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“All that is gold does not glitter,

Not all those who wander are lost;

The old that is strong does not wither,
Deep roots are not reached by the frost.”

—J. R.R. Tolkien, The Fellowship of the Ring



ABSTRACT

The installed energy capacity of renewable energy generation systems is increasing globally
due to the implementation of decarbonization policies. Due to the unpredictable nature of
renewable energy sources, there is frequently a mismatch between load demand and energy
supply. Stationary energy storage systems act as a buffer that stores excessive energy to
balance future energy shortcomings. For residential applications, battery energy storage
systems (BESS) are an attractive solution to realize the self-sufficiency of a household
equipped with photovoltaics. Despite the decrease in prices, battery costs are still the most
significant part of the investment cost of battery energy storage systems. Therefore,
estimating battery lifetime and developing operation strategies to hinder aging is essential

for improving the feasibility of BESS.

Lithium iron phosphate (LFP) lithium-ion batteries are widely used for residential BESS
because of their low cost, long life, and safety. Despite extensive research in the laboratory of
small-capacity cells, there are few full-scale field investigations on the lifetime and aging
characteristics of commercial BESS equipped with LFP cells. This Ph.D. thesis investigates the
realistic aging behavior of a residential-scale BESS equipped with large-format (180 Ah) LFP
cells. We aim to create and implement a method to investigate the practical aging on cell,
stack, and system levels. The experimental data is also processed by degradation modes

analysis to identify the underlying mechanisms of capacity loss.

Each cell underwent primarily detailed electrical characterization, which consists of
measuring characteristic charge/discharge curves and internal resistances at different
current rates and temperatures. After electrical characterization, exemplary cells were
opened in an inert atmosphere glove-box for structural investigation, consisting of size and
weight measurements of cell components. The morphology and chemical composition of
electrode samples from opened cells were investigated with light microscopy (LM) and
scanning electron microscopy (SEM). The results of the detailed initial characterization of
single cells were used to create a complete and self-consistent parameter set for each cell. The
initial dataset was also used to compare periodical performance test results with the initial

aging state of single cells throughout aging experiments.

The realistic aging experiment was carried out by investigating for 1000 days the changes in
aging indicators of two commercial, residential scale BESS integrated into a microgrid. The
battery stacks of both systems were built with LFP cells from the same batch of detailed

characterization cells but installed with different (serial and parallel) configurations. Thus,
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we could investigate the effect of stack architecture on aging comparatively. At the end of the
measurements, it was observed that no stack architecture is superior to another despite
different operating voltages and current levels. In parallel, two LFP cells (identical to the
battery stack cells) were tested at constant ambient temperature (20 °C) with continuous
complete charge/discharge cycles at a constant current higher than the maximum current
exhibited by BESS cells. Regarding capacity retention by equivalent full cycles, both cells
outperformed BESS stacks. The comparative cell, stack, and system-level aging investigations
indicate that good thermal management can provide a better lifetime even under harsher

operating conditions.

The individual effects of temperature and load profile on aging were investigated via single-
cell experiments in controlled ambient temperature. For this purpose, six test groups of single
cells were tested to represent three realistic aging scenarios (continuous cycling, fully
charged storage, and partially charged storage) at two different ambient temperatures (35 °C
and 50 °C). All cells tested at 50 °C aged faster than those tested at 35 °C according to
periodical performance diagnostics. Continuous cycling increased capacity loss among the

cells tested at the same ambient temperature compared to fully or partially charged storage.

Single-cell experiment data was analyzed using degradation mode analysis algorithms. The
results demonstrate that the loss of lithium inventory, attributed to the irreversible loss of
lithium due to continuous growth of the solid electrolyte interface (SEI) layer, is the primary

aging mode in all cases.
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KURZFASSUNG

Die installierte Energiekapazitit erneuerbarer Energieerzeugungssysteme nimmt weltweit
zu aufgrund der Umsetzung von Dekarbonisierungsmafinahmen. Infolge der Unbestandigkeit
der erneuerbaren Energiequellen kommt es haufig zu einem Ungleichgewicht zwischen
Lastnachfrage und Energieangebot. Stationdre Energiespeichersysteme dienen als Puffer, um
iiberschiissige Energie zu speichern und somit eventuelle Energiedefizite auszugleichen. Fiir
private Anwendungen sind Batteriespeichersysteme (BESS) eine attraktive Losung, um die
Autarkie eines mit Photovoltaik ausgestatteten Haushalts zu erreichen. Trotz des
Preisriickgangs machen die Batteriekosten jedoch immer noch den grofdten Teil der
Investitionskosten fiir BESS aus. Daher sind die Abschatzung der Batterielebensdauer und die
Entwicklung von Betriebsstrategien zur Verhinderung von Alterungsprozessen von

entscheidender Bedeutung fiir die Verbesserung der Wirtschaftlichkeit von BESS.

Lithium-Eisenphosphat (LFP) Lithium-lonen-Batterien werden aufgrund ihrer geringen
Kosten, langen Lebensdauer und Sicherheit haufig fiir BESS in Privathaushalten verwendet.
Wahrend zahlreiche Forschungsarbeiten mit Zellen geringer Kapazitit im Labor
durchgefiihrt werden, gibt es nur wenige grofd angelegte Untersuchungen zur Lebensdauer
und den Alterungseigenschaften kommerzieller BESS mit LFP-Zellen. Diese Doktorarbeit
untersucht das realititsnahe Alterungsverhalten eines haushaltsiiblichen BESS, das mit
grofdformatigen (180 Ah) LFP-Zellen ausgestattet ist. Ziel ist es, eine Methode zu entwickeln
und zu implementieren, mit der die Alterung auf Zell-, Stack- und Systemebene untersucht
werden kann. Die experimentellen Daten werden auflerdem im Hinblick auf
Degradationsmodi  analysiert, um die zugrundeliegenden Mechanismen des

Kapazitatsverlustes zu identifizieren.

Jede Zelle wurde zunachst einer detaillierten elektrischen Charakterisierung unterzogen, die
aus der Messung der charakteristischen Lade-/Entladekurven und der Innenwiderstdnde bei
unterschiedlichen Stromstdrken und Temperaturen bestand. Im Anschluss an die elektrische
Charakterisierung wurden einige exemplarische Zellen in einer Glovebox unter
Inertgasatmosphére gedffnet, um ihre Struktur zu untersuchen, wobei Gréfle und Gewicht
der Zellkomponenten gemessen wurden. Die Morphologie und die chemische
Zusammensetzung von Elektrodenproben aus den gedffneten Zellen wurden mittels
Lichtmikroskopie und Rasterelektronenmikroskopie untersucht. Die Ergebnisse der
detaillierten initialen Charakterisierung der Einzelzellen wurden zur Erstellung eines
vollstindigen und konsistenten Parametersatzes fiir jede Zelle verwendet. Der

Referenzdatensatz wurde auflerdem fiir den Vergleich der Ergebnisse periodisch
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durchgefiihrter Performancetests mit dem anfanglichen Alterungszustand der Einzelzellen

wahrend der Alterungsexperimente verwendet.

Das realitatsnahe Alterungsexperiment wurde durchgefiihrt, indem iiber einen Zeitraum von
1000 Tagen die Veranderungen der Alterungsindikatoren zweier kommerzieller,
haushaltsiiblicher BESS untersucht wurden, die in ein Microgrid integriert waren. Die
Batteriestacks beider Systeme bestanden aus LFP-Zellen aus derselben Charge von Zellen, die
der beschriebenen detaillierten Charakterisierung unterzogen wurden. Allerdings wurden
sie in unterschiedlichen Konfigurationen (seriell und parallel) aufgebaut. Durch diesen
Vergleich konnten Auswirkungen der Systemarchitektur auf die Alterung untersucht werden.
Trotz unterschiedlicher Betriebsspannungen und Stromstdrken konnte jedoch am Ende der
Messungen keine vorteilhafte Systemarchitektur festgestellt werden. Zusatzlich wurden zwei
LFP-Zellen (identisch mit den Batteriestack-Zellen) bei konstanter Umgebungstemperatur
(20 °C) mit kontinuierlichen vollstandigen Lade-/Entladezyklen mit konstantem Strom
getestet, der hoher als der maximal auftretende Strom der BESS-Zellen war. Hinsichtlich des
Kapazitatserhalts bezogen auf dquivalente Vollzyklen iibertrafen beide Zellen die BESS-
Stacks. Die vergleichenden Alterungsuntersuchungen auf Zell-, Stack- und Systemlevel zeigen,
dass ein gutes Warmemanagement auch unter hiarteren Betriebsbedingungen zu einer

langeren Lebensdauer fiihren kann.

Die individuellen Auswirkungen von Temperatur und Lastprofil auf die Alterung wurden
anhand von Einzelzellenversuchen bei kontrollierter Umgebungstemperatur untersucht. Zu
diesem Zweck wurden sechs Testgruppen von Einzelzellen bei zwei verschiedenen
Umgebungstemperaturen (35 °C und 50 °C) getestet, um drei realistische Alterungsszenarien
zu reprasentieren (kontinuierliches Zyklieren, vollstindig geladene Lagerung und teilweise
geladene Lagerung). Alle bei 50 °C getesteten Zellen alterten schneller als die bei 35 °C
getesteten Zellen, wie die periodische Leistungsdiagnose ergab. Bei gleichen
Umgebungstemperaturen erhohte kontinuierliches Zyklieren den Kapazititsverlust im

Vergleich zur Lagerung mit vollstdndiger oder teilweiser Ladung.

Die Daten aus den Einzelzellexperimenten wurden mithilfe von Algorithmen zur Analyse der
Degradationsmodi analysiert. Die Ergebnisse zeigen, dass der Verlust an zyklierbaren
Lithium-lonen (LLI), der auf den irreversiblen Verlust von Lithium aufgrund des
kontinuierlichen Wachstums der passiven Grenzschicht (SEI) zuriickzufiihren ist, in allen

Fallen der wichtigste Alterungsmodus ist.
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1 INTRODUCTION

Climate change is an urgent and catastrophic threat to humans and nature. Worldwide
reduction of greenhouse gas emissions must be accelerated to avoid irreversible ecological
damage. For this purpose, the Paris Agreement was signed in 2015 by 196 countries at the
United Nations Climate Change Conference to limit the global temperature increase to 1.5 °C
above pre-industrial levels [1]. According to the Intergovernmental Panel on Climate Change
Report 2018, the 1.5 °C target is achievable if global carbon dioxide (CO;) emissions reach net
zero in 2055 [2].

In 2019, residential energy consumption accounted for 11 % of global CO, emissions [3].
Thus, the generation of carbon-free energy in households is a significant contribution to
limiting global warming. Harvesting solar energy by using photovoltaic (PV) panels is the
most popular carbon-free residential electricity generation technology. Between 2015 and
2022, the installed global capacity of residential solar PV power increased 400 % from 38.9
GW to 195.2 GW [4]. Contrary to the energy generated from fossil fuels, renewable energy
sources suffer from supply-demand mismatch. Particularly for residential systems, the
demand is relatively higher in the mornings and evenings when power output is relatively
lower. As a result, battery energy storage systems (BESS) have become an indispensable

element of household renewable energy generation for improving self-sufficiency.

Germany is the largest residential solar PV and battery market, with a consistent increase in
installed capacity [5]. In 2022, the annual installed residential energy storage capacity was
52 % higher than in 2021. Lithium-ion batteries (LIB) are the dominant battery type, with a
98 % share of the new installations [6]. By 2040, stationary storage requirements are

expected to rise to almost 3 TWh, owing to the rapid increase in renewable energy sources

[7].

Globally, despite a consistent annual increase in unit installations, only 17 % of households
installed BESS from a potential of 64 % of households with adequate technical infrastructure,
according to a 2022 survey in Organisation for Economic Co-operation and Development
(OECD) countries [3]. According to the respondents, affordability is the main reason for not

installing a BESS.

Between 2013 and 2020, the cost of stationary lithium-ion battery systems reduced
drastically by 50 % [8], mainly due to the decreasing single battery cell prices [8,9]. However,

battery cells remain the most expensive element of residential BESS [10].



The financial feasibility analysis of BESS investments is based on the estimated lifetime of
battery cells. Therefore, accurate estimation of battery lifetime is essential for precise
feasibility analysis. Moreover, identification of the effects of operational conditions such as
temperature, voltage, and current on battery lifetime can be used to develop technical
strategies to prolong the lifetime of the BESS, which in return will make the BESS more
affordable. In this thesis, our motivation is to identify aging indicators and the influence of

operating conditions on the aging of a commercial BESS.

Residential BESS generally consists of a battery stack, an inverter to regulate voltage, and a
battery management system (BMS) to control the operation and ensure the safety of batteries.
The systems are typically constructed modularly, consisting of battery modules with multiple
battery cells connected in series or parallel [11]. LIB became the standard BESS cell type due

to continuously decreasing cell prizes and growing energy densities [12].

Photovoltaic home-storage systems have typical energy capacities of 5-15 kWh. Lithium-ion
batteries with graphite negative electrodes and LiFePO4 (lithium iron phosphate) positive
electrodes are widely used as battery cells in domestic PV systems due to relative cost
advantage, high cyclic lifetime, and safety compared to chemistries like nickel manganese
cobalt oxide (NMC) [13-15]. Despite widespread application, one of the leading technical
challenges of using lithium iron phosphate (LFP) lithium-ion batteries (from now on referred
to as “LFP cell”) for stationary BESS is the uncertain lifetime. Additionally, knowing and
understanding the performance characteristics of single cells in terms of electrical, thermal,
and aging properties is of utmost importance for designing and operating reliable and long-
living systems. These characteristics are often not well known to the system manufacturer, as
the cells are typically provided by external suppliers, with only limited information from data
sheets. Moreover, even the manufacturers have had no field test data for over ten years

because this technology was not commercially available before 2013.

In the literature, there have been many studies on LFP cell aging at the single-cell level [16-
22]. Data for different cell types (chemistries and cell geometries) and cycling conditions
(temperature, C-rate) are available. The main conclusion of these studies is that aging is a
highly complex and nonlinear phenomenon, depending strongly on the operation conditions,
mainly temperature, cycle depth, current rate, and resting times between operations [23-26].
Physicochemical models have been used to support understanding the origins of this
behavior [27-29]. However, the typical energy capacities of residential BESS are 5-15 kWh,
constructed usually with cells with a nominal capacity higher than 100 Ah. The published

literature on such large-format cells is limited. The terms “large cell” or “large-format cell” are



used inconsistently in literature, recent studies including comparatively small cell capacities
of 9 Ah [30], 10 Ah [31], 20 Ah [32], 25 Ah [33] or around 50 Ah [34-36]. There is very little
literature available on cells with capacities beyond 100 Ah. Li et al. [37] presented the
fabrication and testing of 100 Ah pouch LFP cells. Bacci et al. [38] performed cycling tests
with 100 Ah LFP cells and compared the results with existing capacity fade models. Panchal
etal. [39] measured the aging characteristics of 200 Ah LFP/graphite cells used for an electric
vehicle. Empirical studies of LFP cell aging as a part of a battery stack are scarce and usually
refer only to systems consisting of a single cell or several cells representing only a portion of
the capacity of residential BESS [40,41]. To our knowledge, empirical aging data of
commercial LFP cells operating on a full-scale commercial residential BESS has not yet been

presented in the literature.

The goal of this Ph.D. thesis is to investigate the aging behavior of a commercially available
residential BESS on the cell level (single prismatic LFP cell), the stack level (commercial
battery systems consisting of multiple cells, inverters, BMS, and housing), and the system
level (local grid with battery, photovoltaic panels, controllable sinks, and grid connection) to
provide comprehensive insight. For this purpose, the investigation of the aging behavior of
commercial large-format (180 Ah) LFP cells from two different Chinese manufacturers,
Shenzen Sinopoly Battery Co. Ltd. and China Aviation Lithium Battery Co. Ltd. (from now on
referred to as “Sinopoly cell” and “Calb cell” for brevity) was performed in three different

stages.

The first stage consists of detailed electrical and structural characterization of cell properties
[42]. The structural properties of all cell components, such as electrodes, current collectors,
and separators, were identified by opening exemplary cells and measuring cell geometry. In
the following, the determination of cell chemistry and electrode morphology was investigated
by microscopic techniques. Finally, rate capability tests and internal resistance (IR)
measurements were performed at three different temperatures to characterize electrical
properties. As a result, complete and self-consistent sets of cell parameters were derived for

both commercial LFP cells.

In the second stage, the aging of Sinopoly cells was monitored during 2.5 years of operation
as part of two commercial stationary electrical energy storage systems integrated into a
microgrid. The aim of microgrid operation is to investigate cell and battery aging under
realistic but well-controlled operating conditions. The analysis of the microgrid operation
aging data demonstrated that temperature, rather than cycle number, has a dominating effect

on accelerating capacity loss [43].



Following the microgrid aging step results, the final stage was designed to compare the
individual effects of calendaric and cyclic aging periods on overall aging at different
temperatures. For this purpose, Calb cells were tested at two controlled ambient
temperatures (35 °Cand 50 °C) undergoing continuous charge/discharge cycles (cyclic aging)
or under no load (calendaric aging). In parallel to microgrid operation, high operating

temperatures accelerate capacity loss, independent of load profile.

Moreover, the comparative aging test data was analyzed using aging algorithms to analyze
the underlying aging mechanisms. The synthetic approach introduced by Dubarry et al. was
used for the aging models [44,45]. The results of the aging mode analysis hint that the

irreversible loss of cyclable lithium inventory is mainly responsible for capacity loss during
aging.

The background information on stationary battery energy storage systems, lithium-ion
batteries, lithium iron phosphate lithium-ion batteries, and an outlook on their aging are
given in Section 2. The properties of test batteries, experimental setup, test procedures, and
data analysis methods are presented in Section 3. The results and discussion are presented in
Section 4 under three subchapters corresponding to three investigation stages on initial
electrical and structural characterization, microgrid operation, and comparative aging.

Finally, the summary of the results and an outlook are given in Section 5.



2 BACKGROUND

2.1 RESIDENTIAL BATTERY ENERGY STORAGE SYSTEMS

2.1.1 Lithium-ion batteries

Batteries are the most widespread commercial form of electrical energy storage. Because of
the various applications such as consumer electronics, power tools, electric vehicles (EV), and
stationary storage, batteries have become one of the indispensable technologies of the
present day. Figure 1 shows the global battery market size for every five years between 2000-
2030. The global battery market has grown annually by 8 % on average between 2010-2020
[46]. The secondary (rechargeable) battery market consists of four main types of batteries:
lead-acid, nickel-cadmium (NiCd), nickel-metal hydride (NiMH), and lithium-ion. Lead-acid
batteries have the highest market share by 2020 among the battery types. However, lithium-
ion batteries are the fastest-growing technology and are expected to have the highest market

share in value (estimated 40 billion USD) by 2025.
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Figure 1: Battery market size between 2000 - 2030 (estimations for 2025, 2030) in billion US
dollars by battery type and application. XEV: electric vehicles, 3C: computer, communication,
consumer electronics. The percentages in parentheses next to the data labels represent the
estimated market size increase between 2025 and 2030. Source: C. Pillot, The Rechargeable

Battery Market and Main Trends 2018-2030, Avicenne Energy, Lyon, France, 2019 [46].

Lithium-ion batteries have revolutionized portable consumer electronics since their first
commercial introduction at the beginning of the 1990s. Ergonomic mobile phones,
lightweight laptops, and pocket-size MP3 players emerged into the market because LIBs
doubled the energy density (up to 240 Wh/kg) and specific energy (up to 640 Wh/L) of the
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state-of-the-art technology of its time [47-50]. Besides high energy density, lithium-ion
batteries provide advantages such as low self-discharge rate (2 % to 8 % per month), no
memory effect, and deep depth of discharge (DOD) capability compared to other battery
technologies. On the other hand, lithium-ion batteries are relatively expensive, inefficient at

low temperatures, and can exhibit safety problems like thermal runaway [50,51].

In Figure 1, the highest annual market value growth rate (>12 %) is estimated for lithium-ion
battery applications such as forklifts, UPS, medical devices, and residential BESS [46]. The
contribution of stationary storage lithium-ion batteries to this rapid growth projection cannot
be ignored. Lithium-ion batteries are the most performant and long-lasting battery type for
relatively small-scale and short-term residential BESS [52]. Lithium-ion batteries dominated
the residential BESS market when the price of high specific energy lithium-ion battery packs

became price-competitive compared to existing secondary battery technologies [6].

