have an internal short and was discarded, with the remaining
three cells to be used for testing. The LTO electrodes were harvested from a commercially available
13 Ah nano lithium titanate cell manufactured by the US manufacturer Altairnano. As seen in Table
1 below, based on the active material weight of and theoretical capacity of LTO, a capacity was
estimated for each cell.
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Table 1: Working coin cell data

coin cell id
507
508
509

total electrode avg measured al
initial voltage
wt
disc wt
(V)
(mg)
(mg)
2.98
30.5597
9.3344
2.83
30.7452
9.3344
2.45
30.7082
9.3344

LTO
Coin cell
coating
target
active mat theoretical theoretical
wt
proportion
wt
capacity
capacity
(mg)
(nLTO)
(mg)
(mAh/mg)
(mAh)
21.2253
0.9
19.10277
0.175
3.34298475
21.4108
0.9
19.26972
0.175
3.372201
21.3738
0.9
19.23642
0.175
3.3663735

As the cells were manufactured from existing commercially available 13 Ah cells, a standard
electrolyte formulation (RD281) was used in place of Altairnano’s electrolyte, as Altairnano’s
electrolyte is a proprietary formulation and was unable to be supplied. While the electrolyte differs
from the one used by Altairnano, as the standard formula is missing the additives used by Altairnano
to increase cycle life stability, the goal of the test was not cycle life examination but voltage
behaviour of the electrode. This change was deemed an acceptable risk by the researcher in
consultation with Altairnano. During initial cycling the average cell capacity was 2.6, 2.46, and 2.54
mAh respectively. Additionally, many portions of Altairnano’s cells are protected by IP and/or trade
secrets which precluded the exact duplication and manufacture of fresh cells in the lab for research
purposes.
Due to the nature of coin cells there are several limitations and risks. Firstly, the coin cells created
for the research contain a different composition than what is seen in the commercial cell. For the
half cell research this includes the use of lithium disc as the counter electrode and a differing
electrolyte as noted previously. Secondly, these changes create a limitation to the work as it was
possible to introduce unknown side reactions between the electrode and electrolyte or between the
electrode and the lithium disc. These changes also miss out on possible interactions between the
commercially used cathode, electrolyte and the LTO anode.
As noted in the first paragraph of this section (3.3.1.1 Half-cell Manufacture) the goal is to isolate
the LTO electrode’s behaviour, not to explore the behaviour of the NMC, as such no additional work
was done with the NMC electrodes but the harvested LTO anodes were tested versus a lithium
counter electrode.
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An addition risk with the manufacture of coin cells is the possible introduction of impurities and
contaminants during manufacturing. To mitigate the introduction of moisture and other
contaminants, the electrode samples were harvested and manufactured in a controlled argon
environment. As half-cell work is commonly used within research and coin cells are often used for
preliminary testing, the risks and unknowns were determined, acknowledged and mitigated where
possible. As such, while indicative, half-cell work is not definitive and was used as a preliminary
exploration of the feasibility of the concept, prior to testing of the full cell using the commercially
available 13 Ah cells directly from the manufacturer. Full cell testing, and the results, are discussed
in section 3.3.2 Full Cell Research, subsequent to the determination to move forward based on the
results of the half-cell testing.
3.3.1.2 Half-cell Cycling Parameters
Following fabrication, the three half-cells were cycled 20 times within a voltage window of 1.0 V to
2.0 V at a 0.65 mA rate, an approximate current to capacity ratio (C-rate) of C/5 [16]. A climatecontrolled chamber was set to 25 °C to maintain cell temperature. It is assumed the erratic
behaviour seen during initial cycling is due to side processes happening within the coin cells between
the electrolyte and the LTO, as well as any reactions due to possible contaminants and impurities
such as moisture introduced during electrode harvesting and coin cell fabrication. The voltage
behaviour is observed to become stable within 2 to 5 cycles, dependent upon the cell. The initial 20
cycles for cell 507, including the initial voltage response due to side reactions, can be seen in Figure
21 for illustration purposes. Full discussion of results will be handled in following section (3.3.1.3
Half-cell Electrochemical Characterization Results and Discussion).
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Figure 21: Cell 507 initial cycles

Following completion of the initial 20 cycles, a single cell (cell id 507) was then cycled in an
extended voltage window from 1.0 V to 3.5 V for an additional 20 cycles, as seen in Figure 22, at the
same 0.65 mA rate.
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Figure 22: Cell 507 cycles within extended voltage range

As this work was preliminary and performed prior to full cell or 3 electrode testing, the extended
voltage of the cycled coin cell was chosen based on the theoretical LTO half-cell voltage curve shown
previously in Figure 20. This voltage range was chosen to mimic the possible voltage range that an
LTO electrode would experience in a full cell configuration during discharging to zero volts. As will
be seen in three electrode testing, section 3.3.4, future testing would need to extend voltage range
in which the half-cell is cycle to greater than 3.6 V.
3.3.1.3 Half-cell Electrochemical Characterization Results and Discussion
In Figure 25 (a, b, & c) below, the voltage behaviour for each half-cell cycled between 1.0 V to 2.0 V
can be seen. These figures exclude initial formation cycles (seen previously) for clarity purposes.
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a
Figure 23a: 1 V to 2 V cycling of LTO half-cell id 507

b
Figure 24b: 1 V to 2 V cycling of LTO half-cell id 508 and
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c
Figure 25c: 1 V to 2 V cycling of LTO half-cell id 509

These plots show a voltage plateau near 1.55 V that is characteristic of LTO electrodes [67]. With a
stable plateau and no significant deviations, the cells are stable and operating within normal
behaviour [31].
Following the completion of the initial 20 cycles from 1.0 to 2.0 V, cell 507 was then cycled for an
additional 20 cycles between the voltages of 1 to 3.5 V the results of which are shown below in
Figure 26. As noted previously the 1.0 V to 3.5 V range was chosen to demonstrate LTO electrode
behaviour that may be seen within a full cell when discharged to 0 V.
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Figure 26: 1 V to 3.5 V cycling of LTO half-cell id 507 (extended voltage window to mirror possible full cell conditions of
LTO electrode for 0 V storage)

In this test, as seen previously, a stable voltage plateau around 1.55 V was observed. Because the
cells are half cells, cycling versus lithium and operating with a different electrolyte, the rate of
capacity loss was not a focus of the testing. In the interest of cell performance disclosure, the
capacity loss curve for cell 507 during both cycling regimes is presented below (Figure 27). Linearly
fitting within the limited data sets for each degradation curve provides a loss of capacity rate of
approximately 0.0116 mAh per cycle for 1.0 V to 2.0 V cycling, and a rate of 0.0123 mAh per cycle for
1.0 V to 3.5 V. The causes and the rate of capacity loss for these coin cells was outside the scope and
goals of this research and will not be discussed further. The impact of 0 V storage on cell capacity
loss for full cells is studied during the full cell testing (section 3.3.2 Full Cell Research), as all relevant
factors which the half-cell tests could not account for are controlled for by using the commercial cell.
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Figure 27: Cell 507 capacity loss during cycling for each test regime

Comparing the voltage data between the two cycling windows we can see that there is no significant
shift or changes to the voltage plateau or voltage curve, as any shift to the plateau or change in
shape of the overall voltage curve would indicate unwanted behaviour differing from standard
operation. The stability of the voltage behaviour, outside of capacity loss, provided the evidence
that there was no significant impact to the LTO electrode’s health when cycled to 3.5 V under this
limited testing. If there was deviation in the voltage behaviour during the extended voltage window
cycling of the LTO electrode within a half cell, then that behaviour change would be reflected as an
abnormal voltage response of a full cell. This data was important to build confidence in how the LTO
electrode voltage may behave when the full cell is discharged to 0 V. In the case where a full cell is
discharged to 0 V and returned standard operating voltage range, to establish the case that 0 V
storage is successful the cell should continue to operate normally with no changes in the voltage
response or behaviour of the full cell.
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While this testing explored the behaviour of the electrode when cycled, further study would be
needed to explore the behaviour of the electrode when held at a higher than standard voltage for a
longer period of time (mimicking storage or shipping versus cycling).
3.3.1.4 Half-cell Storage Conditions
After completing the cycling regimes, the three coin cells were then placed into three different
voltage states for a short term 5-day storage study to explore the behaviour of the electrode when
held at high voltages for an extended period of time versus lithium. The voltages were chosen to
mimic possible voltage states that the LTO electrode may experience during storage or shipping,
when in a full cell voltage state of 0 V.
The first cell was charged to 3.0 V at a 0.14 mA rate, and allowed to naturally relax to open circuit
voltage (Figure 28). This voltage behaviour was chosen to see the response of a full cell that was
over discharged and allowed to relax to a natural voltage without external influence (current or
resistance), as cells are often stored and shipped in an open circuit state [60].
The second cell was charged to 3.0 V at 0.10 mA constant current rate then maintained at 3.0 V for 5
days through a constant voltage (CV) regime (Figure 29). The third cell, which was previously cycled
in the 1.0 V to 3.5 V window (Figure 26), was charged to 3.5 V at a 0.10 mA constant current rate
then maintained at 3.5 V for 5 days through a constant voltage (CV) regime (Figure 30). These two
steady state voltages were chosen as it was unknown what voltage an LTO electrode would be at
during 0 V storage in a full cell. The two steady state voltages would allow for a comparison, if there
was determined to be a difference (performance or structurally), between the two storage
conditions.
Following storage, the coin cells were disassembled to be imaged by Scanning Electron Microscopy
(SEM) characterisation. The SEM images were taken in a Carl Zeiss Gemini FEG-SEM at 5.0 kV with a
30 µm aperture.
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There was no performance testing following the storage periods. Imaging was used immediately
following storage to determine if there was structural damage to the electrodes. It was believed
that cycling post storage may obscure any films, structural changes or other possible effects due to
the storage conditions, by allowing chemical reactions to occur while cycling. Future work would
include additional cells stored under identical conditions which undergo performance testing
conducted prior to any imaging. These additional tests would help to provide additional support and
to verify conclusions drawn on the impact of storage on the state of health of the electrodes.
3.3.1.5 Half-cell Storage Results and Discussion
Figure 28, Figure 29, and Figure 30 shown below show the three voltage states the cells experienced
during storage and their corresponding SEM images, after disassembly. Qualitatively the images
show no significant difference in electrode structure and no noticeable presence of film growth. The
lack of structure changes when compared to a pristine sample provides support to the thought that
there were no unwanted reactions forming new structural abnormalities or unwanted films on LTO
after storage at the various voltage levels.

Figure 28: LTO half-cell charged to 3.0 V and allowed to relax to OCV and corresponding SEM image of LTO electrode.
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Figure 29: LTO half-cell charged to 3.0 V and maintained at 3.0 V for five days and corresponding SEM image of LTO
electrode.

Figure 30: LTO half-cell charged to 3.5 V and maintained at 3.5 V for five days and corresponding SEM image of LTO
electrode.