2.1.2 Battery stacks

Technically, the primary function of the residential BESS is to buffer the energy supply and
demand asymmetry of residential renewable energy generation systems such as PV panels.
Depending on system design, they can passively store excessive energy or operate according
to optimization algorithms depending on provisioned future supply-demand profiles [53].
The commercial residential BESS consists of three main blocks: inverter, battery management
system (BMS), and battery stack. In this Ph.D. thesis, we focus on the aging performance of
the battery stack and single cells as its building blocks. Thus, inverter and BMS's contributions

to aging are left out of our scope.

The battery stack is constructed by installation of single cells according to a cell configuration
fitting to design needs such as storage capacity, output voltage, maximum current rating, and
power output. Cell configuration refers to the connection of cells within the battery stack
according to serial or parallel arrangements. Both serial configurations and parallel
configurations have strengths and weaknesses. They are summarized in Table 1 and

discussed in the following.

Today, the general tendency is to use serial cell configurations to increase the voltage to a
level well-suited for DC/AC inverters (for grid-coupled applications) or high-voltage DC
systems (for battery electric vehicles). In the case of serial cell configuration, cell-to-cell
capacity variations can influence the overall stack performance. The cell with the lowest
capacity and/or highest IR can dominate the overall stack behavior by reaching the end of

charge or discharge cut-off voltage earlier than the other cells. In order to avoid this problem,



elaborate cell balancing strategies are required, which add cost and complexity to the battery.

Even then, the weakest cell is forced into deeper cycles than the other cells, accelerating aging.

Parallel cell configuration has a significant advantage for using unbalanced cells in the same
stack. Cell balancing occurs passively as electrical energy is transferred from cell to cell via
the parallel connection. Therefore, this configuration is robust to cell-to-cell capacity
variations, and there is no need for active cell-balancing components. Thus, it can be expected
that cell cost can be reduced by enabling the usage of cells of different batches or histories
together. However, higher ohmic losses occur due to high current through all components
(e.g., cables, connectors, sensors, switches), which may increase the overall material cost of
the battery. Also, additional safety devices may be needed to rule out possible risks that high

passive balancing currents between inhomogeneously charged cells can cause.

Table 1: Properties of serial and parallel cell configurations.

Serial cell configuration Parallel cell configuration

Voltage e High voltage e Low voltage
Current e Low current e High current

+ Low ohmic losses + Passive self-balancing
Advantages

+ Cheaper circuit components + Robust towards cell variations

— Active balancing required — High ohmic losses
Disadvantages | _  performance prone to single-cell | — High-current components

failures required

2.2 LitHIUM IRON PHOSPHATE (LFP) LITHIUM-ION BATTERIES

2.2.1 Definition

Commercial lithium-ion batteries are generally categorized by their positive electrode (PE)
active material: lithium nickel manganese cobalt oxide (NMC), lithium nickel cobalt aluminum
oxide (NCA), lithium iron phosphate (LFP), lithium cobalt oxide (LCO), lithium manganese
oxide (LMO). For stationary storage applications, LFP is the fastest-growing cell chemistry
and is forecasted to overtake NMC as the leader in market share by 2030 [54]. In this Ph.D.
thesis, we investigate the aging properties of two large-format 180 Ah commercial LFP

batteries commonly used in stationary storage systems.



LFP batteries are considered state-of-the-art commercial lithium-ion battery technology
because they ensure high safety standards while still providing high-power capability, flat
discharge voltage profile, and sufficiently high specific capacity at low cost (due to the
absence of valuable elements like cobalt). On the other hand, LFP batteries also have
limitations such as low nominal voltage, low electrical and ionic conductivity, and low
capacity density [13,48,49,55,56]. The following sections present the structure, working
principle, operational performance, and aging properties of LFP batteries to establish the

theoretical background of this Ph.D. thesis.

2.2.2 Structure

In lithium-ion batteries, lithium exists in the cell as Li* ion. The presence of ionic lithium is
favorable in terms of safety compared to predecessor pure lithium containing Li-metal
batteries, where dendrite formation limits lifetime drastically. Following this modification,
transition metal oxides were proposed as PE materials that promise high open circuit cell
voltages (e.g., greater than 4 V for LCO), reversible removal/insertion of Li* ion, and stability
at room temperature [57]. In 1997, phospho-olivine LiFePO,was introduced by Padhi et al.

[58] as a PE material candidate for rechargeable lithium-ion batteries.

The negative electrode (NE) of present-day lithium-ion batteries does not consist of pure Li
metal except in some niche applications. Instead, graphite is usually used as an NE active
material in commercial LFP batteries. Therefore, in contrast to Li-metal batteries, the source
of lithium ions is PE active material LiFePO,. Thus, LFP batteries are manufactured with fully
lithiated PE (discharged state). The Li* conducting electrolyte is, in general, prepared by
solutions of lithium hexafluorophosphate (LiPFg4) salt in carbonate solvent blends (e.g.,
ethylene carbonate (EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC)). The
porous polymer separators are responsible for separating two electrode compartments from
each other to provide stability and safety for the cell by preventing internal short circuits

while not interrupting ion flow.
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Figure 2: Scheme of LFP battery operation. Source: H. Lee, M. Yanilmaz, O. Toprakci, K. Fu, X.
Zhang, Energy Environ. Sci. 7 (2014) 3857-3886. [59]

2.2.3 Working principle

The operation of secondary (rechargeable) lithium-ion batteries is described by the “rocking-
chair” (de)intercalation mechanism, which is the reversible insertion/extraction of lithium
ions from layered PE active material. The operation scheme of the LFP cells is given in Figure
2. Lit* ions migrate through electrolyte and separator to intercalate between graphite layers
during charging and intercalate to octahedral sites in LiFePO, olivine structure during
discharge [13]. Electrons supplied from an external current source flow through current
collectors to electrodes during charge. In reverse, electrons extracted from NE flow through

current collectors to feed the external load.

The overall cell voltage is the potential difference between the redox potentials of electrodes
during charge and discharge. During charge, PE oxidation and NE reduction take place

according to reactions



PE: LiFePO, — x FePO, + (1 — x) LiFePO, + x Lit + x e~ , (D
NE: Ce¢ +x Lit + xe™ > Li,Cq . (2)

During discharge, in reverse, PE reduction and NE oxidation take place according to the

reactions
PE: FePO, + x Lit + x e~ - (1 — x) FePO, + x LiFePO, , 3
NE: Li,Cs » Cg +xLit +xe . (4)

In Equation (3), PE is considered completely delithiated at the beginning of discharge. During
charge/discharge, in other words, during oxidation/reduction reactions, two phases (FePO,

and LiFePO,) coexist in PE, forming a mosaic of lithiated and delithiated particles [60].

2.2.4 Power rating

Electrical power is defined as the product of voltage and current:
P=1-V, (5)

where P is electrical power, I is current, and V is voltage. The manufacturer declares a
commercial battery's safe operation voltage window, which is an intrinsic property
depending on battery chemistry, in the product datasheet. For example, Sinopoly cells used
in this study must be operated between 2.8 V and 3.8 V, and Calb cells must be operated
between 2.5 V and 3.65 V according to their datasheets (Appendix 6.2). Because of the fixed
operation voltage window, the power rating of a battery is dependent on its nominal
operating current according to Eq.(5). The SI definition of the unit of electric current, ampere,
is the electric current corresponding to the flow of approximately 6.242 x 108 electrons per
second. By definition, a high current rate translates into a higher number of electron transport
per second in the battery. Here, the electron transfer processes within the active material,
from active material to the current collector, and within the current collector play a role. In
standard LFP cell, the electrical conductivities of graphite NE (103 S/cm), Cu current collector
(5.8 X 10° S/cm), and Al current collector (3.4 x 10° S/cm) are in order of 1012 to 1015 higher
than LiFePO, (107° S/cm) [61]. Thus, for LFP cells, the current limiting factor is the transfer
of electrons from LiFePO, to the current collector. As mentioned earlier, the low electrical
conductivity of LiFePO, compared to other LIB cathode materials such as LCO (10™* S/cm)
and LMO (107®S/cm) is one of the significant disadvantages of LFP cells. However,
commercial LFP batteries achieved sufficient current rate capability to be feasible on the
market by increasing the electrical conductivity of LiFePO, by conductive carbon coating up

to 1071 S/cm (for 4.74 wt. % chemically coated carbon) [56,61,62].
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2.2.5 Energy density

The energy density of a commercial lithium-ion battery is dependent on the nominal voltage
and specific capacity of the active materials. Although LFP has a relatively high theoretical
specific capacity (165 mAh/g) [58] among commercial LIB cathode materials, the theoretical
energy density of LFP (379 Wh/kg) is lower than LCO (402 Wh/kg), NMC (399-416 Wh/kg),
NCA (445 Wh/kg) due to low average voltage (values are calculated with graphite negative
electrode) [55,56,63]. Moreover, using conductive additives and coatings reduces the weight
fraction of active LFP down to 76 % in commercial stationary storage cells [42]. As a result,
energy density is reduced in exchange for rate capability. For the total cell, the energy density
reduces further with the overall weight contributions of the casing, separator, current
collectors, and electrolyte. For example, for both cell types used in this study, the specific
capacity is 101 Wh/kg in datasheets (Appendix 6.2). High energy density is not the primary
objective in stationary storage cells compared to cycling lifetime and safety. Thus, stationary

storage is an appropriate application for LFP cells.

2.2.6 Temperature performance

Temperature dependence of cell performance (capacity, current rate capability, energy
efficiency) must be considered while selecting batteries for stationary storage systems.
Lithium-ion batteries demonstrate drastic capacity loss and poor current rate capability at
low temperatures due to slow electrode kinetics. On the contrary, at high temperatures, high
capacity and lower overpotentials are observed [13]. In terms of capacity and energy
efficiency, higher ambient temperatures are advantageous for LFP cells. On the other hand,
possible harmful long-term effects must be considered to assess the temperature
performance of LFP cells. The long-term effects of high temperatures will be discussed in

Section 2.3.

2.2.7 Safety and sustainability

Safety is a key concern for commercial lithium-ion batteries. There are numerous accidents
in which lithium-ion batteries caught on fire because of spontaneous thermal runaway, which
results in property damage, commercial losses, and even fatalities in severe cases [64-68].
Thermal runaway results from a series of exothermic reactions of unstable electrodes and the
electrolyte when internal cell temperature is elevated beyond 70 °C due to poor heat
dissipation [69]. LFP cells are relatively safer compared to LCO cells because of the high-
temperature stability of LiFePO, (up to 400 °C) due to the strong covalent bonding of O with
both Fe and P [14]. High-temperature stability is a significant advantage of using LFP cells,

even though specific energy and energy density are lower than the alternatives.
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Mechanical stability is also an essential criterion for the implementation of commercial
batteries. The main mechanical stability challenge for lithium-ion batteries is the volume
expansion/contraction of electrodes during intercalation reactions. High volume changes can
cause loss of active material due to disassociation from the conductive network by crack
formation [70-72]. Moreover, on the macro scale, large volume changes can cause
deformations in cell casing that may lead to leakages and safety hazards. The advantage of
LFP cell PE is that the lithiated (LiFePO,) and delithiated (FePO,) states have the same crystal
lattice structure (Pnma), so no lattice distortion is present. However, the volume difference
between lithiated and delithiated states of LFP (~6.8 %) is higher compared to LCO (~1.9 %)
[58,73]. On the other hand, the volume expansion of the fully charged commercial
LFP/graphite pouch cell is limited to 1.54 % because of the counteracting contraction of LFP
PE to the expansion of graphite NE [74]. Therefore, on the cell level, LFP cells have sufficient
mechanical stability for utilization in battery stacks of commercial stationary energy storage

systems.

LiFePO, is an abundant mineral found in nature [14], and none of the elements in LFP
batteries are considered precious. Consequently, the price volatility of precious elements
does not affect the material cost of LFP batteries. So, LFP batteries have a cost advantage over
other common lithium-ion batterie types that contain precious metals (e.g., LCO, NCA).
Besides being abundant, Fe is a nontoxic transition metal. Therefore, the environmental
impact of LFP battery production, disposal, and recycling is low. In conclusion, LFP batteries
are considered sustainable commercial batteries due to environmental benignity and cost-

efficiency.

2.3 LFP LITHIUM-ION BATTERIES AGING

2.3.1 Investigation method

Scientifically investigating LFP cell aging has significance because understanding the
influence of operating conditions and dominant aging mechanisms contributes to improving
LFP cell performance and developing new battery materials. Moreover, for BESS
manufacturers, the aging investigation results can improve the accuracy of the feasibility
analysis of BESS. The annual battery investment cost is calculated by dividing the total cost
by the battery lifetime. At the moment of calculation, the battery cost is fixed. On the other
hand, battery lifetime is a projection into the future. Therefore, the accuracy of the annual

cost estimation of residential BESS depends primarily on the precision of battery lifetime

12



estimation, or in other words, battery aging estimation. LFP cell aging investigation fields and

their prospective practical utility can be summarized within three stages:

1. The initial step of the aging investigation is finding quantification methods. For this
reason, representative aging indicators must be identified. The aging indicators, in
practice, can be used for precise cost-estimation and feasibility analysis.

2. Once it is possible to benchmark aging accurately, the influence of operating conditions,
such as temperature and C-rate, can be investigated independently. The results can guide
BESS manufacturers in developing life-extending system architectures and operation
strategies.

3. The study of aging mechanisms aims to explain how operating conditions affect cell
components, resulting in performance loss. Identifying aging mechanisms may lead
battery manufacturers to alter cell components or compositions (eg., by adding

conductive additives or doping).

In the following subsections, the aging of LFP cells is presented in the framework of the

abovementioned stages.

2.3.2 Aging indicators
In the literature, the possible aging indicators, which are usually measured during periodical
performance tests, can be narrowed down to capacity, IR, and electrochemical impedance

spectrum (EIS).

There is a consensus, which is also validated by the results of this Ph.D. thesis, that the
primary aging indicator of LFP cells is capacity fade. In all the LFP aging studies on
commercial cells inspected for this thesis, all LFP cells lost capacity compared to their initial
capacity at the end of aging tests. The only exception is the first few activation cycles, during

which some batteries undergo an initial capacity increase.

Besides capacity fade, IR is considered a possible aging indicator because several aging
mechanisms (e.g., solid electrolyte interface (SEI) formation, loss of active material) can
contribute to an overall increase in cell resistance by increasing ohmic and charge-transfer
resistance. However, no consistent aging pattern of IR change is observed in the literature.
Some tests demonstrated a consistent increase in internal resistance [17,75], while others
revealed no significant change in internal resistance during cyclic aging [76,77] or calendaric
aging [18,78]. In some cases, internal resistance increases and decreases during different
aging stages, hypothetically attributed to enhanced lithium and electrolyte distribution in the

first 100 cycles after a long rest period [79]. The IR of a large-format commercial LFP cell is
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in the milliohm range, and minor measurement contact position alterations can cause
significant deviations in IR values between periodic controls. Thus, using IR as an aging
indicator for a residential scale BESS is difficult due to the reproducibility and accuracy of

measurement results.

The literature on periodic EIS measurements of aging LFP cells shows no consistent aging
indicator pattern. For example, Liu et al. observed only a minor increase in the high-frequency
resistance [76] by aging, while Kassem et al. presented up to 60 % increase in high-frequency
resistance [80]. EIS measurements are also prone to contact resistance changes and
electromagnetic field alterations between sense cables. So, for high precision, effective
electromagnetic shielding is necessary. Therefore, as in the case of IR, EIS is not considered a

practical and clear indicator of commercial LFP cell aging.
2.3.3 Operating conditions

2.3.3.1 Temperature

The influence of temperature on commercial LFP cell aging has been observed in several
studies [17,18,78,81,82]. The cylindrical 2.3 Ah cells investigated by Omar et al. showed a 15
% decrease in cycle life when ambient temperature was increased from 25 °C to 40 °C [17].
Safari and Delacourt measured 38 % capacity loss of a 2.3 Ah cylindrical cell under cyclic aging
at 45 °C, compared to only 11 % at 25 °C [82]. In calendaric aging tests of cylindrical 2.3 Ah
cells by Sarasketa-Zabal et al., capacity decreased almost three times as fastat 50 °C compared
to 30 °C [18]. Grolleau et al. investigated calendaric aging of 15 Ah cells and measured around
50 % capacity loss after 450 days at 60 °C, compared to less than 5 % capacity loss at 30 °C
[78]. The capacity loss during operation or storage above room temperature is up to four
times larger compared to room temperature [77,78,83,84]. An investigation of cyclic aging of
automotive LFP batteries demonstrated that the capacity loss and power fade are more
severe at subzero temperatures than above room temperatures [75]. Several calendaric aging
studies demonstrate that high temperatures accelerate capacity loss independent from the

storage state of charge (SOC) [79,80,85].

In the literature, the harmful effect of elevated temperature on LFP cell lifetime is explained
by different mechanisms. Tan et al. detected that at elevated temperatures, the amount of
irreversibly lost lithium from PE increases, and the same amount of lithium deposited at the
graphite NE facilitates SEI growth [84]. Besides the irreversible loss of lithium, Amine et al.
proposed that at high temperatures, a higher amount of Fe?*ions dissolve from PE, migrate

to NE, and are reduced at the graphite surface. The reduction of iron metal at NE catalyzes the

14



growth of passivation film, which increases interfacial impedance [83]. The battery life model
developed by Wang et al. demonstrated that the effect of temperature on capacity loss
correlates to Arrhenius law, which hints that temperature-activated aging is accompanied by
athermally activated chemical side reaction such as SEI formation [19]. The aging mechanism

will be discussed in detail in Section 2.3.4.

2.3.3.2 Charge/discharge profile

In commercial cells, load profile has considerable effects on cell performance. End users are
familiar with this phenomenon. For example, using applications that require high processing

power (high current) on smartphones shortens discharge duration significantly.

The charge/discharge current of a battery is usually expressed by C-rate, which is defined as
the ratio of the charge/discharge current to the nominal capacity (given by the manufacturer)

according to the equation:

I-1h
C-rate = , (6)
Cx

where [ is the current and Cy is the nominal capacity. C-rate is proportional to
charge/discharge current and inversely proportional to charge/discharge time, so a higher C-
rate corresponds to a higher charge/discharge current but a faster charge/discharge.
Defining charge/discharge C-rate for residential stationary storage applications is an
important design choice for manufacturers. For example, a higher C-rate enables a higher
power supply during discharge but shorter battery operation time. Furthermore, the effect of
high C-rate operation on battery aging determines system lifetime. Cycle life tests of
commercial LFP cells under a dynamic load profile reveal that high C-rates increase cell
temperature [17]. So, high C-rates accelerate aging indirectly by increasing overall cell
temperature. Moreover, higher current flow induces a higher diffusion rate, creating extra
stress and cracks on graphite NE. The cracks on the graphite surface cause the dissociation of
the active material from the NE and damage the passivating SEI layer. Consequently, some of
the lithium inventory is consumed irreversibly to repair the SEI layer, which results in
irreversible capacity loss. [19]. In contrast, Lewerenz et al. demonstrated that high C-rates
may lead to a longer lifetime due to a homogenous heat profile within the cell [79]. Similarly,
the cycling experiments of 26650 type LFP cells performed by Dubarry et al. showed that high
C-rate cycling caused a capacity increase in the first 100 cycles and no C-rate dependence of
capacity loss after that [31]. As a result, there is no consensus in the literature that cycling at
high C-rates accelerates LFP aging, independent from other operating conditions. Instead, the
C-rate dependency of aging must be investigated case by case.
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Quantifying the effects of different DOD levels on LFP cell aging may increase the feasibility
of BESS by implementing life-extending charge/discharge ranges. Omar et al. observed that
low DOD results in more cycles until the end of life [17], while according to Wang et al., the
effect of DOD is less prominent at low C-rate [19]. More interestingly, Lewerenz et al.
observed significantly faster aging at 10 % DOD (between 45 % SOC - 55 % SOC) than 50 %
DOD (between 25 % SOC - 75 % SOC) or even 100 % DOD [79]. The results of Lewerenz et
al. point out that LFP cell aging also depends on the SOC region in which the cell operates,
besides DOD. The studies on LFP cell aging under storage (calendaric aging) demonstrate that

at the same temperature, higher SOC accelerates capacity loss [18,78,80,85].