This data was used to build confidence in the performance of an LTO electrode in a full cell,
indicating that storing a full cell at zero volts should cause no structural changes or film growth thus
the cell’s performance should not be impacted after storage. Again, as noted previously, future
testing include performance testing would help to support this assumption.
Furthermore as seen in Figure 31, a and b, the SEM imaging provides a comparison of a pristine
sample from the original electrode compared to the electrode which experienced the highest cycling
voltage and was stored at the voltage of 3.5 V. Again, no visible films or other structural changes are
identified, indicating no damage is experienced when comparing the electrode from pristine to an
electrode after a high half-cell voltage storage state vs. Li/Li+.
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Figure 31: LTO electrode SEM imaging comparing (a) pristine versus (b) electrode maintained at 3.5 V

For this study SEM was used to visually compare samples. In future studies a more in-depth use of
the technique would be recommended to include a higher number of sites imaged, broader use of
the various tools and techniques available with SEM imaging including particle size estimate etc. to
enhance and improve upon the results shown here. One limitation with inherent with SEM imaging
is imaging enough sites such that the sample size is representative of the full electrode. Small
variations in other locations could mask issues that were not identified in the images presented
here.
3.3.2

Full Cell Research

Based on the results of the half-cell data, sufficient knowledge and confidence was built regarding
the possible behaviour of a full cell discharged to a state of zero volts, which allowed full cell testing
to proceed. Six 13 Ah nLTO cells from Altairnano were randomly selected for testing from a lot of 30
cells. The cells were removed from long term warehousing where they had been stored in a 10 °C
climate-controlled container at a 10% state of charge. Each cell was thermally soaked for 8 hours at
25 °C in a thermal chamber prior to characterization.
3.3.2.1 Storage Conditions for the Study
The six cells selected were randomly sorted into three groups of two cells each. Two cells were
retained as control cells (group A), to be kept in storage at near 0% SoC or approximately an open
circuit voltage (OCV) of 2 V. This value is a manufacturer provided value based on their previous
generation chemistries. The voltage was chosen by the company as prior generation chemistries
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when rested, tended towards 2 V, so the value was chosen as their defined 0% SoC. It is part of this
work’s goal to challenge those previously held assumptions and expand the company’s knowledge
on the behaviour of their chemistry at low, full cell voltages.
A further two cells were selected to be discharged to 0 V then allowed to relax naturally to open
circuit voltage (OCV) (group B). As noted previously most cells are stored in an OCV state while in
storage or during transportation [60]. As such the second test group was designed to examine the
behaviour of the cells if discharged to a low voltage and then allowed to relax to an OCV state,
similar to the cells in standard storage group A.
The final two cells were selected to be discharged to 0 V and subsequently maintained at 0 V during
the storage period through a physical short between the terminals (group C). This would keep the
potential of the cell at 0 V throughout the storage period and create a path for the dissipation of any
energy resulting from side reactions that may occur. Though as noted in previous sections (2.3.1
Aging of LTO, 3.3.1.1 Half-cell Manufacture), based on review of both the cathode through literature
review and of the LTO anode through experimentation, it was assumed that there should be no
reactions present and all systems would be stable.
The cells groups were stored were all stored together in the same thermal chamber for identical
periods of time in a 25 °C climate controlled thermal chamber. During storage each cell’s voltage
was monitored and data collected.
At the end of each storage period all cells were then conditioned prior to characterization. Cell
groups B and C were charged at 0.25 A to 1.0 V. Then all cell groups were charged at a rate of 0.5 A
to 2.0 V (in the case of cell group A this was to account for any self discharge losses), followed by a
1.0 A charge to 2.8 V. All cell groups were then cycled five times at a rate of 3 A, between the
voltage limits of 1.5 V and 2.8 V. This was followed by five additional cycles at 5 A, within the same
voltage limits. Because behaviour of the full cell was unknown and current limitation of the cycling
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equipment, the cells were cycled at two steps of relatively low current rate compared to standard
capability of the cells [68]. The currents where chosen within the limits of the equipment and two
differing currents were chosen to provide an easily comparable early indication of cell performance
or deterioration. The cells would be fully exercised at higher currents during the characterization
testing.
3.3.2.2 Full Cell Electrochemical Characterization
The characterization procedure was used prior to testing, and following each period of storage, to
allow for a standard comparison of the behaviour exhibited by the various cell groups. The
procedure included a capacity check, at a discharge and charge rate of 26 A, twice the capacity of
the cells; followed by a low-rate 0.12 A discharge and charge cycle to observe near or pseudo OCV
behaviour [69]. Voltage limits for all cycles was 2.8 V on charge and 1.5 V on discharge.
Following the low rate cycling the state of charge (SoC) was adjusted to 90 % SoC, 50% SoC and 20%
SoC sequentially. At each SoC a pulse power test was conducted comprising of a 10 second
discharge pulse, 30-minute rest, 10 second charge pulse followed by a 30 minute rest. Pulse current
tests were conducted at increasing rates of 20 A, 40 A, 60 A, 80 A, and 100 Amps. Additionally, after
completing the set of current pulses, a galvanostatic electrochemical impedance spectroscopy (EIS)
[70–72] sweep to determine the AC impedance of the cells. This test was performed using a
potentiostat (Solartron Modulab, Model 2100A, with a 2 A booster card). The impedance
measurements were conducted in the frequency range of 10 mHz to 10 kHz with the current
amplitude set to 800 mA. After the pulse power testing and EIS sweeps were completed at each
SoC, the cells were cycled with a final 26 A charge/discharge cycle.
3.3.2.3 Full Cell Result and Discussion
Full cell testing was completed to compare the behaviour of the control cells (group A) with the
behaviour of the cells stored under the 0 V relax regime (group B) and the cells maintained at 0 V
(group C). This comparison method was chosen to establish if cells stored under these various
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conditions caused changes to the performance and behaviour of the cells. As such, the analysis
focuses on comparing the behaviour between the three groups for significant deviations. For
example:


If the control group’s parameter increased, did the other group’s parameter increase or did
the different groups exhibit differing behaviour?



Did a capacity change trend exist in all groups?

The broader focus of the research was the behaviour of the cells in context of all three cell groups,
not an individual cell’s changes insolation. If all groups cell capacity degraded, then that was
considered similar behaviour. As such the general trends and behaviour of the various test groups
were the focus of the research in an effort to determine the impact 0 V storage would have on the
cells when used Altairnano’s customers after such storage conditions.
In Figure 32 shown below, the logged voltage behaviour is presented for each of the three groups
during a one month storage period. Altairnano’s 13 Ah nLTO cells demonstrate a very low selfdischarge rate of less than 1% per month as seen by the control cell’s voltages flat profile.
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Figure 32: The three voltage regimes under which the cells were stored

The behaviour of the 0 V relax cell voltages after 5-10 days (Figure 32) is currently being explored
and will be subject to future work, as such, the discussion on the rate of the voltage decay is beyond
the scope of this paper.
The final set of cells which were maintained at 0 V, through a resistor short across the terminals,
maintained a flat 0 V profile for the entire duration of the month.
3.3.2.4 Voltage Curve Behaviour
Figure 33 compares the 0.12 A discharge voltage profile, normalized to the capacity of each to
determine if there is any significant change in the behaviour or shape of the various cell, which
would indicate damage to either electrode or cell as a whole.
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Figure 33: Pre and post storage voltage curves normalized to cell capacity

The voltage profile for all cell groups initially, and more significantly, post each storage period are
overlaid in Figure 33. This chart is used to demonstrate a stable and consistent voltage profile
before and after storage. The absolute maximum difference between any two cells pre- or poststorage, control or abused, was approximately 14 mV observed at approximately 96 % SoC, (a region
where nLTO cells see an increased rate of change in its resistance versus very small changes in state
of charge as seen in the data provided by Altairnano in Figure 34), a similar deviation is seen around
5% SoC range.

Figure 34: Altairnano open circuit voltage and resistance curve for the 13 Ah cell from 2.0 V to 2.755 V
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Additionally, at 50% SoC the maximum difference between the highest and lowest voltage cells is 10
mV for initial characterization between a control cell (group A) and a ‘0 V relax’ (group B) cell. This
same voltage difference is seen between the same ‘0 V relax’ (group B) cell and but the second
control cell (group A), post storage. The difference between the same identical cells from the intimal
characterization reduced to 7 mV. All other voltage differences for all other cells at 50% were less
than 10 mV, indicating that there has been no significant damage to cells and their resulting voltage
profiles. Furthermore, this data provides support to the theory that there is no damage to the cell
for either storing at 0 V or discharging a cell to 0 V, of which both cases are normally considered an
over discharge abuse event.
3.3.3

Incremental Capacity Analysis

To better understand and identify any possible damage an additional analysis on voltage behaviour,
incremental capacity analysis (ICA) [10,23,72,73], was carried out for all cells based on the data
obtained during the 0.12 A discharge cycle in the characterization cycle. This analysis was chosen to
understand if any storage condition provided a discernible difference in voltage behaviour as any
changes in the active material of the positive or negative electrodes, or lithium content would be
immediately identifiable based on shifting of the curves [34,74]. Figure 35 shows all 6 cells pre- and
post- storage with their respective ICA curves overlaid to compare the general shapes of the curves,
and to demonstrate that the voltage curves have not significantly deviated. Based on the analysis
the ICA curves’ behaviour the ICA curves of the control cell are not identifiable from the ICA curve of
the two other cell groups.
Through ICA any significant damage to the electrodes during the storage period would be readily
identifiable based on a shifting or a change in the magnitude of various portions of the curves [74].
As seen in Figure 35 the overall general shape of the control cell’s curve does not differ significantly
from the cells, which underwent discharge to 0 V or maintained at 0 V. As noted by Dubarry et. al. if
there was significant damage to the electrodes a shifting of the curves would occur, a change in the
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overall shape of the curve, or an increase or decrease in the magnitudes if peaks seen in the ICA
curves for the over discharged cells (0 V relax and maintain at 0 V) would significantly differ and be
easily identifiable. An example of a shifting that can be identified is the behaviour differences clearly
seen at 2.05 V and 2.5 V.

Figure 35: Full cell ICA curves

Though, it is of note that the appearance of the small peak behaviour at 2.5 V is seen in the control
cells as well as over discharged cells. This behaviour, because it is seen in all cells, indicates that this
change is not a symptom of discharging the cell to 0 V but rather a behaviour exhibited by all of the
test samples regardless of storage condition. The same can be said of the droop in the curves at
approximately 2.05 V, with all cells exhibiting the same behaviour. The exact reasoning for the
change in the curve is unknown at this time, because it was exhibited by all cells it was not explored
during this research. One cause of this behaviour may be result of the long-term cold storage of the
cells (10 °C for longer than one year) prior to this research. Future work would be needed to explore
this behaviour, but also to design an initial cycling regime for all cells to prevent such changes in
behaviour from impacting future studies.
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3.3.3.1 Electrochemical Impedance Spectroscopy
Electrochemical impedance spectroscopy (EIS) was used to identify any changes to the ohmic
resistance and other processes within the cell including diffusion and kinetics [10,72,75]. Analysis of
the EIS measurement focused on the series ohmic resistances (Rs) and charge transfer resistances
(Rct) at three states of charges for each of the three storage conditions [49,72,75,76]. As seen in
Figure 36, these values can be derived from the values reported by an EIS scan.

Figure 36: EIS plot overlaid with where series resistance Rs and charge transfer resistance Rct are determined from

Figure 37 through Figure 42 shows, for each state of charge, all pre- and post- storage cells’ EIS
results as well as their resulting Rs and Rct values. For the respective SoCs, data shown for April is
pre-storage while data shown for September and November are post storage for each chart
discussing Rs and Rct.
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Figure 37: EIS data of all cells pre and post storage for 90% SoC

Figure 38: Two sigma analysis of 90% SoC data for Rs and Rct (April – pre storage, Sept/Nov post storage)
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Figure 39: EIS data of all cells pre and post storage for 50% SoC

Figure 40: Two sigma analysis of 50% SoC data for Rs and Rct (April – pre storage, Sept/Nov post storage)
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Figure 41: EIS data of all cells pre and post storage for 20% SoC

Figure 42: Two sigma analysis of 20% SoC data for Rs and Rct (April – pre storage, Sept/Nov post storage)

Figure 38, Figure 40, and Figure 42 show that the measured series resistances of all three cell groups
fell within a two-sigma deviation from the mean. This grouping supports the notion that based on
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the three storage conditions there is no discernible difference or impact on the ohmic resistances of
the cells. Furthermore, charge transfer resistances similarly fell within a two-sigma deviation from
the mean. This provides additional evidence that there is no impact on performance or chemistry of
the cell with regards to kinetics when a cell is discharged to 0 V or maintained 0 V for storage when
compared to the control cell results.
3.3.3.2 Comparisons of Cell Capacities Pre and Post Storage
During the characterization cycles the capacity for the cells is measured during a 26 A charge (Figure
44) and discharge cycle (Figure 45). Interestingly the capacity of all cells for each storage regime
increases after each month of storage. The fact that the control cells exhibit the same behaviour
indicates that this phenomenon cannot be solely attributed to any of the three storage regimes.
This behaviour is similar to behaviour seen in new LTO cells (total cycle count less than 100) for this
manufacturer. It has been seen in their testing that the cell’s capacity rises during initial cycles
before degrading. This behaviour is seen in the initial cycles of Figure 11, where capacity rises
before reducing and shown below Figure 43 from Altairnano’s cycle life data for the 13 Ah cell.