Unlike the studies mentioned above, during the practical operation of a residential BESS
under realistic load profiles, the charge/discharge cycles are mostly asymmetrical (mismatch
between charge and discharge C-rate). During asymmetrical cyclic aging, the capacity loss is
higher than in symmetrical cycles, even at higher C-rates [82,86]. An exemplary study by
Wikner et al. on the aging of LFP cells operated under a realistic load profile showed that
avoiding high SOC and using small DOD (little charges) increase lifetime expectancy by more
than 40 % [87]. Therefore, the influence of operating conditions must be investigated under

realistic load profiles for a precise aging estimation.

2.3.3.3 Cell design

Design-related factors such as cell geometry (e.g., electrode thickness and area), assembly
method (e.g., jelly roll, prismatic), and thermal management of cell casing may have an
auxiliary effect on cell performance and aging by affecting the abovementioned operating
conditions. For example, high-power cells tend to have thinner electrodes to facilitate
reaction kinetics with the cost of less active material loading per volume so that specific cell

capacity is low, but capacity fade is not rate-dependent [88].

2.3.4 Aging mechanisms and degradation modes

During the lifetime of LFP lithium-ion batteries, chemical (e.g.,, SEI formation, electrolyte
decomposition) and physical (eg. particle cracking, electrical contact loss) degradation
mechanisms are responsible for cell performance loss. For the diagnostics of the aging of
commercial lithium-ion cells, the individual contribution of each aging mechanism may not
be easily quantified with the limited data recorded throughout the measurements, such as
voltage, current, and temperature. Therefore, Birkl et al. proposed grouping mechanisms into
degradation modes whose effect can be quantified by changes in the open circuit voltage
(OCV) curves [89]. The aging mechanisms can also be grouped according to underlying
operating conditions (eg., temperature, SOC) or associated battery components: PE,
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electrolyte, NE [90]. In this Ph.D. thesis, we follow the degradation modes approach and
accordingly group the aging mechanisms into two degradation modes: loss of active material

(LAM) and loss of lithium inventory (LLI) [31].

2.3.4.1 Loss of active material (LAM)

The active material comprises the electrode particles participating actively in the
electrochemical reactions, excluding binders, conductive additives, and current collectors.
The theoretical cell capacity is calculated assuming all active material content is available for
charge/discharge reactions. Thus, irreversible LAM reduces cell capacity beneath its initial

value.

LAM is caused by different mechanisms, such as the isolation of active material particles due
to particle cracking, the formation of fully passivating surface layers [91], or electrode dry-
out [27]. One of the proposed pathways to cause loss of active material of the PE (LAMpg) is
electrochemical milling, which is the process in which LFP particles crack and crumble
because of mechanical stress as a result of volumetric change during Li (de)intercalation [31].
Initially, the cracked particles increase total surface area (increasing surface-to-volume
ratio), enhancing redox reaction kinetics. On the other hand, it is shown that these cracks
increase electrode polarization and poor electric contact between active material and
conducting agents [71]. Further cracking may detach active material from the electron-
conductive path. The isolation of active material causes LAM and further LLI if the dissociated
particles are already lithiated. Moreover, these isolated particles can migrate to the negative
electrode to become parasitic reaction sites that promote SEI layer growth, especially at high
temperatures [88]. It is proposed by Zhi et al. that higher crystallization of the PE material by
high-temperature synthesis can improve the stability and prevent the dislocation of active

material from conductive carbon [92].

The loss of active material of the NE (LAMyg) is revealed by the post-mortem micrographs of
a cylindrical 8 Ah commercial LFP cell. According to the images, a dense passivation layer
formed by Li plating deactivates certain areas on the electrode surface by inhibiting the
transportation of ions, which causes active material to not participate in electrochemical

reactions [79].

2.3.4.2 Loss of lithium inventory (LLI)

In lithium-ion batteries, lithium is the source of electrons that flow through an external load

during discharge (which is the intended usage of the battery). Thus, the amount of charge is
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limited with available lithium inventory that can participate in redox reactions. Similar to the

LAM, LLI causes irreversible loss of cell capacity.

The most dominant mechanism causing LLI is the formation of the SEI due to the
decomposition of the electrolyte [93,94]. The initial formation of the SEI layer is beneficial for
cell lifetime by passivating the NE surface from electrolyte decomposition. Ideally, SEI must
allow Li* ion transport but insulate electrons to prevent further decomposition. The
formation and growth of the SEI layer is a complex process depicted in Figure 3. It is proposed
that some unstable components decompose with aging from the initial SEI layer, leaving a
porous layer behind. The porosity causes further reduction of the electrolyte, which results
in the thickening of the SEI layer [95]. Consequently, cyclable lithium inventory is irreversibly

lost during stable inorganic SEI species formation.
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Figure 3: Schematic representation of initial growth, decomposition, and further growth by

aging of SEI layer. Source: S.K. Heiskanen, J. Kim, B.L. Lucht, Joule 3 (2019) 2322-2333 [95].

XRD and microscopic analysis of aged LFP cells demonstrate that intercalation of Li* ions
changes the crystal structure of the graphite anode and creates cracks on the SEI layer. Then,
active Li participates in SEI growth, resulting in LLI [76]. Additionally, Fe?*ions released from
PE due to dissolution migrate to the SEI layer to facilitate film growth and LLI [13,75,78,83].
The capacity loss models demonstrate that capacity loss has the square root of time
dependency, which is interpreted as consistent with 1D diffusion-limited SEI layer growth

kinetics [18,19,96].

18



LLI is proposed to be the dominant capacity loss mechanism, identified by the shortening of
the highest charge voltage plateau corresponding to the last lithiation step of graphite NE
[18]. Thus, LLI leads to incomplete lithiation of NE at the end of charge [31]. The incremental
capacity analysis also concludes that LLI is solely responsible for the irreversible capacity loss
due to kinetic-limited SEI layer growth [77,80]. The comprehensive electrochemical and
structural analysis of Tan et al. on capacity-fade mechanisms demonstrated that LLI is the
primary degradation mechanism, accounting for more than 85 % capacity loss. Furthermore,
most of the Li lost at the PE is detected at the NE/electrolyte interface. XRD analysis displays
the emergence of FePO, peaks after aging as a result of irreversible Li loss [84]. These results

again indicate that the primary degradation mode of LFP cells is LLI.

2.3.5 Computational analysis of degradation modes

During the standard operation of a commercial residential BESS, advanced measurement
techniques such as EIS or time-consuming IR pulse tests may not be practical for detecting
battery degradation. Dubarry et al. proposed a mechanistic modeling approach for simple
diagnostics of degradation modes [44]. According to their approach, the full-cell voltage
response is a convolution of the half-cell voltage responses, depending on the two electrodes’
relative capacities (“loading ratio”) and a shift of the half-cell curves against each other
(“offset”). From a physically-based viewpoint, these properties are directly related to the
electrode thicknesses, volume fractions of active materials, and lithium stoichiometry ranges
used for cycling. They are also referred to as the balance of the electrodes [97]. Time-resolved
analysis of the electrode balances demonstrates the effect of different degradation modes
(LAM and LLI) on battery aging. This concept has been termed by Dubarry et al. as
“mechanistic modeling” and has been widely adopted in the lithium-ion battery aging

literature [89].

The practical analysis of electrode balancing and degradation modes is possible with
electrochemical voltage spectroscopies (EVS), that is, differential voltage analysis (DVA)
[91,93,98] and incremental capacity analysis (ICA) [45]. By examining characteristic slopes
and peaks in the differential voltage plot, it is possible to infer the electrode balancing and,
with it, the ongoing aging mechanisms of the electrodes. The differential voltage dV,e;;/dQ
represents the derivative of the cell voltage V..;; with respect to the charge Q. Since the
differential voltage curve is a superposition of the half-cell potential derivatives, the

characteristics of the PE and NE can be separated according to

chell — dVPE _ dVNE
dQ dQ  dQ

(7)
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DVA and ICA require knowledge of the half-cell potential curves of both electrodes, which are
usually obtained experimentally in dedicated coin-cell experiments. The analysis of
degradation modes requires that the half-cell curves do not change over the lifetime and that
the cell aging is homogeneous. If this is not the case, it is not possible to adjust the change in
the measured full-cell voltage derivative by simply superimposing the half-cell derivatives
from the negative and positive electrodes. The height of the characteristic peak in the DVA
plot can qualitatively determine the homogeneity of aging. The flattening or disappearance of
this peak indicates heterogeneous aging [93]. DVA peaks are more pronounced at low charge
or discharge currents (C/20 and smaller), so test data should be ideally generated at low
currents [98]. The DVA analysis is further explained in Section 4.3.4.1 with a DVA plot (Figure
36).
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3 METHODOLOGY

3.1 DEFINITION OF TEST PARAMETERS

The consistency of nomenclature and definition of test parameters must be maintained
rigorously throughout the text. Therefore, as a first step, all terminology is used in the text as

defined in this section unless specified differently.

¢ Nominal capacity

Nominal capacity (Cy) is declared by the cell manufacturers as the full discharge capacity
measured under the test conditions described in the cell datasheet. It is generally used as a
commercial feature of the battery. For example, the LFP cells used in this study are sold as

“180 Ah LFP cells.” Here, 180 Ah is given as the nominal capacity of the cells in datasheets.
¢ [Initial capacity

The initial capacity (Cy) is the as-received full discharge capacity measured by the respective
method defined by each experiment individually (cf. Section 3.4.1.2). This value is used as a

reference to calculate capacity loss throughout aging experiments.
e Actual capacity

The actual capacity (Cg) is the last measured full discharge capacity of the cell according to

the capacity test protocol of the respective cell.

The initial capacity and actual capacity (Cy, Cg) are calculated during full discharge according

to
C= Qdischarge ’ (8)

where Qgjscharge i the accumulated charge supplied by the battery during discharge.

e State of Charge

State of charge (SOC) represents the remaining cell capacity percentage, according to

SOC (%) = c% x 100 , 9)

where (@ is the measured charge throughput and Cy, is the actual discharge capacity of the cell.
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e State of Health

State of health (SOH) is used as a benchmark for capacity retention, defined as the ratio of

actual cell capacity to initial capacity according to

Cr
SOH (%) =~ x 100 . (10)
0

The industry standard defines 80 % SOH as the end of life of a battery. In other words, the
commerecial life of a battery ends when the actual cell capacity reduces more than 20 % of the

initial capacity.
e Coulombic efficiency

Coulombic efficiency (CE) is the ratio of charge supplied by the cell during discharge to the

charge supplied to the cell during charge according to

_ Qdischarge

CE , (11)

Qcharge

where Qgjscharge 1S charge throughput during discharge and Qcparge is charge input during
charge. Ideally, this value must be unity because the net charge input/output is independent
of overpotentials. Throughout the experiments, CE was measured under the conditions (i.e.,
temperature, C-rate, charge/discharge method) indicated when the results are presented in

the Results and Discussion section.
o Energy efficiency

The electrical energy efficiency (energy) Of the cell is calculated according to

1 _ Edischarge _ fdischargel(t) V(t)-dt a2
energy — = )
Echarge fcharge I(t) - V() - dt

where Egjscharge iS the electrical energy supplied from the cell during discharge and Ecparge is
the electrical energy supplied to the cell during charge. Nepergy is inversely proportional to
charge and discharge overpotentials, which means that higher overpotentials result in lower
energy efficiency. In other words, low efficiency corresponds to higher energy loss. Thus, it is

a helpful benchmark for overall cell performance. Throughout the experiments, fepergy Was

measured under the conditions (ie, temperature, C-rate, charge/discharge method)

indicated when the results are presented in the Results and Discussion section.
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¢ Internal resistance

Internal resistance (IR) of the cells was calculated using two different methods throughout

the experiments: pulse measurement and cyclic average.

Pulse measurement method: During periodic performance tests, dedicated IR
measurements were performed using the pulse measurement method. In this method, IR pyjse
is calculated by applying a current pulse at a given time (t,) during charge/discharge. From

voltage response recorded after some time (¢;), IR is calculated according to

_ V(@) — V(o)
Wouse = =00~ 1ty )

where V(t;) corresponds to the voltage measured at t;, V(t,) corresponds to the voltage
measured at ty, I(t;) corresponds to the pulse current measured at t;, I(t,) corresponds to

regular charge/discharge current measured at t;.

Cyclic average method: The internal resistance of the cells during cyclic aging was calculated
by the cyclic average method. In this method, IR is calculated from the post-process analysis

of characteristic charge/discharge curves.

We used two different approaches to calculate IR from charge/discharge curves. In the first
approach (ie., constant current (CC) cyclic average method), we aim to use only the CC part
of charge/discharge curves to calculate IR¢ycje,cc. In order to ensure that only the CC part is
used, the calculation was made by using test data between 10 % and 90 % SOC according to

Veng10-90%] — Vais[10-90%] — AVhys
IRcycle,CC = 2 Iec )

(14)

where, Icc is the constant charge/discharge current, Vchg[lo_go%] is the average charge
voltage between 10 % and 90 % SOC, and Vdis[lo_go%] is the average discharge voltage

between 90 % and 10 % SOC. In this calculation, we considered the thermodynamic voltage

hysteresis known from LFP [99], which we quantified experimentally for our cell to AV}y5 =

42.9 mV.

In the second approach (i.e., full cyclic average method), cyclic IR is calculated by using a full

charge/discharge curve according to

Vchg - Vdis
IR(:ycle,full = T T’ (15)
chg = /dis
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where Vchgis the average charge voltage, Vg;sis the average discharge voltage, fchg is the

average charge current, and I ;, is the average discharge current in full charge/discharge

cycle.
o Charge/discharge procedures

The practical operation of a battery can be divided basically into three phases: rest, charge,
and discharge. During these phases, only voltage, current, time, and sensor data such as

temperature can be measured as independent variables via battery cyclers.

During charge and discharge, we can control cell voltage and measure current (constant
voltage, CV), control current and measure cell voltage (CC), or control power and measure
both voltage and current (constant power, CP). For safety reasons, commercial batteries have
an operating voltage window and maximum current limitation. Throughout this study, either

CC or CV charge/discharge methods were used.

In full cycles, end of charge and discharge voltages are defined as CC charge/discharge cut-off
criteria. However, once the cells have reached these potentials, there is still some capacity
that can be used at lower currents that cannot be used at high currents due to high
overpotentials. Therefore, it is a generally accepted practice to switch to CV operation once
the cell reaches cut-off voltage. The current diminishes continuously under CV operation
because cell capacity is limited. To avoid continuing CV mode forever, the operator defines
the time or minimum (cut-off) current criteria to keep a reasonable balance between
charge/discharge time and extra CV phase capacity. Such a procedure in which CC
charge/discharge is followed by a relatively short CV charge/discharge is defined as constant

current constant voltage (CCCV) charge/discharge.

3.2 TEST BATTERIES

Throughout the experiments, two different commercial LFP lithium-ion cells from two
different Chinese manufacturers, Shenzen Sinopoly Battery Co. Ltd. (“Sinopoly”) and China
Aviation Lithium Battery Co. Ltd. (“Calb”), were used. The main application field of these cells

is stationary storage.

All the cells were chosen from the same shipment to reduce inhomogeneities. On the other
hand, the cells do not have a regular serial number, production date, or batch number labeled.
There is also no information in shipping documentation about production dates or batch
numbers. Because of the lack of production date information, identification tags were given

to the cells according to their delivery dates. Additionally, we observed different labeling
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formats on batteries. It is possible that the cells in the same shipment may contain cells from
different production batches. Therefore, as-received cells can already have differences in
aging history. Consequently, initial electrical characterization of batteries is essential to
observe whether the cells have homogenous electrical properties (e.g, capacity, internal
resistance) at the beginning of the experiments. In some instances, when more cells are
available than needed, the cells with the closest properties were chosen to eliminate

inconsistent results due to inhomogeneous cells.

Primarily, the documentation of the batteries (i.e., datasheets and material safety data sheets
(MSDS) (cf. Appendix 6.2)) was investigated in parallel with the visual examination of
batteries. Both cell types have a prismatic geometry with polypropylene (PP) housings to

enhance mechanical stability, as shown in Figure 4.

Figure 4: Photographs of the studied cells: Sinopoly (left) and Calb (right). Both cells have
rigid polypropylene housings. On top of the cells, metal positive and negative connectors are

visible.
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The cell characteristics from manufacturers' data sheets [100,101] are given in Table 2. Both
cell types have a nominal capacity of 180 Ah and a nominal voltage of 3.2 V. The chemistry of
active electrode materials is specified as lithium iron phosphate as positive active material
and graphite as negative active material for Calb cells. In contrast, the datasheet of Sinopoly
informs positive active material as “LiFeYPQ,”, a yttrium-doped lithium iron phosphate [102],
and graphite as negative active material. According to the datasheet, the electrolyte of both
cells consists of lithium hexafluorophosphate salt in ethylene carbonate (EC), dimethyl
carbonate (DMC), diethyl carbonate (DEC) and ethyl acetate (EA) solvents. The current

collectors are copper for the negative and aluminum for the positive electrode [42].

It can be noted that the cut-off voltages are quite different for the two cell types despite the
same nominal voltage. The only other difference in specifications is the maximum discharge
C-rates of cells: 3C (540 A) for Sinopoly and 2C (360 A) for Calb. Throughout the tests, the
maximum discharge current was 1C (180 A); therefore, discharge rate limitations were never

tested.

Table 2: Characteristic data of the two studied cells according to the manufacturer’s data

sheets [100,101].

Sinopoly Calb
Producer Shenzen Sinopoly Battery China Aviation Lithium Battery
Model SP-LFP180AhA CA180FI
Delivery date Feb. 2017 Nov. 2018
Number of cells delivered 32 42
Nominal capacity 180 Ah 180 Ah
Nominal voltage 32V 32V
Voltage range 28V-38V 25V-365V
Maximum discharge C-rate |3C 2C
Nominal weight 5.7 kg 5.7 kg
Size 282x182x71 mms3 280x180x 71 mm3
Nominal energy 576 Wh 576 Wh
Nominal energy density 101 Wh/kg 101 Wh/kg
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3.3 EXPERIMENTAL PROCEDURE

In this Ph.D. thesis, we investigated the aging characteristics of a full-scale commercial
residential BESS in four steps. In Figure 5, the experimental procedure is summarized as a
flowchart along with the corresponding publications (given with color codes), in which the
methodology is explained in detail. In total, 31 Sinopoly and 15 Calb cells underwent the

following experimental phases:

1. Initially, activation, cell capacity, and IR tests were performed with all commercial large-
format LFP single cells (31 Sinopoly and 28 Calb).

2. Exemplary cells were selected from each cell type for detailed electrical (quasi OCV and
rate-temperature performance) and structural (cell opening) characterization.

3. According to the capacity and IR measurement results, 28 Sinopoly cells were chosen and
distributed into two commercial BESS battery stacks for 2.5 years of realistic operation
tests. In parallel, 2 Sinopoly cells cycled continuously under controlled temperature for
comparison with stack cells.

4. Finally, 12 Calb cells are chosen to investigate aging behavior on the cell level under
controlled temperature and continuous charge/discharge or fixed SOC storage

conditions.

Large format LFP

5 Calb cells
cells aging

Sinopoly

31 cells

Activation
Capacity test
Internal resistance test

28 cells

Activation
Capacity test
Internal resistance test

Rate - temp.
Cell opening Long-term aging performance
1 cell 12 cells Pseudo-OCV

2 cells

Pseudo-OCV Rate - temp. Long-term
measurement performance constant cycling
1 cell 2 cells 2 cells

Commercial BES
stack
28 cells

Cell opening Cyclic aging Calendaric aging
1 cell 4 cells 8 cells

Serial Parallel
configuration configuration
14 cells 14 cells

Degradation
mode analysis

- Yagci et al. Electrical and Structural Characterization of Large-Format Lithium Iron Phosphate Cells Used in Home-Storage Systems, Energy Tech 9 (2021)

- Yagci et al. Aging Characteristics of Stationary Lithium-lon Battery Systems with Serial and Parallel Cell Configurations, Energies 15, 3922 (2022)
- Yagci et al. Degradation modes of large-format stationary-storage LFP-based lithium-ion cells during cyclic and calendaric aging (in preparation) (2024)

Figure 5: The flowchart of the experimental procedure. The color codes in the legend
correspond to publications [42,43,103] in which the methodology and results of the

experiment steps with the same color are presented.
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The experimental procedures of each of the steps mentioned above, which will be explained
in detail in the following subsections, were previously published or in the publication process
by Yagci et al. on detailed electrical and structural characterization of LFP cells [42], long-
term practical aging characteristics of two commercial residential BESS consisting of LFP cells
[43], and cyclic aging and calendaric aging investigation of single commercial LFP cells under

controlled ambient temperature [103].