Figure 43: Altairnano 13 Ah cycle life chart showing initial increase in capacity for low count cycles [77]
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It is assumed, as the cells in this test have not been cycled extensively, the degradation trend has not
begun for these cells. Future work could include extended cycling to ensure the cells long term
cycling behaviour mimics that of cells stored per Altairnano’s standard operating procedure. The
overall capacity difference is less than 2% when compared to the total capacity of the cells.

Figure 44: Full cell 26 A charge capacity

For the discharge cycle at 26 A the two cells that did not follow the overall trend of increasing
capacity from the April characterization were both control cells, though it should be noted that the
overall capacity difference between the various tests is less than 1% of the cell’s total capacity.
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Figure 45: Full cell 26 A discharge capacity

Both the charge capacity and discharge capacity data indicate that the various storage regimes do
not cause damage the overall capacity of the cells at a relatively high rate of charge and discharge, in
this case a 26 A rate for each cell. Additional storage periods and characterizations would be useful
for expanding and identifying any further trends in the data. High precision coulometry, as detailed
by Dr Dahn and his team, would be one possible technique for identifying any efficiency impact and
the potential effects on longer term cycling. [78]
3.3.3.3 Cycling performance after storage
While 3 A and 5 A cycling is considered a relatively low rate for 13 Ah LTO cells, which are known for
their power capabilities and ability to handle high C-rates (up to 20 C or 260 A per manufacturer’s
specifications), it demonstrates their cycling ability immediately following storage. For each rate, 5
cycles were performed and as seen in Figure 46 below the cycling at both rates (3 A and 5 A) are
stable and uniform.
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Figure 46: 5 cycles each of 3 A (blue) and 5 A (red) cycling after storage for a cell maintained at 0 V for storage

This data demonstrates the stable cycling ability of the cells immediately after each storage period
for each storage regime, which would be important for any system manufacturer who would not
want to deal with long or drawn out conditioning cycles to achieve optimal performance of the cells.
Additionally, due to prior experience with the cells’ performance following long term storage at 10
°C, it was found that cycling the cells reversed any short-term degradation seen in data caused by
the cold storage period. It was found that the performance of the cell returned to levels that
matched the performance of the cells prior to storage. It was unknown if this behaviour was
exhibited at other storage temperatures, thus while the cells were stored at 25 °C for this testing,
the cycling was included to mitigate any potential performance aberrations during the
characterization cycle which would impact the results. The cause of the performance degradation
following long term cold storage was outside the scope of this research and was not explored. It was
considered worthwhile to still include low current cycling after storage, to mitigate any unknown
performance degradation despite the cells being stored at higher temperatures.
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3.3.4

Three electrode Cell Research

3.3.4.1 Three Electrode Modification
Separate from the six cells discussed above, an additional 13 Ah cell was chosen to be modified into
a three-electrode cell. The method for modification of the cell followed the procedure and
techniques laid out by Dr Euan McTurk and the University of Oxford team [79].
To modify the cell, it was first discharged to 1.5 V and allowed to rest overnight. Then within an
argon glove box a small incision was made in the pouch cell at the midpoint on the small side of the
cell adjacent to the negative terminal. This incision would allow for the insertion of a reference
electrode.
The reference electrode was created by electro plating lithium on to a copper wire and inserted into
the small incision. Once inserted the incision was sealed by epoxy. The epoxy was allowed to set
prior to testing. Future work could consider alternate pure metal reference electrodes, such as
platinum or lithium, to eliminate possible issues due to the plating technique, but for this research
the method presented by Dr McTurk was followed as he was personally assisting with the testing.
While the epoxy was setting the cell voltage was monitored for 24 hours to ensure cell stability.
Following the 24 hour rest period the cell was discharged to 0V at 0.4 A, then maintained at a full cell
voltage of 0 V while monitoring the full cell’s and each electrode’s voltage versus the reference
which can be seen in Figure 47 and discussed in section 3.3.4.2 Three Electrode Results.
After 24 hours at 0 V, the cell was then charged using constant current constant voltage strategy at
0.4 A to 2.8 V and maintained at 2.8 V for 5 days. This cell voltage float at 2.8 V was not intended to
be sustained for 5 days. Following the testing and analysis of the data this extended duration was
discovered and was due to an error in programming the cycler. Additional testing time was not
available to repeat the test with the intended constant voltage step to a determined current value.
Following the charge cycle the cell was discharged in three phases of 0.4 A to 1.0 V, 0.2 A to 0.5 V
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and finally 0.1 A to 0 V, where the cell was maintained at 0 V to mimic a storage state. These
currents were chosen due to the current limits of the cycler as well as chosen to limit any possible
issues from high rate currents. Despite having completed a number of full cell discharges to 0 V for
the storage testing, discharging a cell to 0 V was still treated as an unknown and potentially unsafe
condition for the testing lab. Additionally, the three different rates were chosen to mimic the stepdown manner of a constant voltage discharge, but in a more defined and known square wave step
down pattern. Following the three CC steps, the final step was a constant voltage (0 V) step where
the cycler was allowed to manage the reduction in current rates.
3.3.4.2 Three Electrode Results
In the first experiment with the three-electrode cell, the cell was discharged from 1.6 V to 0 V at a
0.4 A rate. From the data (Figure 47) we see the LTO anode voltage rising to meet the cathode
voltage at approximately 3.6 V as the full cell voltage drops to 0 V. In this case the anode voltage is
similar but slightly higher than the voltage that was tested with the half-cell coin cell in previous
experiments. In those experiments the LTO anode was tested to 3.5 V. To be noted, the behaviour
of the electrodes in this experiment was following the cell resting at an open circuit voltage of 1.5 V
for 24 hours, during which each of the electrodes relaxed to a steady state for a full cell voltage of
1.6 V at the time of the discharge to 0 V. As will be seen in the subsequent experiment, the
behaviour of each electrode differs when the cell is discharged to 0 V immediately following a
complete discharge cycle (i.e. no rest time for voltage relaxation effects to take affect).

53

Figure 47: Three electrode voltage diagram of cell being discharged to 0 V, with the 0 V crossing point noted.

In the second experiment, the behaviours of the two electrodes changed significantly. As noted
previously, in this experiment the cell was discharged from 2.8 V to 0 V via a single cycle with
multiple, sequentially reducing current rates with no rest time to allow for any voltage relaxation
effects at open circuit to occur. From the data snapshot shown in , with the chart starting from a cell
voltage of 1.6 V to match the previous data set, we see the voltage of the cathode lowering to meet
the anode potential. In this situation the full cell 0 V crossover point is at 1.6 V, which is near the 1.5
V plateau LTO is known for [31,67]. There are multiple behaviours seen in this voltage data for each
of the electrodes which differed from the previous test. These behaviours would need to be
explored in future work.
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Figure 48: Three electrode voltage diagram of the cell following a full charge discharge cycle, discharging the cell to 0 V
in a single cycle with no rest. The 0 V crossing point is noted.

For the first hour, as indicated by the chart, the LTO is slowly lithiating while the cathode is delithiating. From then till around 2.5 hours both cells are slowly lithiating before there is a step
change in lithiation range. This would indicate that there is unknow reaction happening after the
first hour. For both electrodes to be lithiating there must be a source of lithium. Whether this is due
to a high concentration of excess lithium in the electrolyte (based on discussions with Altairnano) or
there is another source providing lithium such as the inserted reference electrode is currently
unknow. The only way for this behaviour to occur is if there is a source providing lithium to both
electrodes. In future testing a platinum reference could be used to eliminate the reference
electrode as a potential source of the lithium due to the plating providing the excess lithium. Other
testing to understand the lithium gradient within each electrode and the electrolyte would be ideal
to determine the exact behaviour seen within the data presented.
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During the relaxation period both electrode voltages raise to just over 3.0 V, while this does not
match the 3.6 V versus lithium seen in the previous testing, 3.0 V is still within normal operating
voltages of both electrodes.
As can be seen in Figure 48 above, once the cell reaches 0 V the current trends towards 0 mA, but
the current is non-zero for a period of time. This may indicate the presence of side reactions
continuing within the cell which have not been explored during this research. Future work would
need to identify possible reactions and the appropriate testing protocols to explore those reactions.

3.4 Brief Discussion of Results
Based on preliminary testing of half cells supported by cycling, storage and SEM imaging, it was
shown that Altairnano’s LTO electrode would remain stable with no identifiable changes when
cycled and stored a high potential voltage versus lithium. This voltage condition was chosen to
mimic any possible anode potential within a full cell as a demonstration of a worst-case scenario,
providing evidence of the behaviour that may exist within a full cell during discharge to and storage
at 0 V.
Based on this the half-cell testing, full cell testing including characterization and storage was
completed for three cell groups identified previously. The characterisation data from various
analysis techniques were used in an effort to identify if the behaviour and health between the three
cell groups differed. The hypothesis being that if the behaviour differed between cell groups it
would provide evidence that the proposed 0 V storage regime had caused changes within the cell
that would need to be explored in a separate project. Otherwise if no significant change could be
identified or discerned, this would provide indication and evidence that discharging and/or storing
an Altairnano 13 Ah LTO cell at 0 V is a viable and feasible method of storage. Based on the voltage
curve, incremental capacity analysis and EIS measurements, there was no discernible or identifiable
difference in behaviour. The capacity and performance of the two cell groups which were stored at
0 V and discharged to 0 V then allowed to relax to open circuit voltage, which for any standard
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lithium ion battery would be an over-discharged abuse condition, did not differ when compared to
the control cell group. This data and subsequent analysis provides support for commercial 13 Ah
LTO cells to be stored at a 0 V condition for long periods of time, providing an increase in safety,
reduction of risk and reducing potential costs for storage and shipping.
When data from Altairnano was available to review, both published data sheet specifications [68]
and internal data (much of which is not published or publicly available), the comparable
performance aspects all cells from each three cell groups including measured OCV curves,
impedance values at various SoC, EIS measurements and capacity measurements aligned with
Altairnano’s data. This provided confidence that that the control cell’s test data aligned and was
comparable to Altairnano’s results providing validity to the testing. This validation of the control
results in turn supported the validity of the resulting data from the ‘0 V relax’ (group B) cells and the
‘0 V storage’ (group C) cells’ tests.

3.5 Innovation and Impact on Industry
It had been identified through a literature review that there was a significant lack of data and
information on the zero-voltage operation or storage of large format commercially available cells,
especially with regards to lithium titanate cells. While there are multiple studies on the damage
caused by over discharging standard lithium ion cells and a few studies which mention replacing the
current collector material with alternative material, these studies were mostly for research purposes
or small-scale medical devices only, there had been no study on the discharging of a commercial
lithium titanate cell to zero volts and the effects of such an operational state.
This gap in research provided a unique opportunity to pursue potentially ground-breaking research
with significant potential for impact on industries and companies. The impact includes the lithium
ion battery shipping industry which due to the safety inherent in a 0 V cell can reduce costs
associated with shipping by reducing the level safety required during transportation. Pending
testing by international shipping regulators this research has the possibility to reduce the costs to
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the cell, module and system manufacturers who, with a cell that can be safely stored at 0 V, could
ship in manners, such as air in high volumes, which would not be available to their competition due
to the international regulations regarding standard lithium ion batteries. This ability to ship in easier
and cheaper methods creates an opportunity for a point of differentiation for Altairnano, the
sponsor company. In discussion with Altairnano’s test engineer the volume of cells required for UN
38.3 testing is approximately 30 cells. It could be assumed that a similar volume of cells could be
used to demonstrate sufficiently to a certifying body the uniqueness and safety of Altairnano’s cells
if stored or shipped at 0 V. This could provide sufficient evidence for Altairnano to request and
receive exemption from some shipping regulation and restrictions in place for the shipping of
standard lithium ion batteries.
Additionally, the increased safety inherent in the cells and modules would be a benefit to
manufacturers of high voltage system. By keeping operating voltages during manufacture to levels
below hazardous, the required training of personnel and safety restrictions can be reduced.
In addition to the data provided of the behaviour of a cell at 0 V, the testing also provided a number
of supplemental datasets invaluable to modelling. Firstly, it provided a better understanding of a
complete voltage curve of the cell from 0 V to 2.8 V, which had not previously been explored.
Secondly, while not often modelled, storage conditions can have a significant impact on the life of a
battery. It is often overlooked but batteries are often in a state of storage, shipping from company
to customers the cells are sat in a storage condition for weeks and even months at a time due to
shipping by ocean and delays at customs. Beyond that, even once received by a customer the cells
will often be put into inventory until they are needed to be put into use, with some customers
storing batteries for month or years due to backlog or the timing of their production flow. Even
once put into use, batteries can often sit in standby with periods of downtime, such as when used in
a grid application where there may be periods of days or weeks where the unit is taken offline for
maintenance either on the unit itself or on local connections where due to safety the battery must