3.4 CHARACTERIZATION

3.4.1 Electrical characterization

The electrical characterization of the cells was performed in the laboratory test setups using
battery cyclers Biologic VMP3 (Bio-Logic Science Instruments, France), Basytec XCTS, and
Basytec GSM (Basytec, Germany). During the tests, the cells were kept inside CTS-40/200 LI
(CTS Clima Temperatur Systeme, Germany) climate chambers at controlled ambient
temperatures specified in test protocols. Throughout measurements, cell surface
temperature was measured at the center of the outer cell housing (thermocouple Type K with

Biologic VMP3 and Pt100 temperature sensor with Basytec XCTS and Basytec GSM).

The initial characterization was performed in two main stages: electrical and structural.
Initially, all cells underwent an activation procedure before the beginning of characterization
tests. In the following, the capacity and IR of all cells were measured during the first stage of
electrical characterization. Additionally, exemplary cells underwent detailed electrical
characterization tests: rate capability tests, temperature performance tests, and pseudo-OCV

tests.

3.4.1.1 Activation

As mentioned in Section 3.2, limited or no information was available about the history of the
cells when delivered, meaning that some cells could have been stored for a long time without
operation. Therefore, each cell underwent an activation procedure with the intent of reducing
the harmful effects of electrochemical (e.g., diffusion of ions to inactive sites in the long term)
or mechanical (e.g., drying of separator or electrodes due to gravity) “fatigue” on battery

performance due to long periods of inactivity.

28



e Sinopoly cells

The activation of Sinopoly cells was performed by two full CCCV charge and CC discharge
cycles using Basytec XCTS battery cycler at 20 °C ambient temperature controlled by CTS-
40/200 LI climate chamber following the protocol in Table 3.

Table 3: Sinopoly cells activation test protocol.

Step | Technique Control End Criteria
1 CC charge I=45A Veen > 3.8V

2 CV charge V=38V I<36A

3 Rest trest > 30 min
4 CC discharge [=45A Veen < 2.8V

5 Rest trest > 30 min

e Calb cells

The activation of Calb cells was performed by two full CCCV charge and discharge cycles using
Biologic VMP3 battery cyclers at 20 °C ambient temperature controlled by CTS-40/200 LI

climate chamber following the protocol in Table 4.

Table 4: Calb cells activation test protocol.

Step | Technique Control End Criteria

1 CC charge I=50A Veen > 3.65V

2 CV charge V=365V I<9A

3 Rest trest > 30 min
4 CC discharge I=50A Veen <2.5V

5 CV discharge V=25V I<9A

6 Rest trest > 30 min
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3.4.1.2 Capacity tests

The initial capacity (C,) of each cell was measured before the beginning of aging experiments.
The tests consist of two full charge/discharge cycles. The second discharge capacity was used

as the initial cell capacity (Cy) throughout the experiments.
e Sinopoly cells

The initial capacities of Sinopoly cells were measured using Basytec XCTS battery cyclers at
20 °C ambient temperature controlled by CTS-40/200 LI climate chamber following the same

protocol as the activation procedure (cf. Table 3).
e (Calb cells

The initial capacities of Calb cells were measured using Biologic VMP3 battery cyclers at 20
°C ambient temperature controlled by CTS-40/200 LI climate chamber following the same

protocol as the activation procedure (cf. Table 4).

3.4.1.3 Rate capability and temperature performance tests

The retention of cell capacity at different C-rates is described with the term rate capability.
Two individual Sinopoly and Calb cells were selected to investigate rate capability under
different temperatures. Test conditions are summarized in Table 5. For each cell type, three
current rates (representing low, medium, and high C-rate operation) were tested at three
different temperatures (representing cold (5 °C), mild (20 °C), and warm (35 °C) temperature
operation). The current differences are due to technical limitations of the battery cyclers, such
as maximum current output or limited accuracy at very low currents. According to test
results, the two selected cells for each cell type showed the same voltage behavior and
capacity within < 2 %. Therefore, only one data set from each cell type will be shown in the

results section.

Table 5: Rate capability and temperature performance test conditions for Sinopoly and Calb

cells.
Cell type Low Medium High Temperature
Sinopoly 0.05C(9A) 0.25C (45 A) 0.83C (150 A) 5°C,20°C,35°C
Calb 0.1C (18 A) 0.28C (50 A) 1C (180 A) 5°C,20°C,35°C
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e Sinopoly cells

The rate capability tests of Sinopoly cells were performed using Basytec XCTS battery cyclers
for each C-rate at 5 °C, 20 °C, and 35 °C ambient temperatures controlled by CTS-40/200 LI
climate chamber. The low C-rate (0.05C) rate capability tests were performed by one full
CCCV charge and CC discharge cycles with 30 minutes rest between charge and discharge (cf.
Table 6).

Table 6: Sinopoly cells 0.05C (9 A) rate capability test protocol.

Step | Technique Control End Criteria
1 CC charge I=9A Veen >3.8V

2 CV charge V=38V I<3.6A

3 Rest trest > 30 min
4 CC discharge I=9A Veen < 2.8V

5 Rest trest > 30 min

The medium (0.25C) rate capability tests were performed by one full CCCV charge and CC
discharge cycle with 30 minutes rest between charge and discharge with the same protocol
as activation (cf. Table 3). Finally, the high rate capability tests were performed by two full
CCCV charge and CC discharge cycles (the second full cycle is used in analyses) with the

highest current available in our test stand (150 A) following the protocol in Table 7.
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Table 7:

Sinopoly cells 0.83C (150 A) rate capability test protocol.

Step | Technique Control End Criteria
1 CC charge I=150A Veen > 3.8V

2 CV charge V=38V I1<36A

3 Rest trest > 30 min
4 CC discharge I=150A Veen <2.8V

5 Rest trest > 30 min

e Calb cells

The rate capability tests of Calb cells were performed using Biologic VMP3 cyclers equipped

with 200 A FlexP0012 booster for each C-rate at 5 °C, 20 °C, and 35 °C ambient temperatures

controlled by CTS-40/200 LI climate chamber. Low C-rate (0.1C) rate capability tests were

performed by one full CCCV charge and discharge cycle with 30 minutes rest between charge

and discharge according to the test protocol in Table 8.

Table 8: Calb cells 0.1C (18 A) rate capability test protocol.

Step | Technique Control End Criteria

1 CC charge [=18A Veen >3.65V

2 CV charge V=365V I<9A

3 Rest trest > 30 min
4 CC discharge I=18A Vee <2.5V

5 CV discharge V=25V I<9A

6 Rest trest > 30 min

The medium (0.28C) rate capability tests were performed by one full CCCV charge and

discharge cycle with 30 minutes rest between charge and discharge with the same protocol

as activation (cf. Table 4). Finally, the high rate capability tests were performed by one full

CCCV charge and discharge cycle with 1C (180 A), following the protocol in Table 9.
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Table 9: Calb cells 1C (180 A) rate capability test protocol.

Step | Technique Control End Criteria

1 CC charge I=180A Veen >3.65V

2 CV charge V=365V I<9A

3 Rest trest > 30 min
4 CC discharge I=180A Veen <25V

5 CV discharge V=25V I<9A

6 Rest trest > 30 min

3.4.1.4 Pseudo-OCV tests

The determination of a cell’s actual open circuit voltage (OCV) curve during aging tests is
time-consuming due to the long resting times required before OCV measurements. Therefore,
for practical purposes, we eliminated long resting times. Instead, we measured one CC
discharge/charge cycle at a very low C-rate (0.01C for Sinopoly and 0.02C for Calb) at 20 °C

ambient temperature.

Furthermore, the OCV of the cell is different on the same SOC depending on whether the cell
is previously being charged or discharged. This hysteresis effect is specifically prominent in
LFP lithium-ion batteries and results from the asymmetry of several factors between charge
and discharge. The mechanical stress causes potential differences between individual
particles, causing hysteresis due to different volume changes between charged and
discharged phases as a result of different lattice constants between lithiated and delithiated
particles. The average of the potentials of individual active material particles due to varying
(de)lithiation rates causes the resulting electrode potential to be different from the

theoretical potential of a single particle, causing voltage hysteresis [104-106].

Therefore, we took the arithmetic average of charge and discharge voltage corresponding to
the same SOC of the very low C-rate full cycle results. The resulting charge/discharge
characteristic curves are not theoretical OCV curves but are practically close to them. In
addition, there is a limitation to the accuracy of the battery cyclers, so reducing the C-rate
further would decrease the signal-to-noise ratio considerably. Therefore, we interpret these
tests as pseudo-OCV or pOCV tests, because this is the minimum current value that accurate

voltage measurements could be obtained from our measurement setup.
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e Sinopoly cells

One Sinopoly cell was used for pOCV tests consisting of one full CC charge and discharge at
0.01C (1.8 A) current rate. The test was performed using Basytec GSM battery cycler at 20 °C
ambient temperature controlled by CTS-40/200 LI climate chamber. The test protocol is

given in Table 10.

Table 10: Sinopoly cell pseudo-OCV test protocol.

Step | Technique Control End Criteria
1 CC charge [=18A Veen > 3.8V
2 Rest trest > 30 min
3 CC discharge I=18A Vee <2.8V
4 Rest trest > 30 min

e (Calb cells

The pOCV tests of two selected Calb cells were performed using Biologic VMP3 battery cycler
at 20 °C ambient temperature controlled by CTS-40/200 LI climate chamber. The test
protocol is given in Table 11. Both cells underwent one full CC charge and discharge at 0.02C
(3.6 A) current rate with no rest phase between charge and discharge. The pOCV test results
of the two Calb cells show similar voltage behavior and capacity curve within < 1 %, so only

one of the datasets was used in analyses.

Table 11: Calb cells pseudo-OCV test protocol.

Step | Technique Control End Criteria
1 CC charge I1=36A Veen >3.65V
2 CC discharge [=36A Veen <2.5V
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3.4.1.5 Internal resistance tests

The initial IR tests were performed by using the pulse test method in Eq. (13) (for all
measurements, we set t; = ty + 3 s ) for both cell types. The details of the test protocols of
each cell are given in Table 12 and Table 13. As the protocol shows, the measurements were
repeated throughout the whole SOC range of cells. For aging investigations, the average IR in

the whole range is used to compare the aged cell with the fresh cell.
e Sinopoly cells

For Sinopoly cells IR j5e was measured by applying a lower 0.026C (4.8 A) current pulse for
10 s during a 0.26C (48 A) continuous CC discharge of a fully charged cell at each 10 % SOC
from 90 % SOC to 10 % SOC. The measurements were performed using Basytec XCTS battery
cycler at 20 °C ambient temperature controlled by CTS-40/200 LI climate chamber. The test

protocol is given in Table 12.

Table 12: Sinopoly cells initial internal resistance pulse test protocol.

Step | Technique Control End Criteria

1 CC discharge 1=48A Qdischarge> 10 % - Cr
2 CC discharge [=48A t>10s

3 GotoStep 1 Veen <2.8V

e (Calb cells

For Calb cells IR, ;;;5e was measured by applying a lower 25 A (0.14 C) current pulse for 30 s
during 50 A (0.28 C) at each 2 % SOC from 98 % SOC to 2 % SOC during a full CC charge and
a full CC discharge. The measurements were performed using Biologic VMP 3 battery cycler
equipped with 200 A FlexP0012 booster at 20 °C ambient temperature controlled by CTS-
40/200 LI climate chamber. The test protocol is given in Table 13.
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Table 13: Calb cells initial internal resistance pulse test protocol.

Step | Technique Control End Criteria

1 CC charge I=50A Qcharge> 2 % * Cr

2 CC charge 1=25A tpuise >30s

3 Goto Step 1 Veenn >3.65V

4 Rest trest > 30 min

5 CC discharge I=50A Qdischarge™ 2 % - Cr
6 CC discharge I=25A tpuise >30s

7 Go to Step 5 Vee <2.5V

3.4.2 Structural characterization

For structural and morphological characterization, one cell of each type was opened in a
glovebox (MBraun Unilab Pro SP) under Argon atmosphere (H20 < 1 ppm, O, < 1 ppm). For
safety reasons, cells were discharged to their discharge cut-off voltages (CCCV: 0.1C CC phase
followed by 48 h CV phase at discharge cut-off voltage) before opening. Figure 6 depicts the
opening of the Calb cell housing. The cells were opened by removing the outer plastic housing
using an oscillating cutting tool (Fein). Structural characterization of the internal geometry
was performed on each cell after manually disassembling the electrode stacks. Each electrode
was numbered to indicate its relative position within the cell. The total active electrode area
was measured with a ruler (resolution 1 mm). The thickness of the anode, cathode, separator,
and current collector sheets was measured with a thickness dial gauge (Hahn und Kolb,
resolution 1 pm). The components were weighed by a precision balance (RADWAG PS600.X2,
resolution 0.001 g). Cell opening and measurement of the geometric and structural properties
of cell components are performed in cooperation with Viktor Daubert (Offenburg University

of Applied Sciences) as a part of his bachelor’s thesis [107].
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Figure 6: The cutting of Calb cell housing inside glovebox with oscillating cutting tool (left).
The detail of the cutting profile (right) [107].

For morphological characterization of the electrode microstructure, samples (~6 x 5 cm?)
were cut out of the electrode sheets and washed three times. Each washing step involves
immersing the sample in a clean petri dish filled with DMC (anhydrous, 299 %, Sigma-Aldrich)
for 2 hours. The samples were flipped in the middle of the process to ensure homogeneity.
The electrodes were dried overnight after the washing procedure. For each electrode of each

cell type, samples were investigated by LM (Leica, DML2700 M) and SEM (JEOL JSM-6610LV).

Figure 7: The steps of sample preparation for cross-sectional microscopy. Negative electrode

sample of a Calb cell after washing (a). Placement in the sample holder (b). The prepared
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sample for microscopy after cold mounting and polishing (c) (the copper cables attached to

the sample to improve the conductivity).

For cross-sectional microscopy, samples (~1 cm?) were prepared by cold mounting (Epofix,
Struers) and polishing processes (Struers, Tegramin 20). The polishing protocol is given in
Table 14. René Behmann (Offenburg University of Applied Sciences) supported the sample
preparation procedure; the details are given in his bachelor’s thesis [108]. The SEM samples
were also investigated for chemical characterization by energy dispersive X-Ray (EDX)
spectroscopy (Oxford Instruments X-Max). SEM and LM measurements were performed with

the support of Pascale Miiller (Offenburg University of Applied Sciences).

Table 14: Polishing protocol of electrode samples

Step Disc Medium Contact pressure | Duration
Rough grinding MD-Piano 220 | Water 40N 20 min
Fine grinding MD-Largo DiaPro Dac 9 20N 20 min
Diamond polishing | MD-Dac DiaPro Dac 3 20N 15 min
Oxide polishing MD-Chem OP-s NonDry 20N 5 min

3.5 BATTERY ENERGY STORAGE SYSTEM AGING TESTS WITH SINOPOLY CELLS

3.5.1 Aging of commercial LFP cells in microgrid operation

The investigation of cell aging and stack aging characteristics of commercial LFP stationary
storage systems was realized by using two commercial stationary storage systems (ASD
Automatic Storage Device GmbH, Germany) with different battery architectures in realistic
operation. The cell configurations of the two systems are shown in Figure 8. Each battery was
constructed with 14 Sinopoly cells packed closely inside the battery cabinets. A standard
configuration, in the following referred to as serial battery architecture, is built by serial
connection of 14 cells in 14s1p configuration and operated by a single direct current (DC) to
alternative current (AC) inverter. A novel configuration, in the following referred to as
parallel battery architecture, consists of two strings of 7 parallel-connected cells in 1s7p
configuration. Each string is operated by an individual DC/AC inverter. In serial configuration,

active electronic control for cell balancing is performed with printed circuit boards installed
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between positive and negative terminals (visible in Figure 8a). In the parallel configuration,
the individual cell terminals are connected in parallel with current collection rails made out
of copper, enabling passive balancing via current exchange between cells. Two systems
feature two different inverters. The serial system hasa 48 V (DC) - 220 V (AC) 2.4 kW inverter
(Studer Xtender XTM 2600-48, Switzerland). The parallel system features two 4 V (DC) - 220
V (AC) inverters (ASD Pacadu, Germany).

Both energy storage systems are not equipped with a dedicated temperature control system.
No active cooling components or fans are present in the serial system cabinet. The cabinet of
the parallel system has two fans (Sunon DP200A, Taiwan) for air circulation with limited
capacity (ca. 160 m3/h). Thus, the ambient laboratory temperature strongly influences the
cell temperature. The microgrid laboratory, in turn, has no active cooling system, and the
room temperature is subject to strong seasonal fluctuations. For the present investigations,
no additional active cooling systems were installed inside the battery systems or in the
laboratory to keep operating conditions close to residential usage conditions. The outside air
temperature was measured by the weather station of Offenburg University of Applied
Sciences mounted on the rooftop of a university building. The temperature is measured for
each cell stack using a temperature sensor (Pt 100) between two selected cells within the

battery stack.

Both serial and parallel system cells underwent initial electrical characterization consisting
of capacity (cf. Section 3.4.1.2) and IR tests (cf. Section 3.4.1.5). Throughout the experiment,
single cells were transferred between the microgrid facility and single-cell testing facility
(laboratory) by disassembling the systems for initial characterization and reference

performance tests three times over almost three years.
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Figure 8: Photograph and schematic representation of the two different 14-cell battery
architectures, (a,c) serial (one 14s1p stack) and (b,d) parallel (two 1s7p stacks L.1 and L2 with

individual inverters). The cell number is given as integer values in the red circles.

3.5.1.1 Microgrid setup

The two battery systems, as delivered by the manufacturer, were integrated into a three-
phase microgrid that was developed and set up at the Institute of Energy Systems Technology
(INES) at Offenburg University of Applied Sciences (Offenburg, Germany) [109]. The setup is
shown in Figure 9. The microgrid consists of a photovoltaic generator with 6.5 kW nominal
power including three inverters (one for each phase, SMA Sunny Boy 2000 HF, 2 kW,
Germany), a small wind turbine (BRAUN Windturbinen ANTARIS SW5.5 Generator CK 7.5,
4.5 kW, Germany), the two battery storage systems (as described above), three controllable
loads (one per phase, Chroma 63803 Programmable AC&DC Electronic Load, 3.6 kW,
Taiwan), as well as the institute office tract and a battery electric vehicle as consumers. The
microgrid can be operated stand-alone and connected to the external grid. The central system
components are three network managers (one for each phase, Studer XTM 4000-48,
Switzerland) (cf. Figure 9(c)), which can form an island network and include battery charging
and inverter functionality. All components are fully controlled via a programmable logic

controller (PLC) (Beckhoff CX2040, Germany). The batteries were placed outside the
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microgrid to avoid possible interactions between the investigated battery systems and the
inverters of the network managers. However, the control and operating modes were carried

out as if the batteries were parts of the microgrid.

3.5.1.2 Microgrid operation

Until the end of aging tests, the two battery systems were operated strictly synchronously.
The systems were controlled by the central PLC of the microgrid, which provides time-
dependent AC power setpoints to the battery systems that are either given by the user or by
an optimization algorithm (cf. below). The charge and discharge currents were continuously
monitored and limited (depending on SOC) by the internal energy management of the battery
systems. One goal of the aging investigations on the system level is to study the influence of
cell configuration on aging behavior. In order to obtain reliable results from the long-term
cycling test, it has to be ensured that the cells in the two battery systems are subjected to
identical loads. The different capacities of the battery systems, which are due to the deviations
of the individual cell capacities from their nominal value (will be discussed in Section 4.1.1),
were compensated for by SOC-controlled charging and discharging, that is, charging or
discharging over a given SOC range in the same period. The difference in the AC power
required for SOC-controlled operation is not only due to the difference in cell capacity but
also the different system efficiencies resulting from the internal energy consumption of

power electronics and control of the two systems.