58

be disconnected or turned off. By understanding the behaviour of Altairnano’s cell during and after
storage periods where the cells can be stored at 0 V, there can be a higher degree in the confidence
in the predicted performance of an aging model. Additionally, via the characterization and the very
low current testing conducted (0.12 A on a 13 Ah cell), a pseudo open circuit voltage curve was
established, providing a high fidelity continuous OCV curve. In addition to providing new knowledge
of the chemistry, providing the benefit and stability of a new and novel storage method, unique data
sets generated can support the effort for increasing the accuracy in modelling and have been
incorporated into the modelling efforts discussed in following sections.
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4 Continued Development and Integration of Altairnano’s Model
4.1 Altairnano Model Background
Altairnano had previously developed an in-house battery modelling tool, that was used to support
engineering design and to provide an insight into the proposed battery system’s behaviour to
customers. As the tool is proprietary work it will be discussed in an appropriate level of detail to
circumnavigate any Intellectual property infringement. Accordingly, this tool has not been
previously discussed publicly or presented at conferences, and so this work constitutes the first-time
publication regarding Altairnano’s modelling tool. Because the tool was designed in-house, it has no
formal name and was referred colloquially as a “cycling calculator” or” modelling tool”. When
utilised in ‘calculator’ mode, it was formulated as a collection of multiple excel workbooks that
constituted portions of a battery model.
The separate pieces included:


Temperature-dependant impedance versus voltage reference tables



Two performance modelling workbooks



o

One for initial performance

o

One for aged performance modelling

A system thermal response model

All documents were pseudo-independent with no direct interaction between workbooks. Any
information that was needed from one document had to be manually copied to another document.
All documents were implemented into excel which allowed for graphically representing the model’s
output efficiently.
A visual representation of the workflow is provided below (Figure 49). Greater detail of the various
pieces is provided in the following paragraphs.
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Figure 49: Altairnano performance modelling flow chart

The impedance values were based upon one and ten second pulse testing across a range of
temperatures and voltages. This data was processed and compiled into a reference table of one
table per temperature step.
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The performance model workbooks incorporated the impedance tables to be able to model
performance through several calculations, such as voltage under load, capacity changes, resulting
states of charge and capacity loss estimations. The inputs for the tool were time series tables of
power values and starting conditions - initial state of charge, battery system configuration including
series/parallel and cell type, assumed operation temperature. The base workbook accepted only
power in terms of megawatts (MW), and due to the design of the original formulae signification
modifications were needed to accept any other power ratings (Watt, kilowatt, etc.). Alternatively,
two separate performance modelling workbooks were created to accept time series current values
for initial and aged performance.
The performance model is considered a zeroth order model [80], which implies that all calculations
are based on the direct equation of V=IR. Despite having impedance values for a range of operating
temperatures, the model was implemented in such a way that the temperature was assumed to be a
single static value. This required inputting a separate impedance reference table into the
performance models for each distinct temperature that one wished to model. By assuming a static
operational temperature, the model removed the temperature effect on impedance due to internal
heating or cooling, which a battery system would experience in actual operation.
Supplemental to the first performance model, which was used to estimate the performance of a
battery system in a new state, a second excel file was created that would utilize information from
the first file to estimate the performance of a system following a set period of operation and aging.
The build of the second model was similar the first model but added an assumption on the loss of
capacity due to operation and incorporated an impedance degradation factor due to time aging
effects.
To estimate the aged capacity of the system, a capacity loss factor was calculated from the first file
into a capacity loss index (CLI) metric. This metric is an output of the initial performance model. The
CLI is based on half cycle (i.e. no sign change in direction of power) data and the number of cycles
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estimated for the battery at the assumed temperature. The cycles are based on the power or
current profile, provided by Altairnano’s customer. The CLI was then converted into a CLI/hr metric
based on the length of the profile provided by the customer. This metric was subsequently manually
copied and inserted into the second performance modelling file, which would combine the metric
with the estimated operating life of the system over a specified number of years. This created an
estimation of the reduction in capacity the battery cell would experience over the operational
period, which could then be used to model the battery performance in the aged state. Additionally,
an estimation based on a reference table for the growth of the impedance values was incorporated
to reflect assumed ageing impedance for the modelling.
With regards to thermal modelling, a separate tool was developed that could utilize the calculated
I2R loss values from the performance models, new or aged, and based on a selected battery module
type to create a thermal performance profile. The limitation to this implementation of the thermal
response model was that it had no real-time influence on the temperature-based impedance table
used in the performance models. As is widely known, the temperature of cells under load can vary
and change dramatically [81], and as such the impedance values based on temperature of the cell
are constantly changing. A static temperature assumption in the performance models would not
capture these thermal dynamics.
An additional limitation of the original tools was the training necessary to fully utilize and manage
the interactions and dependencies between the various models and tools. Even within a technically
trained group, the use of the models and tools was limited to specially trained personnel within the
engineering department. This created a knowledge silo and created a risk that losing the single
trained employee would mean that the company could no longer utilize the tools it had previously
developed.
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4.2 A Technical Brief of Modelling
Modelling provides a window into the behaviour of a cell or a system of cells. This window can
provide a wide range of information, from informing choices on battery materials to making system
engineering decisions. This window can also provide a prediction of behaviour in an application to
help inform expectations of performance or life. The view provided by modelling is somewhat
obscured by a number of factors, such as imperfect information on a system (the cell) and a system
which is in a state of constant change with numerous coupled interactions happening internally, as
demonstrated in Figure 50. In addition, many of these processes and their interactions are often not
fully understood.

Figure 50: Schematic illustration of interdependent influential mechanisms that can affect aging in cell and create
challenges in modelling [50] (RT – room temperature, LT – low temperature, HT – high temperature)

These various interdependent interactions complicate the ability to create a simple, computationally
lightweight, and accurate model capable of describing the behaviour of a cell or number of cells
connected in series or parallel systems under a wide range of conditions. Further complications are
added to modelling efforts by trying to predict the future, aged performance of the system in 5 or
even 10 years, especially after a cell has been aged in any number of ways and used in numerous
different usage profiles.
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It is this future prediction of performance and predicted state-of-health (SoH) for the battery, which
has value to Altairnano. Altairnano is able to reduce total system costs by correctly configuring and
minimizing the number of cells in series and parallel in the initial battery system, while still being
able to address the application’s future performance needs (usable energy, power) after the system
has degraded due to operation and age. Altairnano can achieve this cost reduction by minimizing
the initial battery configuration as informed by their performance models, by modelling and
estimating both the initial and aged performance of the system. This prevents the need to over
specify system attributes, such as excess energy capacity, due to aged performance uncertainty, and
to create an end-of-life performance safety margin that is greater than necessary. This better
enables Altairnano to create a correctly configured product that minimizes upfront system costs
while still meeting the actual performance criteria of the application in future years.

4.3 Model Integration
As noted in the introduction, a goal of the research was the integration of the various tools and
models, and increased accessibility of the tool by employees. Additionally, whilst building the new
tool and models, an additional goal was to link the various workbooks so that the dynamics of the
models would create the appropriate interdependencies such as temperature response and
impedance behaviour. This goal was set as an effort to improve the accuracy of the models.
Additionally, proper implementation would create the opportunity to change the processes within
the organization in novel ways when compared to previous operational processes utilizing the tools
and model. One example of a novel process change would be allowing a customer to create system
configurations, model performance and present to Altairnano their preferred solution. This would
have the effect of reducing the workload upon Altairnano’s engineering team which no longer needs
to do the initial configuration work and would now be able focus on optimization with the customer,
work that has a higher value to Altairnano. Altairnano’s purpose and goal was defined by the
research as a former employee of Altairnano as well as informal and unstructured discussions with
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the researcher’s former supervisor who was also acted as the industrial advisor for the sponsoring
company. All other discussions with former and current Altairnano employees around the various
projects and research were informal in nature.
In an homage to the colloquial use of ‘calculator’ to describe the excel based implementation of the
performance models, combined with the internally used shortening of the company name to Alti,
the new modelling tool was designated as AltiCalc. A decision was made by the research to
implement the work within a MATLAB environment as it would allow the tool to be compiled into a
standalone executable program, able to be installed without MATLAB being present on various
computer system. An additional benefit of the MATLAB environment was in direct response to
increasing the accessibility of the tools, as by utilizing MATLAB, it would allow for the development
of a graphical user interface (GUI). This could then be packaged easily, with the deployment of the
tool and provide a richer environment, to deal with the complexities and interdependencies of the
various tools. The following Figure 51, Figure 52, and Figure 53 show a progression of the screens
that the user will interact with when using the AltiCalc.

Figure 51: Initial interface shown when the program is first initialized
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Figure 52: Interface shown with selections that expand to show the various options including batch processing control
(single input for all files versus input for each file) and module selection

Figure 53: Example of initial input parameters to be entered by the user based on choices selected from the previous
screen

The first step required was to reverse engineer the models to understand how the various tools
could be interlinked, e.g. changing temperature of the system during cycling should be reflected in
the change of impedance for each time-step modelled. Interviews were conducted with employees
who had background knowledge of the model, as well as incorporating the researcher’s previous
experience with the model during prior employment with the company. The information from the
employees was limited, but information was scattered throughout various documents located on the
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company’s servers. Prior to this work, the information had not been collected into a single source.
This provided a knowledge base from which to build upon, with the development of a single point of
interaction incorporating all the previous tools and models. The development was carried out
within the MATLAB script environment which allowed for continuous testing and validation of the
code base as it was being developed. The complete MATLAB code can be found in the researcher’s
third submission titled ‘EngD Submission 3: Altairnano Lithium Titanate Modelling including Aging
and Thermals Code Base’. Additionally, as seen above, a GUI was integrated into the program to
provide ease-of-use functionality.
When compared to the process flowchart (Figure 49) outlining the workflow of the previous
implementation of modelling, integration of the various components within the AltiCalc greatly
simplifies the process as seen below in Figure 54.

Figure 54: An example of the AltiCalc workflow
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Figure 55 shows the internal workflow of the AltiCalc, highlighting the integration and feedback loop
from the thermal response of the system. Additionally, the workflow captured within the AltiCalc
block no longer requires interaction from the user, as was required for each step previously.

Figure 55: Expanded view of the interactions within the AltiCalc

4.4 Innovation and Impact on Altairnano
The first impact to the company was a change in process of how a customer profile was evaluated.
Previously a customer provided a time-based duty cycle profiling with some additional basic
information including voltage limitations, temperature and operational life expectancy. This
information was provided to the Application Engineer, who then utilized the tools and models to
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provide several charts to graphically represent the behaviour of the proposed system. As noted
previously, only those directly trained in the engineering team were able to manage the various
tools to create the feedback. Following the roll-out of the AltiCalc program, following simple
training, others within the engineering team, the members of the sales team and even a customer
were able to engage and utilize the tool to provide self-sufficiency. This enabled an understanding
with regards to the modelling of the behaviour of a proposed system that was previously unfeasible.
This represented a significant departure from previous processes and capability internally within the
organization, but also externally.
Such a change in process has the potential effect of improving the process flow by allowing the sales
team to engage with a customer and better evaluate their application, creating a higher quality sales
funnel prior to engaging with a limited and potentially expensive resource (the engineering team.)
The engineering team must still qualify the results if the sales member believes the lead and
application may fit well, but this burden is born by the sales team rather than the engineering team.
Previously, the engineering team had to engage with every inquiry due to the need for the tool to
evaluate possible fits with the company’s technology. Higher quality sales funnels reduced
unnecessary engagement with unsuccessful inquiries for the engineering team, and increased
accessibility to the knowledge contained within the tool provides opportunities to improve the
company’s process flow. In addition, having the ability to enable a partner and customer to utilize
the tool also eliminates possible unproductive engagements, as with the sales team, the customer is
now able to self-qualify concepts and systems to efficiently engage with successful designs.
Qualitatively, through implementation by the researcher within day to day operations of Altairnano
response time to the sales team and customer need on the modelling of a duty profile has reduced
from generally few weeks of time to often returned within a few days. This improved response time
has allowed the customer and Altairnano’s sales team to engage quicker on a number of projects.
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Separately, the various models embedded within the tool create innovation for Altairnano as they
are now able to dynamically interact and influence the model during each time step. This previously
was not possible with the prior arrangement of multiple non-linked tools and excel sheets. This
improvement can serve to improve the accuracy and fidelity of the model, improving the ability of
the company to research future battery chemistries and provide better feedback to customers. As
chemistry development is a continuing process, this tool allows Altairnano to model potential
performance gain or losses in field applications. This allows Altairnano to provide valuable feedback
to the research and development team on their advancements and changes to the chemistry of the
cell.
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5 Development of New Parametrization Signal and Implementation
into an Equivalent Circuit Model
The final project looked to build upon the previous work while developing new skills and knowledge.
First by taking the knowledge gleaned from developing the AltiCalc, it looked to further develop
Altairnano’s knowledge and capabilities in two ways: First it looked to create a new model for
Altairnano. While Altairnano uses equivalent circuit (EC) calculations in its battery management
software, and EC are not new to modelling in academia and the wider industry [47], Altairnano does
not use ECs anywhere else within the organization including its modelling. To build upon the AltiCalc
tool and expand both the software’s and Altairnano’s capabilities it was decided to develop a model
around equivalent circuit calculation which in future iterations could be implemented within the
framework of the AltiCalc which had been developed in the previous work.
Second, this project sought to develop new knowledge and skills by developing a novel way to
generate parameters for an EC model. ECs were familiar to Altairnano and are standard in industry
[47] so the risk of introducing a new model as a basis for the work was minimized. This allowed
taking the risk, and focusing the research, on an alternate method for generating the parameters for
a 1st order EC model. The novel test signal developed was based upon data directly available from a
target application of Altairnano, and many other battery system suppliers, the PJM frequency
regulation signal. This data is publicly available in large volumes (2 second data for multiple years)
and was used to generate a 24-hour test signal, which was then used to parameterize the EC model.
This signal operated the cell dynamically throughout the entire SoC at various power levels. This
signal differed from many characterization test profiles which focus the on testing in distinct,
discrete SoC steps as well as at a consistent load, such as the hybrid pulse power test (HPPC [82])
profile.
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Finally, the resulting equivalent circuit utilized characterization data from the 0 V research for its
open circuit voltage curves, as well as utilizing portions of the testing data as inputs against which to
validate the model.
The novelty of the work laid in the conception of a testing profile to achieve parameters for a model
in a unique way whose source could be traced directly to a real-world application usage profile,
while new knowledge and skills were created for Altairnano as an organization building upon work
from the previous projects.

5.1 Common Issues with Testing for Parameterization and Model
generation
5.1.1

Simulating Actual Conditions in Testing and Models

One of the biggest issues with most models can be the lack of semblance to real life conditions and
capability of the model to handle the dynamically various conditions that may be experienced by a
cell while in real-world operation. By not testing the performance of a cell in the laboratory to
conditions similar to those that would be experienced in an application, and then using that data set
to characterize a model, one could develop a model that provides erroneous results. When
compared to actual usage the model would generate performance and behaviours that would not be
representative of actual performance of a cell in operation. Whilst the goal of laboratory testing is
to simplify the complexities of a system to a manageable degree, ignoring and not testing in
conditions similar to what is seen in actual operation be can misleading.
5.1.2

Hybrid Pulse Power Characterization (HPPC)

One method often used for parameterizing a cell or system model is hybrid power pulse
characterization (HPPC) profile as seen in Figure 56, specified by USABC a US battery consortium.
The HPPC profile is designed to test the pulse power capability of a battery system at various states
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of charge [35,73,82–88]. From these pulses open circuit behaviour and impedances can be
determined, which can then be used to parameterize a battery model.

Figure 56: Complete HPPC profile – USABC Battery test manual for plug-in hybrid electric vehicles [82]

The issues with parameterizing a model with HPPC profile include the significant amount of time the
characterization takes to complete. HPPC testing is done in non-operational, unrealistic fixed states
of charge, usually in 10% intervals with significant rest intervals (1 hours) between each pulse.

Figure 57: Initial sequence of the HPPC profile [82]

74

The test is conducted at specific states of charge (SoC), with SoC step as large as 10% between pulse
testing. This is a significant change in SoC, over which the behaviour (impedance and slope of
voltage change) of the cell can change quite significantly. This is especially true at the higher or
lower states of charges, where a small change in capacity can result in large changes in voltage and
impedance. Large changes in SoC have the potential to hide or miss significant behaviours in the
middle SoCs, where the voltage changes tend to be smaller. The behaviour not captured by the test,
when characterizing a model has the potential to influence the predicted modelling results and
provide erroneous responses.
Additionally, a HPPC profile is very dissimilar to the actual operation of a hybrid vehicle, which does
not experience large rest periods between each current event (such as braking accelerating, etc.) An
example comparison of such phenomena can be seen in Figure 58 below.

Figure 58: Comparison of a Pulse Power profile versus a drive validation test for an actual vehicle [89]

Because of these issues, the HPPC test is not very representative of the actual performance of a
battery, often missing the dynamic behaviour of a cell. A HPPC profile would not be seen in actual
operation of a hybrid vehicle. The current or power flow seen during actual operation of a battery
system is dynamic, seen in the right-hand image of Figure 58. This variation in amplitude is seen for
various reasons:


In grid frequency regulation applications, the amplitude varies as loads are turned on and off
with sources varying their output to match the load changes
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In vehicle the load changes based on the pressure the driver puts on the pedals and the
demand of the car, speeding up or slowing down.

This variation in amplitude can have a number of effects on the battery, some of which are discussed
in a previous section (2.3 Aging and Degradation), and include current load, changes in the state of
charge of the battery, and impact to internal cell temperature. A HPPC test controls and limits the
variation on current, SoC and temperature and tests the cell under ideal conditions under limited
parameters. For current, each event is a constant current value with a set duration for the pulse.
For state of charge, the cell is adjusted to the desired state of charge prior to the test, then for the
test itself the current pulse alternate in equal magnitude to minimize the change in SoC. The cell is
then adjusted for any additional SoC desired. For temperature, the cells are tested under climatecontrolled conditions with parameters set to limit the test if the cell exits a narrow allowable
temperature window. Additionally, depending on the specific test, a large rest period after a pulse is
part of the test plan. This rest period reduces or eliminates any impact that prior pulses may have
had on the current pulse, including any hysteresis effects [90]. The result of this testing produces
cell parameterization that assumes linearity, with no path dependence or hysteresis effects [91].
These limitations are not to say that the HPPC testing does not produce valid parameters but to
point out possible shortcomings. This work looks to provide a possible alternative parameterization
signal which also may be sufficient for modelling while incorporating operational usage into the
testing.
In an actual application the controls and limits are set much wider. Current loads are dynamic,
constantly varying in amplitude, time and direction (charge, discharge). This behaviour has an
impact on the state of charge and temperature of the cell which is not controlled in real-world usage
to the level of control seen in laboratory testing. In an actual application state of charge can vary as
needed, with operating ranges (e.g. 20-80% SoC, 40-60% SoC) depending on chemistry and goals or
needs of the application. While most applications seek to control the temperature of the cells and
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their operating environment with climate control, it is not to the degree of control that is exhibited
during testing. As an example, from Altairnano’s operation of an energy storage system: the climate
control was set to provide 25 °C air but the cell temperature varied depending on location within the
system. The cells temperatures would range from 30-40 degrees Celsius with the temperature of
the cell constantly changing a few degrees within minutes due to the application’s varying load
demands. The events prior to the current pulse influence the response of the cell to subsequent
pulses. Cells in applications do not always operate under ideal conditions but are generally tested
under ideal conditions.
5.1.3

Development of a Novel Parameterization Signal and Method

As noted previously, some of the largest issues with the HPPC characterization method are its
inability to capture cell dynamics outside of the pulse and unrealistic semblance to how a cell is
actually used in an application. The limitations of the method offered an ideal opportunity to
research and develop a novel parametrization technique that would ideally capture cell dynamics
across the full range of the cell, and which would be based upon realistic cell usage.
Based on this criterion, a suitable source of data for a profile was needed, with sufficient size to be
able to capture as many cell excitation behaviours as possible. A suitable data source identified was
PJM’s fast response frequency regulation signal, referred to as RegD [92–94]. The signal is a
normalized signal ranging from +1 to -1, to provide a signal that scales independently of the
connected system’s size. Energy storage devices which participate in this market receive a new
signal once every two seconds, directing a specific response needed by the grid operator. Ideally for
this project PJM records, and provides to the public, a historical record of this signal covering
multiple years. This provides a source of data that is independent of system size and is an actual
usage experienced by battery systems connected to this service. Over the course of a single year,
this dataset provides 15,768,000 data points from which to develop a testing profile that can then be
used to characterize a signal.
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To develop a suitable testing signal that would not take a full year to test, an analysis technique was
needed that could reduce the complete dataset down to a representative signal. This would need to
capture the behaviour of the signal over the course of a year to one that fit within a shorter
timeframe, such as multiple hours of testing.
Parallel work within WMG provided a starting point for the analysis and generation of such a signal.
Dr Widanage et. al [89,91,95] had developed a technique to combine sine waves of multiple
magnitudes with a known signal such as a pulse power signal. This combination is graphically
represented below in Figure 59.

Figure 59: Combination of a known pulse power signal with a multisine generated signal [89]

The idea behind the concept was that by combining the two signals, the pulse-multisine signal
generated via frequency analysis would better match for the frequency distribution of an actual
drive cycle as seen below in Figure 60 and Figure 61.

Figure 60: Frequency spectrum analysis of a drive cycle versus a 2C ten second pulse power signal [89]
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By combining the two signals Dr Widanage and his team were able to create a shorter profile with a
similar frequency distribution and magnitude that matched the drive cycle, an indication that it
matched actual usage and would allow the ability to better capture the dynamics of the drive cycle.

Figure 61: Magnitude and frequency comparison between the drive cycle, the pulse power test and the combined signal
[89]

This ability to take a signal and generate a shorter signal would aid in the goal of taking a full year’s
worth of signal data from PJM’s RegD signal and reduce it down to a shorter duration test signal. It
was a unique application of Dr Widanage’s work and required consultation with him and his team.
One limitation of the technique the researcher identified was that while the generated signal was
able to better match the drive cycle signal in terms a distribution, it was limited in that the pulsemultisine signal had to be tested multiple times in approximately 5% State of Charge (SoC)
increments. This meant an example testing protocol would charge a cell to 95% SoC, run the cell to
the signal, change SoC and repeat down to 5% SoC, similar to the HPPC’s 10% increments. For
characterization the signal was only valid in 5% increments meaning that at each 5% SoC step there
was a valid parameter from data, and in between the parameterization was interpolated. Given that
the behaviour of a cell can change significantly within a very small SoC change, this meant that the
model may be missing or losing intermediate information for some states of charge, similar to the
limitation of the HPPC signal.
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The second limitation to the researcher was that by introducing a tuneable multisine signal to a
pulse power, the signal was still in effect a random signal not based on an actual usage profile.
Thus, there can be arguments that while the signals relatively match as seen in Figure 61, the signal
was for all intents and purposes a randomly generated signal.
To solve the second issue first, Dr Widanage’s technique was modified so that it would analyse a full
year worth of the PJM data, attempting to match the frequency distribution. Both PJM’s RegD
frequency spectrum (blue circles) for one year’s worth of data and a fitting curve for the distribution
can be seen in Figure 62 below.

Figure 62: Frequency analysis with magnitude and phase of the PJM signal. A fitted curve (orange) would provide the
basis of the multisine generation signal.