41



(c)
PV Wind
Generator Generator

Public Grid INES Microgrid
Network
Manager
! 4
F,;Z’t';‘;'e' Microgrid Load E-Vehicle INES
Y Battery Simulators Charger Offices
System

|

Figure 9: Microgrid at the Institute of Energy Systems Technology (INES) as operation base
for the battery systems. (a) External view with wind and PV generators and battery electric
vehicle, (b) internal view with serial and parallel battery systems (right), load simulators

(left), and network control units (center), (c) operational scheme.

3.5.1.3 Operation modes

The battery systems were run in two different operating modes. The first mode, full-cycle
mode, is applied to provoke fast aging. The battery systems were operated in continuous CC
charging (0.15C) and CC discharging (0.25C) between 30 % SOC and 100 % SOC. The duration
of one charge/discharge cycle was around 8.5 hours. Higher power and, thus, higher C-rates
were not possible due to restrictions on the power electronics of the battery systems. The
power required to charge the batteries was taken from the external grid. The electronic loads

dissipated the power released during discharge.

Additionally, for 80 days, the systems were operated in a solar-storage mode. During this
operation mode, the batteries were charged from the PV system during the day and
discharged into the building during the night. Furthermore, the charge/discharge profile was
precisely controlled by applying an optimization algorithm developed earlier [53,110]. In
solar-storage mode, two optimization goals are combined: on the one hand, the reduction of
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load peaks when feeding and drawing energy into the public power grid, and on the other
hand, the prevention of cell states that are known to cause accelerated aging. The
optimization algorithm is realized based on a model-predictive controller (MPC), which
includes weather and load forecasts. The reader is referred to Ref. [110] for details. The
resulting load profiles were qualitatively similar to what would be expected from a standard
controller. Therefore, we expected that using the MPC algorithm would not change the overall

conclusions of the present work on battery aging.

3.5.1.4 Periodic reference performance tests (checkups)

After the start of aging experiments, the status of the cells in terms of cell capacity, the
evolution of characteristic charge/discharge curves, and IR was controlled periodically by
reference performance tests (from now on referred to as “checkup”). The goal of the checkups
is to detect aging patterns within the cells or compare them with each other regarding
operation modes, current rate, and stack architecture. Three checkups were performed
throughout the experiment after 112, 462, and 897 days of testing. The periodicity of
checkups was maintained as regularly as possible. However, there were discrepancies due to
technical and logistic limitations, such as the number of available test channels in the
laboratory or the availability of the test personnel for disassembly and delivery of stack cells

from the microgrid to the test laboratory.

Initially, the cells were disassembled from the battery stack and transported to the test
laboratory. In the following, each cell underwent capacity and IR measurements (Biologic
VMP3 and Basytec XCTS) in the climate chambers set to 20 °C (CTS-40/200 Li). Test protocols
were identical to the initial electrical characterization measurements (cf. Section 3.4.1.2 and
Section 3.4.1.5). Therefore, the initial characterization measurements are named “Checkup

#0”.

3.5.2 Continuous temperature-controlled cycling
In parallel with commercial battery stack aging tests in microgrid operation, two additional
Sinopoly cells were used as a test control group representing aging under controlled ambient
temperature. Like BESS cells, two cells initially underwent initial characterization consisting
of capacity (cf. Section 3.4.1.2) and IR (cf. Section 3.4.1.5) measurements. In the following,
these two cells were subjected to continuous cycling consisting of 150 A (0.83C) CCCV charge
(9 A cut-off current) and 150 A CC discharge at 20 °C ambient temperature in CTS-40/200 LI
climate chamber (cf. Table 15 for test protocol). One of the cells was opened after 897 cycles
for structural characterization (cf. Section 3.4.2). The remaining cell continued to cycle for
5900 full cycles.
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Table 15: Sinopoly cells continuous temperature-controlled cycling test protocol.

Step | Technique Control End Criteria
1 CC charge I=150A Veen > 3.8V
2 CV charge V=38V I<9A

3 Rest trest > 1 min
4 CC discharge [=150A Veen < 2.8V
5 Rest trest > 1 min
6 GotoStep 1

3.6 SINGLE-CELL CALENDARIC AND CYCLIC AGING TESTS WITH CALB CELLS

3.6.1 Experimental setup

The comparison of the effects of calendaric and cyclic aging on cell aging is investigated with
12 Calb cells. Each cell underwent initial electrical characterization consisting of capacity (cf.
Section 3.4.1.2) and IR measurements (cf. 3.4.1). Then, the calendaric aging cells were charged
until the SOC level was reached according to the test criteria in Table 16. After, they were
transferred to two separate climate chambers (Binder KB 115, Germany) set to 35 °C and 50
°C ambient temperatures, respectively. In each chamber, three tests, each consisting of two

cells, are performed with the same criteria, as given in Table 16.
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Table 16: Calb cells calendaric and cyclic aging test protocol.

Test group Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
Cell # 1,2 3,4 56 7,8 9,10 11,12
Temperature | 35 °C 35°C 35°C 50°C 50°C 50°C
Aging type Cyclic Calendaric | Calendaric | Cyclic Calendaric | Calendaric
C-rate 0.28C 0.28C

(Current) (50 A) . . (50 A) ) -

SoC 75 % 100 % 75% 100 %
(Voltage) ' (3336V) | (365V) | (3336 V) | (3.65V)
DOD 100 % - - 100 % - -

The calendaric aging cells were kept actively at the target SOC (“floated”) by applying

continuous constant voltage (CV) with Basytec GSM battery cycler at corresponding voltages

(given in parenthesis under test SOC levels in Table 16) calculated from pOCV curves. So,

calendaric aging cells were continuously connected to the battery cycler to stay constantly at

the set voltage. Figure 10 shows exemplary current and voltage time profiles of a calendaric

aging cell. Continuous but small current fluctuations (ca. 0.75 A, corresponding to around

C/250) are visible. The observed average current of ca. -0.4 A is likely an offset of the current

measurement.
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Figure 10: Current and voltage of Cell #10 as a function of time for an exemplary calendaric

aging period at 50 °C. The black dotted line represents the battery cycler set voltage. Inset:

Detail of current and voltage fluctuations in a 6-minute timeframe.

45




Cyclic aging cells underwent full CCCV cycles with Basytec XCTS battery cycler consisting of
50 A (0.28 C) constant current (CC) phase followed by constant voltage (CV) phase with 9 A
(0.05 C) cut-off current for both charge and discharge (cf. Table 17). The cells rested only 10
seconds after each charge and discharge. The test plan was programmed to run for 100 cycles

and restart to segment the test data for efficient data recording and continuous data analysis.

Table 17: Calb cyclic aging cells test protocol.

Step | Technique Control End Criteria

1 CC charge [=50A Veen >3.65V

2 CV charge V=365V I<9A

3 Rest trest >10s

4 CC discharge I=50A Veen <2.5V

5 CV discharge V=25V I<9A

6 Rest trest >10s

7 Goto Step 1 Cycle number > 100

3.6.2 Periodic reference performance tests (checkups)

Similar to the Sinopoly cells tested in Section 3.5.1, the status of all Calb cells (cyclic and
calendaric aging) was monitored by four regular checkups performed when cyclic aging cells
made 100, 500, 1000, and 1500 full cycles. The calendaric aging cells' checkups were
performed simultaneously with cyclic aging cells. The interval of checkups corresponds to
106, 255, 553, and 846 days of calendaric aging on average. Before each checkup, all climate
chambers containing the cells were set to 20 °C and kept for at least one day at 20 °C to ensure
thermal equilibrium. The initial and following checkups were performed at 20 °C ambient
temperature following the same protocol as the initial electrical characterization (cf. 3.4.1)
consisting of capacity tests and IR measurements. The initial checkup (checkup #0)
measurements are performed by Biologic VMP3 battery cycler inside CTS-40/200 LI climate
chambers. The following checkup (#1-4) measurements are performed by Basytec XTS and
Basytec GSM battery cyclers inside Binder KB 115 climate chambers. Additionally, during
checkups of cyclic and calendaric aging cells, low-C-rate (0.1C = 18 A) CCCV cycling (9 A CV

phase cut-off current) measurements (same protocol as the low C-rate capability test on Table
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8) were performed at 20 °C in order to calculate pOCV curves by taking the average of charge

and discharge voltage at any given SOC.

3.7 ANALYSIS OF DEGRADATION MODES

The single-cell calendaric and cyclic aging test data of single Calb cells (cf. Section 3.6) was
post-processed to quantify the contribution of different degradation modes on overall cell
performance. The analysis consists of three stages: (1) determination of the electrode
balances from measured pOCV data; (2) quantification of degradation modes from these
results; and (3) practical parameter identifiability. Oliver Richter supported the degradation

mode analysis of aging data as a part of his seminar paper [111].

3.7.1 Electrode balances

The “balance” of the positive and negative electrodes refers to the range of lithium
stoichiometries (x in Li,Ce for graphite, y in Li,FePO, for LFP) that the cell uses during
cycling between the cut-off voltages. We define the lithium stoichiometries x and y as the

lithium concentration relative to the maximum lithium concentration according to

c(Li)

e (L) (16)

xory=

where c(Li) is the actual lithium concentration and cp,,4(Li) is the maximum lithium
concentration in graphite (negative electrode) or LFP (positive electrode). Theoretically,
lithium stoichiometry varies between 0 and 1. However, in practice, the complete range may
not be accessible, for example, in lithium cobalt oxide Li, CoO,, the material decomposes

when x < 0.5.

The aim of electrode balances analysis is to empirically determine the actual stoichiometry
ranges of both electrodes during a full cycle using pOCV measurements. The methodology to
determine the electrode balances from measured pOCV curves is developed in-house and
presented in Ref. [97]. According to the method, the full-cell pOCV curve Vcee?l, depending on
the full-cell charge throughput Q, is a superposition of the two half-cell potential curves, VPeEq
(positive electrode) and Vl\fg (negative electrode), depending on the half-cell lithium
stoichiometries Xpg (positive electrode), Xy (negative electrode). The stoichiometry ranges
are determined by comparing full-cell OCV curves synthesized from the half-cell curves to the
measured pOCV of the target cell using mathematical optimization. Mathematically, this is

described as the nonlinear optimization problem
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N
_ _ d d 2
mlnp)(z = miny [z (@ (Vcee?l,exp n - E(Vcee(lll,mod n) ] ’ (17)

n=1

with five unknown parameters,
_ min ymax ymin ymax
p = {XPE", XPE*, XRE", XREX, Ceen} - (18)

Here, C.¢ is the full-cell capacity calculated from electrode balances analysis, V;cllllexp is the

measured pOCV curve, V;clll,mod is the synthetic pOCV curve calculated from the half-cell

potential curves, y? is the merit function, and the sum run over N measured data points of
the pOCV curve. The merit function represents the deviation between experimental and
synthetic DV curves. The required methods for interpolation, table manipulation, and
optimization are taken from MATLAB (R2019a). The interior-point algorithm implemented

in MATLAB’s fmincon solver is used for optimization. As defined above, V:e(}l exp values are

obtained directly from pOCV measurements. In order to create a synthetic pOCV curve

(V;?Lmod) the half-cell potential curves of the two active materials (AM) are needed. As half-

cell measurements are not included in the experimental framework, we use literature data.
For LFP, half-cell potential curves are taken from Verbrugge et al. [112], and entropies from
Viswanathan et al. [113]. For graphite, half-cell potential curves are taken from Smekens et
al. [114], and entropies from Reynier et al. [115]. The geometrical parameters are taken from

the results of structural characterization (cf. 3.4.2) of the Calb cells [42].

Figure 11 shows exemplary results of electrode balances analysis of a cell as-received. Half-
cell curves from the literature are shown as thin solid lines in panels (b) and (c), whereas the
calculated stoichiometry ranges are represented as thick solid lines. The end points of the
used stoichiometry ranges represent the full and empty battery states. As a result, the best-

approximated parameter set is provided.

In analyzing the cyclic aging test cells, the latest parameter set is used as the starting
parameter set for the upcoming optimization. Consequently, it is ensured that a parameter

set adapted to the age always serves as the basis for the optimization.
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Figure 11: (a) Full cell pOCV curve of a fresh cell measured charged and discharged by 0.02
C-rate at 20 °C. (b) Positive electrode and (c) negative electrode half-cell potential curves and

respective Li stoichiometry ranges calculated by electrode balancer analyses.

3.7.2 Calculation of degradation modes

As mentioned earlier, the analysis of degradation modes is performed with the assumption
that three degradation modes are present: loss of active material of the positive electrode
(LAMpg), loss of active material of the negative electrode (LAMyg), and loss of lithium

inventory (LLI). LAMpg, LAMng, and LLI are quantified regarding capacity Q (Ah).
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3.7.2.1 Loss of active material (LAM)

For our analysis, we assume that the actual used stoichiometric range diminishes due to the
loss of active materials in both electrodes. The stoichiometry range AX at any given time ¢t is
defined by using upper and lower stoichiometry limits ( X™2* and X™") computed by

electrode balances analysis as following
AXpg(t) = XFE*(t) — XBE"(D) (19
AXyg(t) = XRE*(D) — XRE"(©) (20)

for both electrodes. The theoretical capacities in actual stoichiometry range for positive and

negative electrodes (Cpg and Cyg) are defined as

_ Ccell(t)

Cpe(t) = Ao D)’ (21)
_ Ccell(t)

Cne(t) = X (D)’ (22)

where C. is the cell capacity calculated from the pOCV curve used for electrode balances
analysis. Equations (19)-(22) are time-dependent because stoichiometric ranges and cell
capacity change with aging. For a fresh cell, the equations above are redefined by adding the

superscript “0” to indicate that all values address the initial values as follows:

Co — cell ’ 23
PE AXSE ( )
CO
CO — cell ] 24
NE AXI(\)IE ( )

We assumed that there was no LAM for a fresh cell. Therefore, the LAM of an aged cell at a

given time t was defined as the following:
Quampe(t) = Cpg — Cpe(t) (25)

Quamne(t) = Cng — Cne(D) - (26)

3.7.2.2 Loss of lithium inventory (LLI)

The effect of LLI is observed as a shift of the two half-cell curves with respect to each other.
In order to develop a quantitative description, the charge content of the two electrodes Qpg,

Qng are defined according to
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Qne(t) = XNe(D)Cne(t) (27)

Qpe(t) = Xpg(t)Cpg(t) . (28)

We assume that the cell is manufactured with a fully lithiated positive electrode (Xpg™ = 1,

QS = C3g, here: LiFeP04) and a fully delithiated negative electrode (Xfi" = 0, Qug = 0, here:
pure graphite C¢). We assume that LLI only occurs at the negative electrode, resulting from
SEI formation and irreversible plating. With these assumptions, the NE lithium stoichiometry

at an arbitrary time is given as

Qne(®)  Qcen(t) — Qui(?)

NE Cne(8) Cne(®)
and the PE lithium stoichiometry is given as
t) CPx— t
XPE(t) — QPE( ) __ “PE chll( ) (30)

Coe(t)  Cpr(d)

Here, Qce1(t) is the total charge throughput of the cell until time t. In other words, for a fully
charged cell Qe = Ceen and for a fully discharged cell Q.e; = 0. The combination of

equations (29) and (30) by eliminating Q¢ (t) results in

QuLi(t) = CPg — Xpr(£) Cpg(t) — Xne(£)Cnp(D) . (31)

This equation can be calculated with an arbitrary pair of Xpg(t), Xyg(t). Due to the better
identifiability of Xpg for a full cell (cf. Section 3.7.2.3), we typically used stoichiometric pair at
100 % SOC, resulting in

QuLi(®) = CPg — XPE"(0)Cpe(t) — XNEX (D) Cng(t) . (32)

As a result, equations (25), (26) and (32) allow to quantify LAMpg, LAMyE, and LLI by using
parameters acquired from electrode balances analysis of a fresh cell (results indicated with
superscript °) and the same cell after aging for the duration of time ¢t. Additionally, by using
the aforementioned assumptions, for any given SOC, we can calculate the corresponding

electrode stoichiometries as
Xpe(SOC) = XJUn + (1 — SOC) - AXpg , (33)

XNg(SOC) = X TP + SOC - AXyg - (34)
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3.7.2.3 Parameter identifiability

The framework derived in the two previous sections allows the determination of LAMpg,
LAMyg, LLI by using parameters X5un, xgiax ymin ymax ¢ o However, in many practical
cases, not all parameters are identifiable. Therefore, further assumptions were necessary to
eliminate the unidentifiable parameters. These assumptions were based on experimental
data. For example, in Figure 11, it is noticeable that the NE lithium stoichiometry is in a
potential plateau region with a full cell, while the PE half-cell curve of the cathode shows a
strong gradient. On the other hand, the NE half-cell curve exhibits a strong gradient for an
empty cell, and the PE is adjacent to the voltage plateau, spanning nearly the whole PE
stoichiometry. Therefore, the identifiability of Xyg is best for an empty cell and that of Xpg for

a full cell. Still, as the NE half-cell potential curve has several steps, the identifiability of the

NE lithium stoichiometry range remains good.

Furthermore, as a result of ongoing LLI, the maximum stoichiometry of the positive electrode
XpE™ shifts to lower values in time. For the LiFePO, electrode of the cell investigated here,
XpE* shifts into the large voltage plateau where the voltage is nearly constant (cf. Figure
11(b)). Within this plateau, Xpg™* is practically unidentifiable because the plateau voltage can

a

be associated with a wide range of Li stoichiometries. Thus, we have to exclude Xpg™* from

the optimization problem. This, in turn, makes the identification of LAMpg impossible.
Therefore, we assumed that the LFP positive electrode does not undergo LAM for the

degradation modes analysis.

LAMpg =0 . (35)
Accordingly, we assume that the theoretical capacity of PE does not change:

Cpg = Cpg, - (36)

Under this assumption, the maximum stoichiometry at any given time Xpg™*(t) can be

calculated according to:

Ccell (t)
Cpe

XPEX(6) = XPE™(O) + (37)
Furthermore, as mentioned earlier, we recorded C.ej value directly from the experimental
data from the capacity of the pOCV curves. The number of optimization parameters was
reduced by two with these two assumptions. As a consequence, the parameter set to be

determined for solving the optimization problem was reduced to p = {XJu", XJ2%, X}
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These parameters are sufficient to calculate LAMyg and LLI from equations (26) and (32),

respectively.
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4 RESULTS AND DISCUSSION

4.1 ELECTRICAL AND STRUCTURAL CHARACTERIZATION

The first step in investigating the aging behavior of large-format LFP cells was to perform a
detailed electrical and structural investigation of two different commercial LFP cells
(Sinopoly and Calb cells), as described in Section 3.4. The aim of this step is to gather detailed
electrical and structural parameters of the commercial cells, along with electrode balances
analysis of the test data, to create a complete characteristics database of a fresh cell as a

reference for aging experiments.

Ideally, fresh cells (never used or not stored for a long time) from the same production batch
should be used for detailed initial characterization to ensure that aging or inhomogeneities
do not affect the results. Unfortunately, there was no information on as-delivered Sinopoly or
Calb cells about their production date or batch numbers. Therefore, at the start of
experiments, we assumed that the cells from the same shipment had similar production and

aging history because no other criteria were available to classify cells.