Then based on the frequency spectrum analysis shown above, Dr Widanage’s multisine technique
would generate a signal of a user defined time length that would match the magnitude, frequency
and distribution of the provided PJM signal. The MATLAB source code to analyse and generate the
signal was provided by Dr Widanage to the research for modification as needed, with guidance and
feedback from Dr Widanage.
The resulting outputs from the script are shown below in Figure 63 and Figure 64. Outputs include
comparisons of the original and generated normalized power signal, histograms of the two signals,
frequency and amplitude curves, as well as root mean square error analysis of the final iteration.
Following the analysis of the input data, a generated signal was iteratively processed over multiple
fits to provide a best fit signal within an acceptable error threshold seen in Figure 64 (centre top).
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The initial iteration’s distribution can be seen in Figure 63 and the final iteration in Figure 64. The
length (total time) of the resulting signal was tuneable as a user definable input (i.e. 2-hour profile,
24-hour profile).

Figure 63: Initial step of the MATLAB tool comparing the original signal (blue) to the initial generated signal (orange).
From the top normalized signal (top), inverse cumulative distribution function, and the distribution of both signals.

Figure 64: Output from the MATLAB code showing the original signal (blue) compared to the generated signal (orange).
From the top normalized signal (top), the root mean square error of the signals (centre top), the amplitude and
frequency distribution of the signal (centre bottom), and the distribution of both signals (bottom).
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Theoretically, this output would create a signal on the basis of an actual usage profile used in a realworld application. Thus, it could be argued that the generated signal would better reflect the
realities and randomness of an actual signal the battery would experience in a real-life application
and not a sterilized tightly controlled signal created in a laboratory. This signal would theoretically
include the dynamic effects of prior current pulses, prior-step temperature changes, changes in state
of charge change , and hysteresis effects.
As seen in Figure 64, there exists a fit between the original signal and the generated signal. To
further support the fit between the original and generated signal, each signal was averaged to
compare the means between the two. The original signal is non-neutral as it has a slight bias
towards -1 due to the RegD signal being designed for energy storage systems. This means that the
signal incorporates a bias towards charging (-1) to generate a signal that, after system losses, allows
the energy storage device to remain relatively energy neutral over a period of time. The resulting
generated signal produced a profile with an identical bias and mean, with a matching frequency
distribution, and signal distribution implying that the generated signal was reflected and
represented of the original signal. This shows that the generated signal preserves the nuances, such
as charging bias and general distribution of power, of the original signal. This would indicate that a
system operated to either signal would behave in a similar fashion.
Once there was a satisfactory match between the original and generated signal, the signal was to be
used for testing. It was decided to move forward with this signal as it met the goal discussed in
section 5.1.1 Simulating Actual Conditions in Testing and Models of creating a testing profile whose
source could be traced back to an actual real-world application signal versus an HPPC signal a similar
comparison as demonstrated in Figure 58, shown previously.
To minimize the time necessary for testing due to resource constraints, a time a signal length of 24
hours was chosen. A profile of 24 hours would produce a duty cycle of 43,200 steps which varied in
signal direction and power, between +1 and -1. This length was chosen for the initial testing as it
82

was assumed the signal would generate a significantly large enough data set which could be
parameterized for the model successfully. Additionally, the time frame was chosen in hopes that the
signal would provide enough events over the entire SoC of the cell from 0% to 100%, to capture a
full dynamic signal across the entire voltage spectrum with varying power demands. This would
solve the first issue identified with Dr Widanage’s technique which originally was limited to discrete
5% increments. The generated signal was intended to dynamically test the cell versus across the
entire SoC in a single test protocol.
Currently this data has only been collected for 25 °C, additional testing would be needed to expand
the data set for the complete temperature range in which the cells would operate under. Future
work may look at how to incorporate a dynamically changing temperature regime, but that would
require additional resources and time.
5.1.4

Implementation into an Equivalent Circuit Model

5.1.4.1 Equivalent Circuit – Physical model Background
One method often used to model the behaviour and voltage response of a cell is the equivalent
circuit model (ECM) [43,96–100]. An equivalent circuit model usually includes a number of resistors
and capacitors in series and parallel configurations, as well as other components such as an inductor.
These circuit components are used to represent the various parts in a cell such as anode, cathodes,
capacitance layers, connectors, other the various resistances and their resulting cell behaviours.
These equivalent circuits can be used in a model to determine the response of the voltage under a
load.
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Figure 65: General equivalent circuit models. (Upper left: 0th order - Upper Right: 1st order - Bottom: 2nd order)

Equivalent circuits can be parameterized in two ways: through Electrochemical Impedance
Spectroscopy (EIS) discussed or characterization testing [23,101–103] such as HPPC.
5.1.4.2 Implementation into an 1st Order Equivalent Circuit Model
Cell cycling based upon the generated signal was completed in a 25 °C climate-controlled chamber,
with data collection every 2 seconds, in time with the application duty cycle. Based on the data
collected the parameters Ro, Rp, and Tau for a 1st order equivalent circuit was extracted through the
use of a MATLAB script developed by Dr Widanage [91] for EC parameterization. For these
equivalent circuit parameters Ro is the ohmic resistance of the cell, Rp is the polarization resistance,
and Tau is the time constant for the RC pair. [104]
The generated signal was designed as a ban-limited (a finite number of frequency components) and
periodic signal with the maximum frequency set to be less than 0.5Hz (time step of 2 seconds).
However in practice, the measurement of current and voltage response can differ from the ideal
band-limited periodicity as the measurement equipment is not perfectly ideal due to imperfections
which can introduce measurement noise, and the voltage response may not reach a steady state
response both of which introduces leakage.
84

Both these errors are minimized during the parameter estimation stages. The influence of noise is
reduced by averaging the measured current and voltage over the applied periods and the leakage
error is accounted for when estimating the frequency response function (relating the applied current
to the measured voltage). Traditionally, leakage is minimized by multiplying the signals with a
window function (for example by a Hanning window [105]). However, for this work a method
employed by Dr Widanage that advances on windowing methods is applied [91]. The unknown
frequency response and leakage term are approximated over a narrow frequency windows via
polynomials and estimated simultaneously, leading to a frequency response estimate with a lower
variance (known as the local polynomial method, the details on the frequency window length and
estimation method are given in [91,105]). This estimated frequency response is then parameterized
via an ECM to obtain the equivalent circuit parameters (as the current is the input and voltage is the
output, the frequency response estimate also corresponds to an electrochemical impedance in this
occasion). When fitting the ECM, the parameterization scheme utilises the estimated frequency
response variance to perform a weighted least squares minimisation via the Levenberg-Marquardt
algorithm.
The EC parameterization script was further modified, by the researcher to enable user defined
incremental SoC steps used for generating the parameter values within distinct SoC ranges. Due to
intent of the generated profile, which was to utilize the full dynamics during operation throughout
the complete SoC based on a currents of varying magnitudes and signs, and the method by which
the parameterization script generated its parameters, the data was binned based on SoC. The
binned SoC values were recorded with the corresponding voltage and current values measured
during that SoC step. This resulted in the data was no longer being sorted based on time order but
by recorded relative SoC. This reordering of the data allowed the parameterization script to build its
parameters based on the user defined SoC increments.
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Due to the coarseness, or largeness of the data collection time, step it was necessary to implement
the ability to define various SoC steps for parameterization. This was due to the fact that with high
enough requested current the change in SoC could be rapid which meant that the response of the
battery could be changing significantly if the SoC step was too large. Generally, data is collected at
sub-second time step to minimize unmeasured changes in cell responses but due to the length of the
profile, and the possible volume of data that could be generated, data was only collected every 2
seconds. This would mean the fidelity of the data would be significantly lower than most testing
protocol used to generate model parameters. This would later prove beneficial in establishing that
coarse data when properly processed can be used to parameterize accurate models, with benefits in
terms of the amount of data that is needed to be collected.
Due to the data collection rate and the resulting availability of the data, the researcher was unsure
how to handle the processing that would be required to achieve a useful output. Through research
of equivalent circuit models, a paper discussing a layering technique applied by Jackey et. al. [106]
was found which was used to minimize parameterization of an ECM into smaller tasks. From that
work three SoC incremental ranges were then chosen for the parameterization of this work. The
resulting parameters were then combined to provide consistent, continuous parameters across a
range of SoCs.
The first SoC step chosen was a 2% incremental step. As an example, the parameters derived for 4%
was comprised of all data values greater than 2% and all values to 4%, the next step was comprised
of all value greater than 4% to 6% and so on for the entire SoC range. The resulting parameter
values can be seen below in Figure 66.
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Figure 66: 2% incremental step equivalent circuit parameters. The x-axis in all charts is state of charge. For Ro and Rp
the Y-axis is ohms. For Tau the y-axis is the RC time constant of the parallel circuit.

The second SoC increment was a layered technique based upon work by Jackey et al. [106], in this
case the layering value was 2%, so all SoC steps were based on values ±2% the actual target SoC. As
an example, the parameters for 4% were based on all values from greater than 2% and less than 6%,
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the parameters for 6% were based on values greater than 4% and less than 8%, and so on. The
reasoning behind the layering effect was that the parameters are continuous functions as such every
value should be dependent on the values greater or less than it in a smooth function. Thus, by
layering the SoC increments, each SoC step should have a greater continuity with the values nearby.
The resulting values can be seen below in Figure 67.
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Figure 67: 2% layered incremental step equivalent circuit parameters. The x-axis in all charts is state of charge. For Ro
and Rp the Y-axis is ohms. For Tau the y-axis the RC time constant of the parallel circuit.

The final SoC increment chosen was Dr Widanage et al.’s original range of 5%. As with the 2%
increment, values for 5% were based on values from greater than 0% until 5%, incremented to 100%
SoC. The resulting values can be seen below in Figure 68.
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Figure 68: 5% incremental step equivalent circuit parameters. The x-axis in all charts is state of charge. For Ro and Rp
the Y-axis is ohms. For Tau the y-axis the RC time constant of the parallel circuit.

The data was processed eliminating significant outliers in the data. Outliers were determined to be
any value which had a result which was multiple magnitudes greater then surrounding data.
Additionally, as can be noted from the charts, values above and below certain SoC values are not
present. This is one limitation to the technique; future projects will be needed to explore how to
improve the parameterization at the upper and lower SoCs. It is hypothesized that higher fidelity
data may help to improve the results at the extreme SoCs, but this would need to be explored with
further work.
Once all three parameterization sets were collected and processed, a final step merged the three
data sets into a single continuous data set[106]. First, for each SoC, a table was generated with 1%
incremental steps. For each 1% SoC increment Ro, Rp, and Tau were calculated by interpolating
between the nearest values in the raw data to generate a single data set for each SoC with specific
delineated SoC increments. Each table was bound by the limiting data set’s minimum and maximum
SoCs (lower limitation of 10% set by all three data set, upper limitation of 83% set by the 2% layered
data set). This ensured that there were three data points for each SoC increment for the composite
parameter table. Finally, all three tables were averaged into a single table with the same 1% SoC
incremental steps. The combined table ranged from 10% to 83%, same as the individual data set
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limits. 1% increments were chosen to simplify inclusion into the modelling. The resulting values can
be seen in Figure 69 below.
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Figure 69: Combined Ro, Rp and Tau parameters plotted 1% incremental steps

The parameters generated were then implemented into a reference table based, equivalent circuit
model for Altairnano’s lithium titanate cell. The accuracy of the model would be validated against
cell data from various testing regimes. Validation of this model would provide support towards
validating the technique of utilizing an actual application signal to generate a test profile for model
parameterization. Additionally it would also assess the practicality of using data with a coarse
fidelity to be utlized in a model and still produce valid and accurate results.
A comparison of the calculated resistance for a 13 Ah cell based on Altairnano’s standard 10 second
pulse power testing versus the frequency regulation based, multisine signal which was used to
parameterize a 1st order equivalent circuit can be seen below in Figure 70. The equivalent circuit
resistance is calculated with a 10 second time step input, to approximate the pulse time used in
calculating resistance used traditionally by Altairnano. Altairnano’s resistance for the 13 Ah cell is
calculated based on HPPC testing with a 10 second, 130 A pulse in 25 °C chamber, in 17 increments.
Altairnano’s increments are approximately as follows, the increments are approximate as the
incremental steps for Altairnano vary from test to test and for each of temperatures they tested at:


One meaurement at 0% SoC



Three measurements for 0-4% SoC (one 0.5% and two 1.5% increments)
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One measurements between 4%-10% SoC (approximately 5% increment from previous step)



Eight measurements for 10%-90% SoC in approximately 10% steps



Three measurements for between 90% and 100% SoC (two 3% increments and one 1.3%
increments)



One measurement at 100% SoC

Because of the relatively flat resistance response in the middle SoC, Altairnano reduces the
incremental steps in the middle sections and increases the number of measurements at the extreme
upper and lower SoCs in an effort to capture the rapid change in cell resistance which happen in
those regimes.

Figure 70: Comparison of Altairnano’s pulse power resistance values and equivalent circuit based on parameterization
from the frequency regulation based multisine singal testing.

There is difference between the values, with the equivalent circuit resistance being overall higher in
addition to apparent noise in the calculated values. This difference could be due to the nature of the
HPPC calculation, as dependant on which voltages are used in the calculation, the calculated
resistance can vary slightly (for example the difference between initial OCV and ending OCV
following the pulse, versus the difference between last measured loaded voltage and the first resting
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voltage following the end of the pulse). In discussions with Altairnano, both calculations have been
used for various purposes within the organization.
The accuracy of the calculated resistance values when used for modelling is discussed in the
following sections with focus on the performance of Altairnano’s standard method versus the ECM
based model parameterized based upon the generated signal. The following sections will compare
the predicted voltage response and SoC performance, based on each method’s resistances, utilizing
with actual measure cell data over a broad range of operating conditions as the models’ inputs.
5.1.4.3 Model Validation
The models were validated to 6 distinct data sets covering various operating states. Due to the
limitation of the equivalent circuit model, the data sets were limited to an operating SoC range
between 10% and 83%. Three of the data sets were selected from the data collected during the
testing of the 13 Ah cell which was used to generate the paramerization values. Validation against
this data is useful for checking the performance of each model versus a wide range of dynamically
varying current values across a wide range of SoC, to asses accuracy of the model versus the data
used to generate it.
The first data set, due to the SoC resitrictions, was selected from time stamps 9,146 seconds to
31,470 seconds, for a data set comprised of 11,163 data points. The second data set, was selected
from the same test but at later time stamps of 33,348 seconds to 49,150 seconds, creating a data set
comprised of 8,082 data points. The third data set, also from the same test included data from time
stamps 50,614 seconds to 59,880 seconds, creating a data set comprised of 4,634 data points. All
total the three data sets provides a total of 23,879 points for comparison.
In the following sections Altairnano’s HPPC based resistance model is referred to as ‘Altair model’
while the equivalent circuit model is designated as ‘EC model’.
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5.1.4.3.1 Charge Depeleting Validation
For the first validation data set, the resulting estimated loaded voltage and state of charge for the EC
model is show below in Figure 71. This output of the model shows that the validation data is within
the designated SoC limits of 10% to 83% and demonstrates a wide range of voltages under varying
current loads. This section of the data shows a charge depleting profile.

Figure 71: Estimated loaded voltage and SoC based on the equivalent circuit model, parameterized based on the
frequency regulation based multisine signal in a charge depleting profile

The absolute error shown in millivolt (mV), the difference between recorded cell data and modelled
voltage, for each time step can be seen below Figure 72 for each model. This data set comprised of
the highest number of valdiation data points for comparison with 11,163 points from the frequency
regulation based, multisine test signal data.
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Figure 72: Absolute error between recorded and modelled cell voltages for Equivalent circuit model (blue) and Altair's
model (red) for a charge depleting profile

To further clarify each model’s performance, the following table summarizes the accuracy of the
models against a number of criteria.
Table 2: Charge Depleting Test Profile - Summarization of errors for each model
Altair model
EC model

# of pts > 10 mV error # of pts > 20 mV error # of pts > 25 mV error max error (mV) average error (mV)
2683
176
45
30.0
6.65
2021
153
29
30.5
5.99

rms error (mV)
8.4
7.6

From the analysis it can be seen that the EC model has a lower overall error rate than the Altair
model. It should be noted that for errors greater than 25 mV, all of the errors for the Altair model
are seen at the end of the run where the SoC is nearing 20%. This is in contrast with the EC model
which has its large errors distributed throughout the data. This may indicate that there is a greater
error in Altair’s model at lower SoCs.
As the EC model was parameterized utlizing the vary data to which it was validated against, it can be
assumed that some bias exists in the performance of the model. As the EC model was parameterized
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based on the data while the Altair model has not. Still despite this possible bias, the results show an
improvement, but no analysis has been completed if a bias truly exists only assumed.
5.1.4.3.2 Charge Sustaining Validation
The second validation data included 8,082 data point for comparison. This second validation set,
seen in Figure 73, exhibited a differing behaviour over the course of the profile. This profile
exhibited a realtively energy neutral profile, as opposed to the energy depleting profile seen in the
first validation data set. This gives the models an opportunity to exhibit a different behaviour over
the course of the profile.

Figure 73: Estimated loaded voltage and SoC based on the equivalent circuit model, parameterized based on the
frequency regulation based multisine signal in an charge sustaining profile

Figure 74 shows that the error in the Altair model trends higher over the course of the profile which
has an impact on the resulting accuracy summarized below. This could be due to a cumulative error
throughout a profile present in Altiair’s modelling methodology.
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Figure 74: Absolute error between recorded and modelled cell voltages for Equivalent circuit model (blue) and Altair's
model (red) for an energy neutral profile

As seen in the following table, the EC model has a greater accuracy over Altair’s model with a lower
maxiumum error and average error.
Table 3: Charge Sustaining Test Profile - Summarization of errors for each model
Altair model
EC model

# of pts > 10 mV error # of pts > 20 mV error # of pts > 25 mV error max error (mV) average error (mV)
6080
2777
1322
44.0
16.49
2183
105
27
28.3
7.85

rms error (mV)
18.6
8.9

5.1.4.3.3 Charge Increasing Validation
The third and final validation data set from the data collected for the equivalent circuit model
parameterization, includes 4,634 data points for comparison. As can be seen in Figure 75 this data
set exhibits a charge increasing profile trend.

98

Figure 75: Estimated loaded voltage and SoC based on the equivalent circuit model, parameterized based on the
frequency regulation based multisine signal in a charge increasing profile

From this validation set we see that the EC model has a significant number of errors, with its highest
error in the low state of charge range at the beginning of the profile, seen in Figure 76. A significant
number of these errors are exhibited between approximately 18 and 23% SoC. Refering back to
Figure 70, it can be seen that this SoC range is where a sharp increase in the calculated resistance
values for 24% SoC or less happens. This may indicate that a higher resolution data set needs to be
collected at lower states of charge to properly parameterize the model.
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Figure 76: Absolute error between recorded and modelled cell voltages for Equivalent circuit model (blue) and Altair's
model (red) for charge increasing profile

As seen in Table 4 below, overall the EC model has a much better accuracy than the Altair model. If
the initial portion of the run is excluded the max error for the EC model becomes 25.9 mV, with only
two points greater than 25 mV and sixteen points greater than 20 mV. This indicates that better
paramaterization of lower SoC is critical for the accuracy of the model across a wide range of
operating SoC.
Table 4: Charge Increasing Test Profile - Summarization of errors for each model
Altair model
EC model

# of pts > 10 mV error # of pts > 20 mV error # of pts > 25 mV error max error (mV) average error (mV)
1258
102
7
25.4
7.08
583
73
46
35.2
5.07

rms error (mV)
8.8
6.9

5.1.4.3.4 Constant Current Charge and Discharge Validation
The fourth and fifth validation data sets come from the characterization testing of a cell during the
previously discussed 0 V project. This data set represents the pseudo-open circuit voltage curve for
both charge and discharge cycles at 0.12 A continous, which provides 5,115 and 4,890 data points
respectively. As neither model has been trained on or developed from this data it should show the
performance of each model versus a continuous charge or discharge cycle at very low current rates.
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Figure 77 shows the estimated loaded voltage and SoC for the EC model based on a 0.12 A constant
current charge.

Figure 77: Estimated loaded voltage and SoC based on the equivalent circuit model, parameterized based on the
frequency regulation based multisine signal in a 0.12 constant current charge profile

Figure 78 shows the absolute error between measured voltage and modelled voltage for both
models. It should be noted that the range of the error values was much smaller over the course of
the profile with all errors being less than 3.1 mV, versus the larger error seen in prior validation runs.
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Figure 78: Absolute error between recorded and modelled cell voltages for Equivalent circuit model (blue) and Altair's
model (red) a 0.12 constant current charge profile, please note the Absolute error scale change versus prior charts

Both models perform similarly with the Altair model having a small advantage in accuracy for errors
greater than 2 mV. To better asses the viablity of both models the EC model would need to be
expanded to full paramaterization from 0-100% SoC so that a fullly modeled charge from 1.5 V to 2.9
V could be achieved and compared.
Table 5: Low Constant Current Charge Test Profile - Summarization of errors for each model
Altair model
EC model

# of pts > 1 mV error # of pts > 2 mV error # of pts > 2.5 mV error max error (mV) average error (mV)
3346
905
109
2.9
1.30
2916
1249
331
3.0
1.27

rms error (mV)
1.6
1.5

Figure 79 shows the estimated loaded voltage and SoC for the EC model based on a 0.12 A constant
current discharge.
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Figure 79: Estimated loaded voltage and SoC based on the equivalent circuit model, parameterized based on the
frequency regulation based multisine signal in a 0.12 constant current discharge profile

While the overall error to this validation data is lower than the previous validation runs, there is a
noticeable trend exhibited by both models. This trend shows an increasing error while modelling a
low constant current discharge behaviour of the cell. It is unknown the cause of this drifting error,
and as it was exhibited by Altair’s model, it was beyond the scope of this research to identifying the
errors in their methodology with regards to their models and these results. As both models were
independently developed multiple years apart by differing techinques this error is not believed to
be inherent to the model methodologies. As both have the a similar pattern in the error with
regards to an independent data set it is is something which should be explored further in future
projects and models.
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Figure 80: Absolute error between recorded and modelled cell voltages for Equivalent circuit model (blue) and Altair's
model (red) a 0.12 constant current discharge profile

Table 6 looks at a summary of the errors with both models performing similarly with no accuracy
advantage to either.
Table 6: Low Constant Current Discharge Test Profile - Summarization of errors for each model
Altair model
EC model

# of pts > 5 mV error # of pts > 7.5 mV error # of pts > 9 mV error max error (mV) average error (mV)
3346
2406
738
9.8
6.22
3252
2353
460
9.7
6.07

rms error (mV)
6.9
6.7

5.1.4.3.5 Pulse Power Testing with Rest Periods
The sixth and final data set looks at the performance of the models versus pulse power testing at a
cell voltage of 2.259 V. This data was collected during the the characterization testing of a cell
during the 0 V project. The data set represents an ideal and extreme dynamic response of the cell.
It is believed that this data set should provide a good estimation on the performance of the models
to handle such a dynamic behaviour as well as large rest periods. The complete data set is
comprised of 90,751 data points. The pulse testing was conducted at 20 A, 40 A, and 60 A. The large
number of data points contained within the set is due to the data collected during rest periods
between each pulse. The data set should provide insight into the behaviour of the models during
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OCV events as well as high current pulses, as would be seen during a HPPC or pulse power test.
Figure 81 shows the estimated loaded voltage and SoC for the EC model based on 20 A, 40 A and 60
A pulses with rest periods.

Figure 81: Estimated loaded voltage and SoC based on the equivalent circuit model, parameterized based on the
frequency regulation based multisine signal, in a pulse power test with rests

Both models show a significant number of error points as a result of the offset during the rest
periods as seen in Figure 82.
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Figure 82: Absolute error between recorded and modelled cell voltages for Equivalent circuit model (blue) and Altair's
model (red) for a pulse power profile

Figure 83 shows the actual error for the EC model showing a significant offsett in the negative
direction, which corresponds to a discharge offset. This is something that follows on from the
previous validation work against the 0.12 A discharge, and as noted previously the cause of this error
should be explored in a future project.

Figure 83: Error for EC model prior to adjustment showing an offset

To allow a better comparison, an offest was determine for both data sets. This value was based on
the average error for each profile. This value was then subtracted from the error of the respective
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model, in an effort reduce the average offest during rests to 0V. The results of the adjusted error for
the EC model is seen below in Figure 84.