The results presented in this chapter were published in Energy Technology: M. C. Yagci, R.
Behmann, V. Daubert, ]J. A. Braun, D. Velten, and W. G. Bessler, “Electrical and Structural
Characterization of Large-Format Lithium Iron Phosphate Cells Used in Home-Storage
Systems,” Energy Technology 9 (6), 2000911 (2021) [42]. The electrical characterization
tests were performed by me with the support of Jonas Touzri and René Behmann. Cell
opening was performed by me with the support of Viktor Daubert as a part of his Bachelor’s
thesis at Offenburg University of Applied Sciences under my co-supervision with Wolfgang G.
Bessler [107]. Sample preparation and investigation of samples at LM and SEM were
performed by me with the support of René Behmann as a part of his Bachelor’s thesis at
Offenburg University of Applied Sciences under the supervision of Wolfgang G. Bessler and
Dirk Velten [108]. Jonas A. Braun supported electrode balancer analysis. Microscopy
investigations were performed by me with the assistance of Pascale Miiller. Hanhee Kim
supported the development of thermodynamic data on active materials. The article was
written by myself with the editing of Wolfgang G. Bessler, except for the experimental
methodology of the tests and analyses performed by co-authors who wrote their respective

sections.
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4.1.1 Electrical characterization

4.1.1.1 Capacity tests

As presented in Section 2.3.2, capacity change in time is considered the primary indicator of
cell aging. Therefore, the first step of the aging investigation was the measurement of cell
capacity using the test protocol described in Section 3.4.1.2. The measurement results of the
28 Sinopoly cells (to be chosen for BESS aging experiments) and 28 Calb cells in the form of
cell voltage as a function of charge throughput are shown in Figure 12. In this representation,
the lower curves represent discharge, progressing in time from left to right, while the upper
curves represent charge, progressing from right to left. Here and in the following figures and
tables, the left column shows results from the Sinopoly cells, while the right column shows
results from the Calb cells. Although both cell types have the same chemistry, their cut-off
voltages, as specified by the manufacturer, are significantly different (cf. Table 2), leading to
different curve shapes, as evident from Figure 12. All individual cells show a strong scatter in
their measured capacity for both cell types. For Sinopoly cells, CC discharge capacities range
from 158.9 to 195.8 Ah, with an average of 169.5 Ah and a standard deviation of 11.9 Ah. For
Calb cells, the scatter is less pronounced, with CC discharge capacities ranging from 188.9 to
199.2 Ah with an average of 195.9 Ah and a standard deviation of 2.4 Ah. Notably, all Calb
cells have capacities above the nominal capacity (180 Ah), which is not the case for Sinopoly.
The reason for the large scatter of the Sinopoly cells is unclear. Following the delivery, all cells
were stored and treated in-house in the same way; therefore, the scatter must be assigned
either to production itself (e.g., different production batches) or cell history between

production and delivery, which is unknown to us.

The scatter of the cell capacity is significant in both cases. When cells are integrated into BESS,
they are typically connected in series to increase voltage to a level suitable for inverters. The
capacity scatter leads to a permanent de-balancing of the cells in the system, potentially
leading to accelerated aging and posing a challenge to balancing systems. These effects are

investigated in detail in Section 4.2.
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Figure 12: Discharge/charge curves of 28 Sinopoly cells (a) and 28 Calb cells (b). The current
rates of the CC phase are 0.25C for Sinopoly and 0.28C for Calb at 20 °C ambient temperature.
The lower branches represent discharge (time progresses from left to right), while the upper
branches represent charge (time progresses from right to left). The charge throughput (x

scale) is zero for a fully-charged cell. The test protocol is given in Section 3.4.1.2.

4.1.1.2 Rate capability and temperature performance tests

According to the results of the capacity tests, one cell of each type close to median capacity
(Sinopoly cell #28 with 164.9 Ah capacity, and Calb cell #6 with 195.6 Ah capacity) was
selected for rate capability and temperature performance tests defined in Section 3.4.1.3,
which consisted of C-rate tests (recording of discharge/charge curves at different currents)
at different ambient temperatures (5, 20, 35 °C). The results of the tests are shown in Figure
13. Here, the same representation is used as in Figure 12; cell voltage is plotted as a function
of charge throughput. The lower branches represent discharge, and the upper branches
charge. This representation has the advantage that overpotentials are easily visualized.
Charge and discharge overpotentials are indicated in panel (a). The overpotential 17 is defined

[116,117] as the difference between operation voltage V and equilibrium voltage V/°9,
n=V-ve, (38)

The overpotential is (per this definition) negative for battery discharge (where V < V¢4) and
positive for battery charge (where IV > V¢9). An increasing gap between discharge and charge

branches means increasing overpotentials.
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Figure 13: Discharge/charge curves of Sinopoly (a, b, c) and Calb (d, e, f) cells measured with
three current rates representing low, medium, and high current rates. The measurements
were repeated at three different ambient temperatures (5 °C, 20 °C, 35 °C). The lower
branches represent discharge (time progresses from left to right), while the upper branches
represent charge (time progresses from right to left). The charge throughput (x scale) is zero

for a fully-charged cell. The test protocol is given in Section 3.4.1.3.

As shown in Figure 13, both cells, Sinopoly (left) and Calb (right), show qualitatively the same
behavior, which can be summarized as follows. (i) C-rate increase leads to higher
overpotentials, as visible in the increasing gap between discharge and charge branches. This
typical behavior of electrochemical cells is due to increasing ohmic, electrochemical, and

transport losses [116,117]. (ii) As a consequence of the increased overpotential, an increase

57



in the C-rate leads to a decrease in the CC-dischargeable capacity, known as the “capacity-rate
effect” [50]. However, for the relatively low currents investigated here (< 1C), the effect is
small compared to other cell types [118]. (iii) Increasing temperature has a similar effect as
decreasing the C-rate, both on capacity and overpotential. As a result, using the Calb cell as an
example, 5 °C / 0.1C shows a very similar curve as 35 °C / 1C. (iv) The overpotentials show
an asymmetric behavior: during discharge, overpotentials increase towards low SOC, while
during charge, overpotentials increase towards high SOC. This asymmetry is indicated by the
arrows in panel (a). It is pronounced for low temperatures and high C-rates. A similar
asymmetry has been observed in cells with NCA cathode [119], although the mechanism may

differ in the present LFP cells.

Studying heat losses during cycling is interesting because they affect system-level thermal
management strategies and lower energy efficiency. Figure 14 shows measured temperature
differences between the cell and the ambient as a function of time for different C-rates and

ambient temperatures defined as

AT(t) = Tcell(t) — Tambient - (39)

The cell temperature, T.e;;, was measured at the cell surface with a thermocouple. The
ambient temperature, Tympient, 1S the setpoint of the climate chamber. During cycling, the
temperature difference between the cell and the ambient (AT) depends on the C-rate and
ambient temperature. It shows a distinct temporal behavior due to irreversible and reversible

heating. The heating power Q within an electrochemical cell is given as [120]

: dyed (40)
= —]- —I1-(T - TO .
Q n ( ) T

where the first term on the right-hand side represents irreversible heating (always positive)
and the second term reversible (entropic) heating (positive or negative, depending on signs
of current and dV¢9/dT). The overpotentials 1 are highest at low temperatures (cf. Figure
13), causing high irreversible heating (first term). Therefore, at low ambient temperatures (5
°C) AT is highest, and at high ambient temperatures (35 °C) AT is generally the lowest. At low
currents, the contribution of the reversible heating can become significant, causing non-
monotonous temperature curves. Note that, particularly at low currents, AT is well below 1
°C and the measurements may additionally be influenced by small fluctuations in the ambient

temperature.
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Figure 14: Difference between cell surface temperature (T.e;;) and ambient temperature
(Tampbient) @s function of time for Sinopoly (a, b, ) and Calb (d, e, f) cells during rate capability
and temperature performance tests. Test currents are indicated in the top right corner of the

plots, and ambient temperatures are given in the legends. The test protocol is given in Section
3.4.1.3.

Energy efficiency is a representation of overall system performance. Low energy efficiency
corresponds to high energy losses. In the case of BESS, low energy efficiency means a lower
portion of charged energy is available for discharge, which leads to lower economic feasibility
of the overall system. To investigate the energetic performance of the Sinopoly and Calb cells
under investigation, the energy efficiency nepergy both cells at different C-rates and

temperatures are calculated according to Eq. (12). In practice, the battery cyclers record the
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test data (e.g., voltage, current, temperature) in certain intervals. Therefore, the energy
efficiency calculation is performed with the discrete integral
Edischarge Zdischarge Iy~ Vy - At _ Zdischarge Vo - AQn

n = = = : (41)
energy Echarge Zcharge I, -V, - At Zcharge v, - AQ,

where I, V,,, and Q,, are the nth measured current, voltage, and charge throughput,
respectively. The results are shown in Figure 15. Both cell types show high efficiencies above
88 % for all investigated conditions, reaching up to almost 99 % for the Calb cell at 35 °C. The
efficiency of the Sinopoly cell shows considerably less dependency on ambient temperature
than that of the Calb cell. At low temperatures (5 °C), the efficiency is higher for the Sinopoly
cell. As efficiencies below unity are due to irreversible heatlosses, Nepergy is indirectly related
to the cell temperature increase: Conditions with observed high AT (i.e., low ambient
temperature and/or high C-rate cf. Figure 14 panels (c) and (f)) were also observed to have

low Nepergy (Figure 15).
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Figure 15: Discharge/charge energy efficiency nepergy 0f Sinopoly (circles) and Calb (squares)

cells calculated from the rate capability test results at three different temperatures (5 °C, 20

°C, 35 °C). The test protocol is given in Section 3.4.1.3.

4.1.2 Structural characterization

The structural characterization consists of two main stages: determination of internal
geometrical properties of cell components and investigation of electrode microstructure. One
cell of each type was opened in an argon-filled glovebox for structural characterization. For
Calb, a fresh cell (as delivered) was used. For Sinopoly, lacking availability of fresh cells at the

time of the experiment, one of the cells used for the continuous temperature-controlled
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cycling test (cf. Section 3.5.2) is opened (after performing 897 cycles at 150 A over two years)
at 89.6% SOH. The results of structural characterization could show differences due to the

different aging status of the cells. The differences will be discussed later in this section.

4.1.2.1 Internal geometry

Following the activation and capacity test, the Sinopoly and Calb cells were opened in the
glovebox following the procedure in Section 3.4.2. Pictures of the cells after cutting and
removing the lower part of the casing are shown in Figure 16. Both cell types have a similar
internal design. Both cells consist of two separate electrode stacks wrapped in a plastic foil
and taped together. The current collector tabs are connected to the outer terminals. Both cells
have a pressure vent, but no positive temperature coefficient (PTC) connector or other safety

features could be identified.

Figure 16: Pictures of the interior structure of Sinopoly (a, b) and Calb (c, d) cells opened in

an argon-filled glovebox.

The current collector tabs were cut, and the stacks were unwrapped for further disassembly.
For each stack, a single long separator sheet was observed to be arranged in Z form between
the stacked electrode sheets (no winding). Here and in the following, we use the term

“electrode sheet” for a current collector foil coated on both sides with electrodes. All electrode
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sheets, including the outermost, were coated from both sides. Pictures of the sheets are
shown in Figure 17. The electrode and separator sheets of the (aged) Sinopoly cell

qualitatively appear to be used more than those of the (fresh) Calb cell.

Figure 17: Positive electrode sheets (left), separator sheet (middle), and negative electrode

sheets (right) of Sinopoly (a) and Calb (b) cells.

Details of the geometrical and weight properties of all components are given in Table 18. Both
cells show a similar, but not identical, design. Both cells contain 146 negative and 144 positive
electrode sheets (counting both stacks). There is a clear anode overhang [121], with the anode

having a larger area than the cathode by 4.9 % (Sinopoly) and 5.7 % (Calb).
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Table 18: Internal geometrical properties and component masses of the two cell types.

Cell type Sinopoly Calb

Cell component NE | Separator | PE NE | Separator | PE
Height/cm 22.0 239 215 | 225 23.5 22.0
Width/cm 15.9 2382 154 | 15.7 2431 15.3
Thickness (single sheet) /um 128.8 441 178.7 | 140.7 31.6 176.6
Thickness (single current collector)/pm 15.3 - 26.1 15.6 - 25.6
Thickness (single electrode)/pm 56.8 - 76.3 | 62.6 - 75.5
Area (single sheet) /cm? 348.0 384.8 329.3 | 350.5 379.5 334.1
Volume (single sheet)/cm? 4.48 1.69 5.89 | 4.93 1.12 5.90
Number of sheets 146 2 144 146 2 144
Total area/m? 10.16 11.39 9.485 | 10.24 11.43 9.623
Total volume/cm? 654.4 502.3 847.5 | 720.3 361.1 849.9
Total mass electrodes/g 906 - 1644 | 1190 - 1907
Mass loading electrodes/mg/cm? 8.92 - 17.3 11.6 - 19.8
Total mass (sheet)/g 1560 369.2 1997 | 1331 308.5 1976
Total mass current collection*/g 654 - 353 141 - 69

* includes the aluminum and copper foils, tab collectors, and terminals

The mass distribution of the cell components is shown in Figure 18. In both cell types, the

positive electrode is the dominating component, providing around one-third of the whole cell

mass, followed by the casing (around one-quarter) and the negative electrode (around one-

fifth of the cell mass). The significant contribution of the casing is remarkable. Both cells have

a PP hard case with significant thicknesses of 5.3 mm (Sinopoly) and 6.2 mm (Calb). The

manufacturers seem to accept the lowered specific energy resulting from the massive housing

at the benefit of high mechanical robustness.
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Figure 18: Mass distribution of the components of Sinopoly (a) and Calb (b) cells. “Electrolyte”
refers to the free liquid left inside the casing after removing the electrode stacks (electrolyte
soaked in the porous electrodes could not be measured). “Current collection” includes metal
foils, tab collectors, and terminals. “Others” refers to plastic foils and tapes wrapped around

the electrode stacks, screws of the tab collection system, and seals.

4.1.2.2 Electrode microstructure

In order to characterize the electrode microstructure, both electrode sheets of both cell types
were investigated via LM (providing a lower-resolution overview) and SEM (providing high-
resolution results and allowing chemical analysis via EDX). The results of the LM are shown
in Figure 19. All samples were investigated in cross-sectional view (cf. Section 3.4.2 for
sample preparation). The left images (panels (a-d)) show results from the Sinopoly cell, the
right images (panels (e-h)) from the Calb cell, and each electrode is shown with lower and
higher resolution. All micrographs show the current collector in the center as a bright bar
coated with porous composite electrodes on both sides. The positive electrodes (panels (a),
(b), (e), and (f)) have a compact appearance. Granular structures on both sides of the current
collector may be present; however, the features seem to be below the resolution limit of the
LM. The negative electrodes (panels (c), (d), (g), and (h)) show a clear composite appearance
with granular features in the 5-10 pm range. The chemical composition of granular structures
is presented in EDX results. The thicknesses for the Sinopoly cell are 176 um for the positive
electrode sheet and 126 pm for the negative electrode sheet. The thicknesses for the Calb cell
are 178 um for the positive electrode sheet and 137 pm for the negative electrode sheet. The
thickness values measured from the LM are consistent with the ones measured by thickness
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gauge within <15 % deviation (cf. Table 18). The samples might be thicker due to the absence
of applied pressure by the thickness gauge and the removal of the electrolyte during the

washing procedure of the samples.

Figure 19: Light microscopy investigations of polished electrodes (cross-section): Sinopoly
positive electrode (a, b) and negative electrode (c, d), Calb positive electrode (e, f) and

negative electrode (g, h). Sample holders are visible close to the upper border of panels (a)

and (e).
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Electron micrographs of the samples are shown in Figure 20. Here, each electrode is shown
both in the top and cross-sectional views. For the positive electrodes (panels (a), (b), (¢), and
(f)), the granular structure of the electrode is clearly visible compared to LM images due to
the significant resolution advantage of SEM. The top views (panels (a) and (e)) show
irregularly shaped but roughly spherical particles that are in the 0.4 um diameter range for
the Sinopoly and in the 0.5 pm diameter range for the Calb cell. The particles in the Calb cell
(e) appear more densely packed and agglomerated than in the Sinopoly cell (a). The low
density of the Sinopoly negative electrode can be due to proposed electrochemical milling by
aging [88]. The cross-sectional views (panels (b) and (f)) show a combination of fine and
occasional larger particles. The electrodes seem to have slightly detached from the right side
of the current collector, probably a consequence of sample preparation. For the negative
electrodes (panels (c), (d), (g), and (h)), the top views (panels (c) and (g)) reveal irregularly
shaped, flake-like particles that are in the 10 um diameter range for the Sinopoly and in the
15 pum diameter range for the Calb cell. The cross-sectional view (panels (d) and (h)) does not
provide a very good contrast between the active material particles and the resin-filled
porosity. Still, the irregularity of the particle shapes and significant size distribution is evident
for both cell types. The Sinopoly electrode (d) seems closer packed with smaller porosity than
the Calb electrode (h). The thicknesses measured from the cross-sectional views of the
Sinopoly cell are 182 pum for the positive electrode sheet and 128 um for the negative
electrode sheet. The thicknesses measured from the cross-sectional views of the Calb cell are
181 pm for the positive electrode sheet and 139 um for the negative electrode sheet. The

thickness values are consistent with those determined by LM.
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Figure 20: Scanning electron microscopy investigation: Sinopoly positive electrode in top-
view (a) and cross-sectional view (b), negative electrode in top view (c) and cross-sectional
view (d); Calb positive electrode in top view (e) and cross-sectional view (f), negative

electrode in top view (g) and cross-sectional view (h).
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EDX was used to probe the chemical composition of the electrodes from top-view
micrographs. The results are given in Table 19 for all four investigated electrodes. The results
identify LFP and graphite as active materials in both cell types, as those elements (Fe, P, O at
the positive and C at the negative electrodes) are the majority species identified in the EDX
signal. Both positive electrodes also show a significant amount of carbon, typically used as a
conductive additive in LFP electrodes [13,122]. Both Sinopoly electrodes also show a non-
negligible fluorine signal, probably solid electrolyte interphase (SEI) components originating
from electrolyte degradation [94] - note that these electrodes were harvested from an aged
cell. Consequently, the (fresh) Calb cell shows no fluorine at the positive electrode and only a
tiny amount at the negative electrode. The oxygen observed at both negative electrodes may
similarly result from SEI components. The remaining elements given in Table 19 are
negligible or below detection limits. In particular, no sign of other blended active materials
(such as silicon at the negative electrodes or cobalt at the positive electrodes) can be
identified. Notably, no yttrium was found, despite the claim of the Sinopoly datasheet to use
LiFeYPO, (cf. Appendix 6.2.2). The EDX results confirm that the chemistry of both cell types
is LFP/graphite.

Overall, the combined LM, SEM, and EDX investigations show that both cell types have similar,
but not identical, electrode properties in terms of particle size and shape, electrode

morphology, and materials chemistry.
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Table 19: Results of EDX analysis. All values in percent. Missing values mean the material

amount is below the detection limit.

Sinopoly PE Sinopoly NE Calb PE Calb NE
Iron, Fe 26.74 - 26.12 -
Phosphorus, P 14.73 1.23 13.47 0.18
Oxygen, O 35.17 18.24 36.65 6.02
Aluminum, Al - 0.02 - -
Carbon, C 19.92 58.25 23.07 89.18
Cadmium, Cd 0.01
Copper, Cu - 1.05 - 1.11
Fluorine, F 2.99 20.62 - 331
Silicon, Si 0.03 0.23 - 0.19
Sodium, Na - - - 0.03
Sulfur, S 0.20 0.36 - -
Cobalt, Co - - 0.03 -
Vanadium, V 0.24 - - -
Iridium, Ir 0.44
Titanium, Ti - - 0.21 -
Yttrium, Y - - - -
Identified
material LFP Graphite LFP Graphite

4.1.3 Electrode balances

The last step of the cell characterization was determining the lithium stoichiometry ranges in
which the electrodes of the two cell types are operated. To this goal, the electrode balances
analysis method (cf. Section 3.7.1) was applied to the electrical and structural

characterization results using the optimization tool mentioned earlier [97].

The electrode balances analysis results are shown in Figure 21. The left and right panels
correspond to Sinopoly and Calb cells, respectively. Panels (a) and (e) show measured pOCV
(C/100 for Sinopoly cell, C/50 for Calb cell) curves and the synthetic curves after
optimization. For both cell types, the simulation matches the experimental data accurately.
The precision of the simulation results is also confirmed in the differential voltage analysis
shown in panels (b) and (f). The small but characteristic steps in the voltage curves were well
reproduced by the simulation. The characteristic steps appear at different charge

throughputs for Sinopoly and Calb cells - a clear sign of the differing anode balance. As shown
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from the deconvolution presented as dashed lines in panels (b) and (f), these steps can be
fully assigned to the graphite anode, while the LFP cathode dominates the curve only at very
low charge throughput. Panels (c) and (g) show the graphite anode half-cell potential curves.
The literature input is shown as a thin line, while the stoichiometry range used in the cells
during cycling is included as a bold line. The two cell types show different behavior, with the
Sinopoly cell (panel (c)) showing a smaller stoichiometry range than the Calb cell (panel (g)).
Finally, panels (d) and (h) show the exact representation of the LFP cathode. The complete

plateau range or even almost the complete stoichiometry range is used for cycling.

The quantitative results of the electrode balance analysis are given in Table 20. This table also
includes the required input parameters. When electrode areas and thicknesses are known, as
in the present study, the optimization output includes the volume fraction of active electrode
material. These data are also given in Table 20, which provides a complete and self-consistent
data set of chemical and structural parameters of the two cell types. These parameters
provide the basis for future modeling and simulation investigations, both physicochemical
continuum models (so-called pseudo-2D, P2D, or Newman-type models) [123,124] and semi-

empirical equivalent circuit (EC) models [125].

From the point of view of cell manufacturing, it is interesting to quantify the loading of active
materials. The electrode balance analysis allows us to deduce the area-specific active material

loading m4y (in mg/cm?) as

mam _ Vam - Pam Ve €am pam

maym = =dy"Eam " PAM » 42
AM = A, A, e €AM ' PAM (42)
the usable electrode capacity C4 (in mAh/cm?) as
Ceenl
ch=—=, 43
- (43)
and the areal capacity Cay (in mAh/cmz?) as
CA
caA, = —— . (44)
AM T A%

In these equations, AM stands for active material (graphite or LFP), m,y is the total active
material mass in the cell, A, the active electrode area, /4y the total volume of active material,
pam the density, V, the electrode volume, d,. the electrode thickness, e4y the volume fraction,
Ccen the cell capacity, and AX;; the lithium stoichiometry range during cycling. The resulting
values are given in Table 20. The areal capacities are in the range of 1.8-2.8 mAh/cm? and,

therefore, lower than the 3-4 mAh/cm2 values that Lin et al. [126] reported for “current”
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lithium-ion batteries. The active materials mass loadings are 7.7-12.2 mg/cm?, less than the

measured total mass loadings of 8.9-19.8 mg/cm? (cf. Table 18), indicating the significant

contribution of inactive materials such as binder and conductive additives to the electrode

mass.

Table 20: Electrode balance analysis results providing a self-consistent parameter set for

negative electrode (NE) and positive electrode (PE) of Sinopoly and Calb cells.

Cell type Sinopoly Calb
Electrode NE PE NE PE
Active material Graphite LFP Graphite LFP
Density/kg m-3 2270 [127] 3600 [128] 2270 [127] 3600 [128]
Molar mass of delithiated

72.1 150.8 72.1 150.8
phase/g mol-!
Half-cell thermodynamic [112,113] [114,115] [112,113] [114,115]

mAh/cm?

data (cf. Figure 21c) | (cf. Figure 21d) | (cf. Figure 21c) | (cf. Figure 21d)
Active electrode area/m? 9.48 9.62
Electrode thickness/m 56.7-10-¢ 76.3-10-¢ 62.6-10¢ 75.5-10-¢
Capacity/Ah 165 202
Volume fraction at 50 % SOC | 0.597 0.381 0.554 0.448
Lithium stoichiometry range | 0.011 ... 0.64 1.9-105...0.96 | 0.005 ...0.75 0.0004 ... 0.995
Active material

7.68 10.5 7.87 12.2
loading/mg/cm?
Active material capacity /

2.72 1.81 2.82 211
mAh/cm?
Used electrode capacity /

1.74 2.10
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Figure 21: Results of the electrode balancing analysis of Sinopoly (left) and Calb (right) cells:
pOCV curves (3, e), differential voltage curves (b, f), negative electrode half-cell voltage (c, g)

and positive electrode half-cell voltage (d, h).
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4.1.4 Summary

The initial electrical and structural characterization test results are presented in this section.
The capacity test results of Sinopoly and Calb cells revealed that Sinopoly cells had a large
scatter of initial discharge capacity with an average below nominal cell capacity. In contrast,
Calb cells had relatively uniform initial discharge capacity distribution above nominal
capacity. Charge/discharge curves of both cell types demonstrate large flat voltage plateaus
typical to LFP cells. Rate capability and temperature performance tests show that
charge/discharge overpotentials increase with increasing current rates, and cell capacity
decreases significantly at low temperatures, particularly at high current rates, for both cell
types. One exemplary cell from each type was opened in an inert atmosphere. Each cell
component's size, volume, and weight were measured quantitatively. The results show that

cell casing makes an immense contribution to overall cell weight.

Additionally, electrode samples investigated in LM and SEM show small (< 1 pm) LFP particles
and larger (~10 pm) graphite particles on positive and negative electrodes, respectively.
Furthermore, EDX elemental analyses of samples verify LFP/graphite cell chemistry. The
range of lithium stoichiometries during charge/discharge is determined by electrode
balances analysis of experimental data. In conclusion, the electrical and structural
characterization test results create a reference initial state dataset for aging experiments and
a self-consistent parameter set for the use in cell models needed for performance prediction

or state diagnosis.

4.2 AGING CHARACTERISTICS OF COMMERCIAL BATTERY ENERGY STORAGE

SYSTEMS WITH SERIAL AND PARALLEL CELL CONFIGURATIONS

In the previous section, the electrical and structural characterization results of Sinopoly and
Calb cells are presented in detail, along with electrode balance analysis. As a follow-up
experiment, we investigated the aging behavior of two commercial stationary storage system
battery stacks of Sinopoly cells in serial and parallel configurations. The objective of the
experiment is to monitor aging on stack and single-cell levels and observe the effect of stack

configuration on overall aging.

The results presented in this chapter were published in Energies: M. C. Yagci, T. Feldmann, E.
Bollin, M. Schmidt, and W. G. Bessler, “Aging Characteristics of Stationary Lithium-Ion Battery
Systems with Serial and Parallel Cell Configurations,” Energies 15, 3922 (2022) [43]. Initial
characterization and periodic performance tests were performed by myself with the support

of Jonas Touzri under the supervision of Wolfgang G. Bessler. Microgrid tests were performed
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by Thomas Feldmann with the support of Michael Wirwitzki under the supervision of Elmar
Bollin and Michael Schmidt. The data analysis was performed by myself with the support of
Thomas Feldmann. The article was written by myself with the editing of Wolfgang G. Bessler,
except for the experimental methodology of the Microgrid operation, which was written by

Thomas Feldmann and edited by Michael Schmidt.

4.2.1 Initial characterization and cell selection

The initial electrical characterization test results of 28 Sinopoly cells that are allocated for
commercial BESS tests are used as a reference (labeled as “checkup 0”) for periodic checkups
(cf. 3.5.1.4). The results of capacity and IR measurements (performed according to test
protocols in Sections 3.4.1.2 and 3.4.1.5) of all 28 cells are shown in Figure 22. Panel (a) shows
charge/discharge curves reproduced from Figure 12(a). Apart from very low and high SOCs,
the cells exhibit the flat voltage behavior typical for LFP-based cells. However, cell capacities
show a strong capacity variation, ranging from 158.8 to 195.7 Ah (18.9 % capacity variation).
Panel (b) shows the IR of the cells from pulse tests as a function of SOC. All cells show a slightly
decreasing IR with increasing SOC, yet with a distinct peak at 50 % SOC. We attribute this
peak to the fact that, at 50 % SOC, the pulse tests were interrupted to measure electrochemical
impedance spectra. Similar to individual cell capacities, there is a strong cell-to-cell IR

variation. At 50 % SOC, the values range from 0.59 to 0.98 m(.
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Figure 22: Initial characterization of 28 Sinopoly cells for commercial battery energy storage
systems. (a) Galvanostatic cycling at 0.25C. The lower branch on the curves represents
discharge, where time progresses from left to right; the upper branch represents charge,
where time progresses from right to left. (b) Internal resistance IR se calculated from Eq.

(13) as a function of SOC.
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Capacity and IR data are summarized in Figure 23 by plotting IR as a function of capacity. The
data show that there is no correlation between these two performance indicators. As
summarized in Table 1 and discussed in Section 2.1.2, cell-to-cell variations can be tolerated
in a parallel cell configuration due to passive balancing. In contrast, capacity homogeneity is

«

essential for serial cell configurations to eliminate the influence of possible “weak” cells
exhibiting overcharge/overdischarge. In order to test this hypothesis, 14 cells with minimum
capacity and IR difference were selected for the serial system. The remaining cells were
allocated to the parallel system, as indicated in Figure 23. These cells were selected in such a
way that the first stack (L1) consists of cells with a high capacity variation, and the second

stack (L2) consists of relatively low (<5 Ah) capacity variation.
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Figure 23: Initial internal resistance (IRpyjse) at 50 % SOC as a function of initial cell capacity

for all 28 cells and distribution of the cells to the two battery systems.

Furthermore, selecting cells with high capacity variation enables monitoring the possible
architectural advantage of the parallel system, which is relatively insusceptible to cell
inhomogeneity due to passive balancing currents via the parallel connection. A statistical
analysis of the cell selection is given in Table 21. The standard deviation of the capacities in
the serial system is 2.18 Ah, which is significantly lower than the value of 11.35 Ah for the
parallel system. The standard deviations of the IR are 0.071 m{) and 0.085 m() for the serial

and parallel systems, respectively.
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Table 21: Statistical analysis of initial capacity and internal resistance test results for serial

and parallel stack architectures. A variation, @ mean value, ¢ standard deviation.

Capacity Internal resistance

A/Ah |p/Ah |o/Ah |A/mQ | p/ mQ | 6/ mQ

Serial cell configuration 6.08 161.59 | 2.18 0.251 0.812 | 0.071

Parallel cell configuration | 30.3 177.18 | 11.35 | 0.392 0.825 | 0.085

4.2.2 Microgrid operation

After the initial checkup and cell selection were performed as described above, 28 Sinopoly
cells were assembled into the two battery systems (serial and parallel systems), as described
in Section 3.5.1 in detail. The systems were operated as part of the microgrid over an extended
period (around 1000 days). The timeline of the experiments is shown in Figure 24. Panel (a)
shows the cumulated equivalent full cycles (EFC) as a function of time, which we define as

Total discharged energy _ fmicmgn-dlpdisldtdis (45)

- Nominal energy VN ZZS}” cr
where, P;;, is the discharge power, t ;, is the discharge time, Iy is the nominal cell voltage,
and C(' is the initial discharge capacity of individual cell n as calculated during checkup #0.
The sum n runs until the number of all cells (N,,;;) in the battery stack, and the integral on
the numerator runs over the whole microgrid operation time. Due to differences in system
architectures, stack capacities, and technical control systems design of the microgrid, the
operation of the stacks was power controlled. Therefore, system power is used to calculate

the total discharged energy in Eq. (45).

The type of operation mode indicated in the plot within the respective timeframe is either
full-cycle or solar-storage mode. Also, the periods of the checkups are indicated, where the
battery stacks were disassembled, the periodic reference performance tests were performed,
and the battery stacks were reassembled. Minor rest phases during the operation were due
to system or laboratory shutdowns. Over almost three years, the serial and parallel systems
accumulated 810 and 881 EFCs, respectively. As the operating power was scaled to the
individual system capacities described in Section 3.5.1.2, serial and parallel systems exhibited

a similar number of EFCs.

Temperature has a strong influence on cell aging [27]. In Figure 24(b), measured cell and

outside temperatures (daily averages) are plotted as a function of time. Temperature
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measurements were integrated into the test setup only after the first checkup. Therefore, the
data for the initial operation phase is missing. Outside temperature shows distinct seasonal
variation, ranging between 5 to 30 °C. The temperatures inside the battery housings show a
matching variation; however, they are up to 10 °C higher. The parallel system shows
systematically higher temperatures than the serial system by ca. 2 °C. As mentioned earlier,
the battery systems investigated here do not have dedicated cooling for battery stacks. As a
result, the temperature difference between two battery systems can result from up to ten-

fold higher currents and corresponding higher ohmic losses in the parallel system.
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Figure 24: Timeline of the microgrid operation, including rests for cell checkup experiments.
(a) Accumulated equivalent full cycles for the serial and parallel battery systems. (b) Daily

average of measured temperatures.

In order to allow more detailed insight into battery operation, Figure 25 shows exemplary 48
h data of SOC, current, and voltage for the two battery systems, both for solar-storage mode
(left panels) and full-cycle mode (right panels). In solar-storage mode, the systems exhibited
a day-night partial cycle: fully charged during the day and then discharged to around 50 %

SOC during evening and night. In full-cycle mode, the systems were operated continuously
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between 30 % and 100 % SOC as set by the microgrid controller. The current and voltage
characteristics represent the two system architectures. The serial system operated at high
voltages (around 46 V) and low currents (up to 35 A). In contrast, the parallel system
operated at low voltages (around 3.4 V, corresponding to the single-cell voltage) and high

currents (up to 350 A).
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Figure 25: Exemplary microgrid operation data (SOC, current, and voltage) representing 48 h
periods. (a) Serial system, solar-storage mode, (b) serial system, full-cycle mode, (c) parallel
system, solar-storage mode, (d) parallel system, full-cycle mode. The scale ranges of the

voltage axes correspond to the nominal voltage operation window of the systems.

4.2.3 Comparison of checkup results

The performance of each cell was investigated via three checkups throughout microgrid
operation at time intervals indicated in Figure 24. The first checkup was performed after 112
days of full-cycle mode operation. The second checkup was performed after a mixed full-cycle
mode and solar-storage mode operation of 210 days. The third checkup was performed after
an extended 317-day full-cycle operation. As a result, the checkups were performed after 131,
388, and 810 (serial) and 141, 414, and 881 (parallel) equivalent full cycles, corresponding to
112, 462, and 897 days of testing, respectively. The checkup intervals are not constant
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because of the technical inflexibilities of assembling and dissembling battery storage systems

into and from a running microgrid.

The evolution of the discharge/charge characteristics of four exemplary cells is shown in
Figure 26. Each panel compares the performance during the three checkups and the initial
reference performance test (“checkup 0”). For each system (serial shown at the left, parallel
at the right), one cell with relatively low capacity loss and the cell with highest capacity loss
are shown. A significant capacity loss is visible for all cells; the discharge curves end at alower
charge throughput for later checkups. At the same time, the voltage spread between the
charge and discharge branches remains relatively unaffected - in the plateau range between
ca. 25 and ca. 125 Ah charge throughput, the discharge curves are lying more or less on top
of each other. This indicates that the IR of the cells is not strongly affected by ongoing
operation. The loss of cell capacity is also associated with a shortening and shifting of the
characteristic voltage plateaus attributed to the stoichiometry range of the graphite anode
[42].
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Figure 26: Charge/discharge behavior of exemplary individual cells with relatively low
capacity loss (upper row) and highest capacity loss (lower row) for serial (left panels) and
parallel (right panels) battery architecture. “Checkup 0” corresponds to the initial

characterization of the fresh cells.
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As shown in Section 4.2.1, the cells show a wide distribution of initial capacity. Therefore, the
absolute and normalized capacity (i.e., discharge capacity relative to initial capacity) are used
for further analysis. Figure 27 demonstrates the change of absolute and normalized capacities
during the checkups as a function of cell number. The order of the cells in this figure
corresponds to the arrangement in the stacks (cf. Figure 8). All cells lose capacity
monotonously with increasing cycling time, reaching around 80 % of the initial capacity at
checkup 3. There is a clear cell-to-cell scatter. A statistical analysis of the capacity losses is
given in Table 22. After checkup #3, the average capacity losses of cells amount to 18.6 % in
the serial system and 21.4 % in the parallel system. Also, the scatter is larger in the parallel
system than in the serial system. Therefore, the cells in the parallel system have aged slightly
more than those of the serial system. However, the variation and standard deviation of the
serial system are continuously increasing, while in the parallel system, both values decrease
at checkup #2 and increase slightly until the end of the experiments. Thus, the higher average
aging of parallel system cells can be attributed to relatively wide initial cell capacity variation

rather than operational differences between systems.
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Figure 27: Absolute (a, b) and normalized (c, d) capacity for individual Sinopoly cells

measured during each checkup. The test protocol is given in Section 3.5.1.4.
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Table 22: Normalized capacity losses of serial and parallel system cells. A corresponds to

variation, U corresponds to mean value, and ¢ corresponds to standard deviation.

Serial Parallel

A/ % /% o/ % A/ % uw/ % o/ %

Checkup 1 2.1 4.3 0.6 3.9 5.9 1.4
Checkup 2 3.1 10.9 0.9 3.7 12.7 1.2
Checkup 3 4.1 18.6 1.2 5.4 21.4 1.5

Furthermore, at the end of the microgrid operation, the normalized capacity and internal
resistance changes of 28 cells were compared to initial values. For this analysis, we used

IR ¢yc1e,ccmethod to calculate internal resistance as described in Section 3.1 Eq.(14). The four

combinations of these two parameters versus each initial value are plotted in Figure 28. Panel
(a) shows the capacity loss as a function of initial capacity. No capacity loss pattern depending
on initial capacity is observed within and between the two systems; only the slightly higher
capacity losses in the parallel system are visible. Panel (b) also shows no correlation between
capacity loss and initial IR. Panel (c) shows the change of IR as a function of initial capacity.
The change of IR is mostly negative (around -20 %), meaning that IR decreased between
initial and final checkups, although four cells showed IR increase. Despite the common trend
of decreasing IR, the correlation between the two parameters is still unclear. Finally, panel
(d) shows the IR change as a function of initial IR. The data for the cells in the serial system
exhibit a clear linear correlation: the magnitude of IR decrease is higher for the cells with
higher initial IR, and IR increase is higher for cells with lower IR. The reason for this behavior
is unclear. Possibly, this behavior is related to the diminishing of the initial cell-to-cell scatter
of IR from 0.8-1.5 mQ to 1.05-1.2 mQ at the end of the experiment as, mathematically, the

change is higher for outlier values in a converging system.
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Figure 28: Capacity loss (upper panel) and internal resistance (IR¢yclecc) change (lower
panel) at the end of microgrid operation as a function of initial capacity (a, c) and initial
internal resistance (IRcyciecc) (b, d). The initial capacity and internal resistance values are
taken from the first checkup (#0), and the values at the end of the microgrid operation are

taken from the last checkup (#3). The checkup test protocol is given in Section 3.5.1.4.

4.2.4 Comparison of microgrid operation with temperature-controlled cycling

The serial and parallel system cells were operated in a commercial battery stack, controlling
and monitoring the complete stack's total power input/output. Moreover, as mentioned
above, no active temperature control exists within used commercial systems. Thus, for
further assessment of the aging behavior of stack cells in comparison to single cell aging, two
additional Sinopoly cells from the same delivered batch underwent continuous full cycles
consisting of 0.83C (150 A) CCCV charge and CC discharge at 20 °C ambient temperature in a
climate chamber with the test protocol described in Table 15. This type of experiment is
typically used for assessing datasheet behavior. As mentioned in Section 3.5.2, the cycling of
one of the cells was interrupted for cell opening. The aging test result of the remaining cell is

shown in Figure 29 in comparison with serial and parallel system cells.
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Figure 29: Comparison between the serial and parallel battery system cells (the error bars
indicate the range of the 14 respective single cells) and an individual cell cycled with
continuous full cycles at 20 °C. (a) Normalized capacity, (b) internal resistance (IR¢yclecc)
calculated from the charge/discharge curves using Eq. (14). The single cycling test protocol

is given in Section 3.5.2.

Figure 29 (a) compares the normalized capacity of the continuously cycling single cell and the
average cell capacities of the serial and parallel BESS. The error bars indicate the range of the
14 respective single cells. The single cell exhibits a capacity loss of 10.0 % after 1000 EFC.
Further cycling resulted in capacity losses of 20.3 % after 3000 EFC and 34.3 % after 4000
EFC (data not shown). The capacity retention of the tested cell is on par with the specifications
given in the manufacturer’s product brochure (cf. Appendix 6.2.1), demonstrating 20 %
capacity loss after 3000 cycles at 20 °C with C/3 currents. However, we can consider that our
test cell demonstrates superior capacity retention, considering that, in our case, the C-rate is
2.5 times higher than the manufacturer’s capacity retention test. It is interesting to compare
these results to the capacity losses of the battery systems, plotted as points in Figure 29 (a).
The comparison shows that the single cycling cell exhibits a much smaller capacity loss than
the system cells - the serial and parallel systems age about twice as fast as the single cell.
These results are unexpected and highly problematic for system manufacturers who typically

assign lifetime warranties based on single-cell testing results.