Figure 84: Adjusted error for EC model, charge values are negative and discharge values are positive

This correction allowed for a comparison of the two models, as the errors were focused on the
response to the pulse power tests and less on the offset during rest. The adjusted absolute error for
both models can be seen in Figure 85.
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Figure 85: Adjusted absolute error between recorded and modelled cell voltages for Equivalent circuit model (blue) and
Altair's model (red) for a pulse power profile

It should be noted, for the adjusted data, that the error is greater for discharge events than for the
charge events. This behaviour, combined with the 0.12 A discharge error, would tend to indicate
that there is a methodolgy error in the data collection and parameterization for both models with
regards to discharge.
Based on the adjusted data, the two models perform similar with minor differences between the
two as seen in Table 7.
Table 7: Pulse Power Test Profile - Summarization of errors for each model after adjustment

Altair model
EC model

# of pts > 5 mV error
3346
3252

max error (mV)
45.1
43.1

average error (mV)
2.6
2.4

rms error (mV)
3.1
2.8

5.1.4.3.6 Discussion of EC model results versus Altairnano’s HPPC based model results
Based on the validation work, it was shown that the EC model parameterized from a frequency
regulation based multisine signal has an increased accuracy over Altair’s current method of
modelling based on 10 second pulse power testing. The comparison was done against a number of
distinct operating regime in an effort to ascertain if there were deficiencies in either method.
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Battery systems are operated in a wide range of conditions and usages, so a model must be able to
accurately reflect all of these usages. The EC based model was able to demonstrate increased
accuracy over a number of operating scenarios including dynamic charge depleting, charge
sustaining, charge increasing, energy neutral signals, and both high and low current rate
applications.
Through this validation a limit to the accuracy of the models and source for improvement was
identified in both models with regards to a constant current C/100 discharge profile and pulse power
testing with rest profiles. Both models showed issues with a drift in the error that increased
throughout the data sets for those two tests. This drift is not noticibly present in the same low rate
constant current charge profile or the dynamic charge- depleting/sustatin/increasing profiles. The
source of this drifting and increasing error needs to be identified and addressed in future work. But
as this error was present in both models it implies that it is not a result of the researchers work
shown here, but is a systemic issue that needs to be addressed with both models. Future work on
identifying if this issue exists with other models would be of interest.

5.2 Innovation and Impact on Altairnano
As previously discussed, many testing and parameterization methods do not accurately represent
the applications that the battery cells under test are intended for. In addition, these nonrepresentative methods are used to parametrize models which are then used to predict the
performance of the cells in various situation and conditions. The development and validation of a
new and novel techniques which builds upon prior work within WMG has been demonstrated as a
suitable method for generating data for model parameterization. This technique utilized a reduced
data set generation with 2 second data sample rate. Though it is believed that higher fidelity data
would serve to enhance and improve the parameterization and the model’s accuracy.
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As noted by Barai et al. [107] the work by Widanage et al. [89,91] is relatively new and the
implementation of this method for characterisation is still under development. The work in
generating a signal for parameterization presented here is a step in that direction.
It should be noted that the testing profile generated for the parameterization was based on
historical data from PJM fast response frequency regulation signal, and as such provides a realistic
basis for the cycle. This contrasts with the HPPC test, which has unrealistic rest periods between
each pulse, and the pulse-multisine technique developed by WMG which utilizes synthetic sine
waves as part of the signal. While the pulse-multisine may better represent a duty cycle, still has its
basis in random generation of sine waves overlaid upon a HPPC signal.
Additionally, while the basis of the model, a 1st order equivalent circuit is not new in modelling, it is a
new modelling method for Altairnano. This has the benefit of providing alternative methods for
expanding their testing and modelling capabilities. This validation work also served to provide
additional 3rd party validation of the capabilities of their present model, which was a project goal. It
is intended that this work will continue with Altairnano to apply this technique to their newest
generation chemistry.
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6 Conclusions
Whilst the scope of this innovation report targeted different directions of research, all three projects
described contributed to or built upon each other. In addition, each of the projects contributed
towards fulfilling parts of the three main goals set by Altairnano with respect to the introduction of
data generation, development of the MATLAB tool and IP. The goals were as follows:






Data generation
o

Validation of Altairnano’s model

o

Additional cycle life data

MATLAB tool for aging models
o

Initial code to be based on current model

o

MATLAB tool with friendly user interface

o

Code to be improved based upon research and data

Journal publications and IP generation
o

Undefined but it had been anticipated by both Altairnano and WMG that there
would IP and paper generation

The 0 V project provided new and novel data that has been captured in the development of a journal
paper. Unfortunately, this paper was never completed and published due to the lack of support
from the organization in finalizing and submitting for publication. Additionally, this work is
scheduled to be carried out on Altairnano’s newest generation chemistry as testing resources are
made available. This work will seek to confirm that the new chemistry behaviour is similar to that of
the second generation, upon which this work was originally carried out on, as well as strengthening
pieces of the research that required additional data to confirm conclusions. Additionally,
characterization techniques used within the research provided updated and improved open circuit
values, which were then incorporated into the MATLAB modelling tool developed and used in the
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equivalent circuit model. This data helped to update and improved the accuracy of the models. The
data generated during characterization of the cells was also used for validation of both models.
The integration of Altairnano’s performance, aging and thermal models into a single MATLAB
program called AltiCalc met the second goal of the company, while contributing data towards the
first goal. Once complied, the AltiCalc was used in validating Altairnano’s model against multiple
operating profiles in conjunction with the work of validating the new parameterization technique.
This work also created a framework for which future models, such as the equivalent circuit model
used in the parameterization research, to be incorporated into the AltiCalc. This allows for a single
point of interface for Altairnano’s capability and modelling needs, while providing for the flexibility
in updating or incorporating other models for use in the future.
The development of the novel parameterization technique and incorporation into a standard
equivalent circuit model met the needs of the 2nd goal. It achieved this by improving upon the
previous model, by increasing the modelling accuracy, and providing an alternate model for
Altairnano’s modelling needs. This work also supported the 1st goal by generating new data and
creating new techniques for generating useful data. Additionally, there is scope for further
collaboration work regarding the modification and implementation of the technique for
parameterizing models based on actual application usage data. It is possible that this future work
may allow for the capture of a wider range of dynamics of a system in a single test. With additional
work to be carried out at Altairnano with their current generation chemistry it is anticipated that
conference presentations will be created. This work is limited and has not been completed due to
limitations in the testing resources of Altairnano which have been focused on basic characterization
of Altairnano’s newest generation chemistry and have not been expanded to include additional
testing outside of the standard operating procedures. It is concluded that the research conducted
has created new knowledge and innovation with value added to Altairnano based on the research
completed and its ability to be applied to future work as resources become available.
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Supplemental to the main goals, the development of the AltiCalc provided the experience of coding
within the MATLAB environment which was later necessary for data processing of the 0 V study and
the parameterization work.
Additionally, the AltiCalc is in constant use within Altairnano. It is utilized by multiple users and has
been deployed to a customer for use. A 0 V study is currently being applied to their current
generation in an effort to solve a manual manufacturing safety concern with a newly developed pack
until an automated manufacturing line is created.

6.1 Limitations
It is acknowledged that there are limitations to the research, but these limitations can and should be
view as opportunities for future work. Limitations of the work to be considered:


0 V storage study
o

While three voltage states for storage were studied (a standard storage voltage, an
open circuit naturally relaxed voltage after discharging to 0 V, and 0 V) there was
limited work on studying the long-term behaviour of the open circuit cell. This
storage method may be an alternative to 0 V storage as it would not require a
method to keep the cell at 0 V via a wired connection

o

Consideration on a method of maintaining the cell at 0 V while within a
manufacturing environment. The study created a connection between the cell’s
terminals by clamping the leads a resistor to each current collector tab, which many
not be feasible in a manufacturing environment. Second, in a manufacturing
environment the method for connecting the two terminals may also impede
connections to bus bars during module construction.

o

This work was completed with Altairnano’s second-generation chemistry which is no
longer being manufactured. Altairnano is now manufacturing their fourthgeneration chemistry which has a number of chemistry changes which may impact
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the cell’s ability to achieve 0 V storage without degradation or performance
changes. As such to apply this work would require repeating the work with the new
chemistry.
o

A longer-term study over the course of one year would be beneficial in support of
the conclusions drawn within this work.



Continued Development and Integration of Altairnano’s Model
o

Better modularity of the code - As the code currently exists a large amount of work
is required to implement new models into the framework.

o

Additional model integration – the current version of AltiCalc currently uses
Altairnano’s original model but significant code changes are required to implement
the ECM model developed here. This work was not completed prior to completion
of the research and is still in development currently.

o

Greater error correction – while there are controls built into limit errors from inputs,
there still exists opportunity for a greater control to prevent additional situations
and inputs which create errors during runtime.

o

The output of the model is exported to Excel, which has limitations on the number
of rows of data that can be written. Very large modelling data sets, while rare, may
run into this limitation. An example would be a one-year profile with 2 second time
step, such as the PJM signal used for creating the multisine signal, would have
greater than 15 million data points exceeding the limit of Excel.



Development of New Parametrization Signal and Implementation into an Equivalent Circuit
Model
o

The data collected only allowed for parameterization for state of charge range from
10% to 83%. Altairnano often uses the full range of states of charge in its application
so any modelling method would need to encompass the complete state of charge
range from 0% to 100%.
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o

There was obvious noise in the final impedance and time constant results used for
parameterization. This required the combination of three separate state of charge
filters in an effort to minimize the noise. Additional data collection on multiple cells
as well as higher fidelity data collection may help to minimize this issue.

o

The data collected was for a single operating temperature, 25 °C. While Altairnano’s
battery systems are designed with climate control, their cell’s actual operating
temperatures range across their full stated operating temperature range of negative
55 °C to 65 °C depending on the application.

o

The time frame for completing the test and parameterization can be long. A 24-hour
testing profile was used to collect an assumed sufficient data set, but future work
could look at the feasibility of shorter profiles (4, 6, 8 hours etc.).

o

The current data set used to create the signal was based upon the PJM frequency
regulation data with 2 second time step. A data set which has shorter time steps
(higher resolution) may need to be evaluated for impact on the parameterization
values. Such a data set could be collected from other sources such as electric
vehicle operational data, other utility grid signals, or applications.

6.2 Future Work and Opportunities
Already Altairnano has taken steps to implement and utilize various pieces of the work presented
here, but as the limitations indicate, there still remains much work to be done. One of the largest
pieces of future work to be completed is repeating the testing upon their newest generation
chemistry to start developing the knowledge and tools for use in commercial applications.


0 V storage study needs to be duplicated and expanded with Altairnano’s most recent
generation chemistry.
o

This includes extending the total storage time to one year

115

o

Increasing the sample of cells used for testing to better improve the validity of the
data

o

Utilizing additional analysis techniques such as in situ imaging of the cell at 0 V or
during discharging to 0 V

o

Additional analysis and understanding of the open circuit voltage behaviour after
discharging a cell to 0 V



Continued Development and Integration of Altairnano’s Model
o

Implement the equivalent circuit model into the AltiCalc in conjunction of extending
the parameterization data to include the full range of operating states of charge and
temperatures

o

Implement the ability to accept wider range of customer profile input options
including various units of power currently not accepted (watt, kilowatt, megawatt)
or current values

o

Incorporate data for the newest generation of chemistry to be able to model its
expected performance in applications



Development of New Parametrization Techniques and Implementation into an Equivalent
Circuit Model
o

Expand the parameterization to the full operating state of charge - 0% to 100%

o

Include additional operational temperature ranges – negative 55 degrees Celsius to
65 degrees Celsius

o

Evaluated alternative input data sets to generate the parameterization signal such as
automotive, industrial or other grid applications

o

Develop a testing regime that includes temperature changes over the course of the
parameterization signal testing to reduce the need to repeat the parameterization
signal testing for multiple temperature regimes

116

7 Conference Presentations
The 0 V work was presented at PRiME 2016 held by ECS in Honolulu, Hawaii under the title “Effect of
Zero Volt Storage on Commercial LTO Cells”.
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