The IR of the continuous cycling single cell is calculated by IR ¢ycje,cc method (cf. Eqg. (14)) and
plotted as a function of cycle number in Figure 29 (b). Again, the data of the system cells are
plotted as points, and the range of the 14 cells as error bars. The single cell exhibits an
essentially constant IR over the 1000 full cycles. The system cells show an IR drop from initial
characterization (0 cycles) to the first checkup (ca. 135 cycles) and then an increase of IR

until, at the last checkup, it has a similar value as initially. The initial IR drop means the cells
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seem to have been activated during the first cycles, as discussed above. The origin of the
activation is unclear. The IR of the cycling cell is around a factor of two lower than that of the
system cells, which might be due to a higher cell temperature resulting from the continuous
0.83 C cycling. It should be noted that the IR shows a strong cell-to-cell scatter (large error
bars in Figure 29 (b)). At present, it is not possible to assess if this is an actual property of the
cells or if this is caused by measurement inaccuracy (e.g., resulting from different contact

resistances of the connection cables).

4.2.5 Discussion

In Section 4.2, we have presented the aging characteristics of 28 cells operated in two battery
systems with different cell configurations. The observed overall capacity loss of ca. 20 % after
ca. 2.5 years and ca. 850 EFC of operation is relatively high for stationary applications, where
lifetimes of > 5000 EFC (corresponding to ca. 17 years of operation at 300 EFC per year [129])
are expected. Surprisingly, the single cell tested under laboratory conditions exhibited
significantly lower capacity loss. Several potential reasons can be discussed as the origin of
stronger aging of cells under system operation as opposed to cells under laboratory
operation: (i) influence of check-up experiments, (ii) influence of current rate and cycling
depth, (iii) influence of inverters, (iv) influence of cell balancing, (v) influence of temperature.

The effects of each possible factor will be discussed in the coming subsections.

4.2.5.1 Influence of checkups

The periodic checkups are not considered while calculating the duration of cell operation in
terms of EFC since the influence of checkup tests can be neglected, as each checkup
contributed only three full cycles to the total of 810 (serial) and 881 (parallel) equivalent full
cycles. The effect of additional resting periods due to assembly/disassembly and
transportation of the cells can be considered calendaric aging periods. The effect of such
calendaric aging periods on aging can be neglected in a head-to-head comparison of serial and

parallel systems because its duration was the same for all cells.

4.2.5.2 Influence of C-rate and DOD

In the literature, both high cycling depth and high currents have been observed to accelerate
capacity loss in lithium-ion battery cells [16,17,19]. During microgrid operation, the serial
and parallel system cells cycled between 100 % and 30 % SOC during full-cycle mode,
corresponding to 70 % DOD. In the serial system, throughout the full-cycle mode, the
maximum current was lower than 0.25C (45 A), on average 0.12C (22.1 A) atcharge and 0.21C

(38.5 A) at discharge. In the parallel system, cell currents were not measured separately.
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However, for comparison, maximum charge and discharge currents can be assumed to be
distributed equally to each cell. The maximum charge and discharge currents are calculated

as a result of this assumption as 0.16C (28.6 A) and 0.28C (51.1 A), respectively.

On the other hand, the single cycling cell is subjected to full cycles (100 % DOD) at a much
higher current of 0.83C (150 A). Therefore, the cycling conditions in the system are
significantly softer than those for the single cell. Therefore, the proposed negative effect of
higher C-rate and deeper cycles on aging is opposite to the observation shown in Figure 29

and cannot explain the relatively higher aging of serial and parallel system cells.

4.2.5.3 Influence of power electronics

Power electronics, particularly DC-AC inverters, are essential for integrating a stationary
storage system into the AC grid. During inverter operation, the batteries are subjected to fast
(typically, 50 Hz) voltage fluctuations referred to as ripples. These ripples result from
incomplete suppression of high-frequency AC harmonics during AC-DC rectification or
electrical noise generated by internal electronic switching operations of the power
electronics [130]. Research on various lithium-ion battery types and waveforms
demonstrated insufficient evidence to prove that ripples affect lithium-ion battery aging
[131-134]. It was suggested that the electrochemical double-layer capacitance acts as a filter
against AC harmonics, thus limiting their effect on cell aging [132,134]. On the other hand, it
was recently shown that low-frequency harmonics below the corner frequency of the double-
layer capacitance cause accelerated aging in NMC lithium-ion batteries [135]. In summary,
there is not enough proof to state whether there is a significant contribution of inverters to

the aging of lithium-ion batteries.

4.2.5.4 Influence of cell balancing

In the serial system, the cells have individual balancing circuits. These circuits induce
additional currents or microcycles in the cells. The influence of these currents on aging has
not been investigated so far, to the best of our knowledge. The parallel system does not have
an active balancing system. Still, passive balancing currents are expected between the cells
during rest phases to balance possible differences in cell voltages. These passive balancing
currents between cells cause additional microcycles. The magnitude of the active or passive
balancing currents is expected to be much smaller than the absolute charge and discharge
currents. It is, therefore, unlikely that they are the origin of the accelerated aging of the serial
and parallel systems. Moreover, in the case of parallel configuration, the magnitude of passive

balancing currents is expected to be higher in outlier cells, that is, cells with the highest and
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lowest capacities. However, the comparison of capacity loss of cells depending on their initial

capacities (Figure 28(a)) does not show accelerated aging of outlier cells.

4.2.5.5 Influence of temperature

As discussed in Section 2.3.3.1, higher temperature causes higher capacity loss. As already
shown and discussed above (Figure 24), the temperatures in the systems show a significant
seasonal variation. Additionally, the system cells are closely packed (cf. Figure 8), which
hinders heat transfer out of the cells. Consequently, measured cell surface temperatures were
very high (up to 40 °C in summer) with substantial seasonal variation. The single cell was
operated at 20 °C ambient temperature under strong heat convection in the climate chamber.
The surface temperature of the single cell measured by a thermocouple was constantly at 25

°C.

Grolleau et al. give a thermal activation energy of 52.1 k] /mol for the SOC-independent term
of their aging model [78]. Kupper et al. use a thermal activation energy of 55.5 k] /mol for the
aging reaction implemented in their model [27]. Using a value of 53 k]/mol, the Arrhenius
equation yields a factor of two when increasing temperature from 25 °C (assumed single-cell
temperature) to 35 °C (assumed average system-cell temperature), which agrees very well
with the two times more capacity loss of serial and parallel system cells compared to single-
cell (cf. Figure 29). From this discussion, we tentatively conclude that the observed faster
capacity loss of the cells operated in the system, compared to the single-cell cycling

experiment, is due to a difference in cell temperatures.

The temperature of individual cells in a battery system depends on the position within the
stack. According to the discussion above, this should also affect aging behavior. The capacity
losses of the cells as a function of the spatial position are shown in Figure 30. Indeed, in both
battery architectures, the cells with the lowest capacity loss are at the sides of the stacks
where convective heat losses to the ambient are possible. Otherwise, there is no explicit
dependence of aging on cell position for the serial system. For the parallel system, however,
the strongest aging occurs towards the center of the two stacks, which might be associated
with the position of the main cables close to the center of the current collector rails (cf. Figure
8). Towards the main cable connections, the current on the rails gets higher, which may be
associated with the highest ohmic heating (proportional to current squared) of the rails,
higher temperatures of the cells in the center, and, therefore, stronger aging. The results thus
show that the spatial position of cells within the stack does have a clear, albeit weak, influence
on aging and underlines the need for a homogeneous thermal design of the battery system.

The actual temperature distribution of the stacks was not measured throughout experiments,
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so the analysis of the correlation between cell temperature and aging is limited to the
assumption that the cells on the sides exhibit lower temperatures than the ones in the
interior. However, the higher capacity losses of interior cells still give hindsight about the

importance of the thermal management of stacks for the overall battery lifetime.
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Figure 30: Capacity loss of the individual cells (given as numerical values in percent and also
as color code) of the (a) serial and (b) parallel battery architectures according to the spatial
position (cf. Figure 8). The cell number is given in smaller font below the cells. The purple
symbols indicate the position of the thermocouples for recording the temperature data shown

in Figure 24.

4.2.5.6 Influence of cell configuration

Assessing the difference in aging behavior between serial and parallel cell configurations is
one of the goals of the aging investigation on the system level. Therefore, the two battery
systems were operated strictly synchronously under the same ambient temperature
conditions. As a consequence of the different system designs, this still resulted in different
current loads and temperatures for the individual battery cells. Still, the difference between
the average capacity loss of serial and parallel systems at the end of the microgrid operation
was only 2.8 %, which is within the capacity loss variation of the cells of both systems. Despite
minor differences, we conclude that there is no dominant configuration-specific influence on
cell aging. The slightly higher capacity loss of the cells in the parallel system is probably due
to a higher temperature of the cells, which possibly results from the ohmic heating of the
current collection rails and the connection cables, as already discussed above. Furthermore,

the large initial cell-to-cell capacity variation up to 30.3 Ah can lead to passive balancing
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currents between the cells during rest phases, which may cause additional microcycles and

heat losses.

4.2.6 Summary

The realistic aging characteristics of two commercial BESS equipped with Sinopoly cells with
different (serial and parallel) battery stack architectures are investigated during microgrid
operation for 1000 days. The results reveal that on the system level, both BESS lost significant
(serial: 18.6 %, parallel: 21.4 %) capacity after 810 (serial) and 881 (parallel) EFC, which is
much below the 5000 EFC lifetime target of manufacturers. Furthermore, a single cell under
cycling at a higher C-rate at 20 °C ambient temperature demonstrated superior capacity
retention by losing 10 % capacity after 1000 EFC. Therefore, we attribute higher
temperatures (measured up to 40 °C on BESS cell surfaces) to a factor of two higher capacity
loss in BESS cells. Additionally, there is no clear superiority in aging performance between
serial and parallel stack architectures. Therefore, parallel system architecture can be
economically advantageous because of the possibility of using cells with different capacities

and SOHs.

4.3 CALENDARIC AND CYCLIC AGING CHARACTERISTICS OF SINGLE CELLS

In Section 4.2, the results of the aging investigation of two commercial battery stacks (built
with Sinopoly cells) under realistic operation conditions are presented. No superiority
between system architectures is detected, and more interestingly, both systems
underperformed compared to single cell continuously cycled at a higher C-rate at controlled
ambient temperature. We conclude that the superior performance of the single cell is due to
lower cell temperature. However, the individual contribution of calendaric aging and cyclic
aging periods of system cells to overall aging cannot be quantified. Therefore, temperature-
controlled single-cell calendaric and cyclic aging experiments were performed according to
the test protocol in Section 3.6 by using Calb cells to distinguish the contributions of
temperature and operation mode (cycling or rest) on aging. This experiment allowed us to
compare head-to-head the aging of the cells under the same aging type (calendaric or cyclic)
at different temperatures and the cells at the same temperatures with different aging types.
Additionally, to investigate the effect of storage SOC on calendaric aging, two calendaric aging
test groups were present at each temperature at 100% SOC and 75% SOC, corresponding to

fully charged cell and cell resting at voltage plateau, respectively.

The results presented in this chapter will be published in an article in preparation: M. C. Yagci,

0. Richter, R. Behmann, and W. G. Bessler “Degradation modes of large-format stationary-
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storage LFP-based lithium-ion cells during cyclic and calendaric aging”. The experimental
methods were created by myself with Wolfgang G. Bessler’s supervision. The execution of
aging tests and experimental data analysis was performed by myself with the support of René
Behmann. Oliver Richter performed degradation mode analysis for his seminar work at
Offenburg University of Applied Sciences under Wolfgang G. Bessler’s supervision. The text
was written by myself except for the degradation mode analysis section, which is written with

the support of Oliver Richter. The manuscript was edited by Wolfgang G. Bessler.

4.3.1 Initial characterization

Charge and discharge curves, temperature dependencies, efficiencies, and internal
geometries of the Calb cells used in single-cell aging experiments are presented in Section 4.1.
In order to minimize cell-to-cell variations, the most homogenous 12 cells were selected to
represent all test scenarios (cf. Table 16) among 28 Calb cells from the same batch. Cell
capacity and IR were used to compare the homogeneity of fresh Calb cells. After selection, 12
Calb cells were numbered from #1 to #12. The capacity and IR (calculated by the IRpuse
method from Eq. (13)) of the selected cells measured during initial electrical characterization

are shown in Figure 31.
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Figure 31: Average discharge capacity and average internal resistance (2%-98% SOC) IR p1se
(Eg- (13)) of 12 Calb cells investigated for calendaric and cyclic aging measured during initial
characterization. Cell numbers are indicated next to the data points. Blue cells are used for
aging tests at 35 °C ambient temperature, and red cells are used for aging tests at 50 °C

ambient temperature.

The average charge/discharge capacities of the cells vary between 199.9 Ah and 201.1 Ah.

The capacity range is 1.2 Ah, corresponding to 0.6 % of the maximum cell capacity. Average
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IR varies between 0.58 m() and 0.73 m{. The IR range is 0.15 m{), corresponding to 20 % of
the maximum IR. While capacity variation is small, IR variation is significant. Large deviations
in IR of cells may be explained by the very low, sub-milliohm IR of these large-format cells
that are well-below the measurement accuracy of the battery cycler (Biologic VMP3, France)
given as 0.4% of the recorded value at the datasheet, which corresponds to an accuracy of *
0.1 A for pulsed internal resistance measurements. Therefore, based on the similarity of the
cell capacities, we believe that the cells are sufficiently similar to quantitatively compare their

aging behavior in the remainder of the study.

4.3.2 Cyclic aging

The cyclic aging tests were performed until each cell completed approximately 1500 full
cycles. Specifically, 1509, 1500, 1495, and 1505 full cycles are completed for cells #1, #2, #7,
and #8, respectively. Exemplary full charge/discharge cycles of Cell #1 (cycling at 35 °C) and
Cell #7 (cycling at 50 °C) are shown in Figure 32.
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Figure 32: Voltage, current, and temperature profiles during two exemplary consecutive full
cycles as a function of cycle time. (a) Cycle 10 and 11, Cell #1, cycled at 35 °C. (b) Cycle 10 and
11, Cell #7, cycled at 50 °C. (c) Cycle 1100 and 1101, Cell #1, cycled at 35 °C. (d) Cycle 1100
and 1101, Cell #7, cycled at 50 °C.

90

Voltage / V

\Voltage / V



The upper panels of the figure show relatively fresh cells undergoing 10th and 11th cycles.
Full charge/discharge cycles take 8 hours (¥4 mins), which is in good agreement with the
actual C-rate corresponding to C/4. The lower panels show the same cells in their aged state
undergoing 1100th and 1101st cycles. In aged cells, full cycle duration is significantly
shortened to 7.35h (Cell #1 at 35 °C) and 6.7h (Cell #7 at 50 °C) due to capacity loss with
aging. Cell surface temperatures are, on average, 2 °C higher than ambient temperature. The
CV phases exist for charge and discharge but are not visible in figures due to their very short

duration (maximum 2 minutes) compared to the total length of full charge/discharge.

Charge and discharge curves of every 100th cycle, plotted as voltage vs. charge throughput,
are shown in Figure 33 for Cell #1 (cycling at 35 °C) and Cell #7 (cycling at 50 °C). The cell
capacity decreases with increasing number of cycles. As expected, the capacity loss is faster
at 50 °C than 35 °C. Interestingly, at 35 °C, there is no significant change in overpotentials (the
voltage gap between charge and discharge branches) with increasing cycle number. The
stable charge-discharge plateaus are attributed to non-increasing cell resistance in the
literature [76]. On the other hand, at 50 °C, overpotentials increase continuously, more
significantly at lower SOC (0-25 %) and higher SOC (75-100 %). Both datasets show a clear
shift of the characteristic voltage step at around 60 Ah charge throughput, associated with the
graphite electrode, which will be exploited in the degradation mode analysis (cf. Section
4.3.4.2).
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Figure 33: Selected galvanostatic 0.28C aging cycles of (a) Cell #1 cycled at 35 °C and (b) Cell
#7 cycled at 50 °C. The lower branches on the curves represent discharge, where time
progresses from left to right; the upper branches of the curves represent charge, where time

progresses from right to left.
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The quantitative analysis of cell characteristics throughout cyclic aging is shown in Figure 34.
Cells #1 and #2 are cycled at 35 °C, and cells #7 and #8 are cycled at 50 °C ambient
temperature. Discharge capacity is displayed in panel (a). All cells continuously lose capacity.
The curves show small discontinuities every ca. 100 cycles, associated with scheduled stops
and restarts of the cycling protocol defined in experimental methodology (cf. Section 3.6.1).
The 50 °C cells show more significant discontinuities at 100, 500, 1000, and 1400 cycles.
These points correspond to lengthy interruptions of cyclic aging tests lasting more than a
week: the first three are regular checkups, and the last one is a technical problem resulting in
a power outage. After each break, the cycling continues with visibly different capacity for a
few cycles until the curve approaches the pre-break values. This behavior has been
interpreted before due to the anode overhang [121]. Although the 35 °C cells were subjected
to checkups simultaneously with 50 °C cells, the impact on the discharge capacity is much less

pronounced than in the case of the 50 °C cells.

Panel (b) shows IR yje fun calculated from Eq. (15) as a function of cycle number. All cells
show a small drop of IR during the first ca. 20 cycles, then a temporary increase for ca. 20
cycles, along with similar incremental increases in coulombic and energy efficiency. These
results are in parallel with the initial overvoltage decrease of LFP cells observed in the
literature [105]. The impedance decrease in the first cycles of LFP cells can also attributed to
the electrochemical milling of the PE. Electrochemical milling is the process in which LFP
particles crack and crumble because of mechanical stress due to volumetric change during Li
(de)intercalation. These cracks increase the active surface area and the tortuosity of the
electrode, which facilitates electronic conductivity and mass transport [88]. The 35 °C cells
then show a very slow increase of 4.7 % on average between the 100th and 1000th cycles,
followed by a slightly accelerated IR increase. The 50 °C cells start with a significantly lower
IR, associated with faster electrochemistry and transport at higher temperatures. The IR
slightly increases up to ca. 800 cycles. Then, the cells show a “knee” type behavior [136], with
rapidly increasing IR associated with short-term fluctuations. After the 1000th cycle break
(third checkup), the cells continue with a higher IR, while after the 1400th cycle, IR decreases
significantly for cells cycled at 50 °C. These results underline the influence of the checkups
and other lengthy interruptions on cell behavior and, therefore, the nonlinear dependence of

aging on cell history.

Panels (c¢) and (d) show SOH, defined in Eq. (10). Panel (c) shows a linear plot, while panel (d)
uses the same data plotted as a function of the square root of the number of cycles. The cells
cycled at 35 °C show significantly better capacity retention (86-88 % SOH) at the end of the

test compared to the ones cycled at 50 °C (77-79 % SOH). The high-temperature cells reached
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80 % SOH (end of commercial life) at around 1350 cycles. The dashed line in panel (d)
corresponds to linear interpolation using the first 300 cycles for each cell. Cell #1 (cycled at
35°C) demonstrates close to linear behavior of SOH versus square root of cycle number
during the first 500 cycles, while Cell #2 (cycled at 35 °C) temporarily deviates from the linear
fit between cycles 50-290. After 415 cycles, Cell #2 permanently deviates from linear fit. Both
cells cycled at 50 °C show an initial deviation from linear fit (between cycles 27-255 for Cell
#7 and 27-132 for Cell #8). After ca. 350 cycles both cells cycled at 50 °C deviates from the
linear fit permanently. In the literature, the square root of time dependency of capacity loss
is calculated and experimentally validated by semi-empirical life models [137]. The physical
origin of the v/t dependency is attributed to the SEI formation in which diffusion-limited
growth is involved [96].

Finally, panels (e) and (f) show coulombic efficiency (CE) and energy efficiency (energy)- CE
and Nepergy are calculated from the charge/discharge dataset of cyclic aging tests. In other
words, for each cell CE and 7epergy are calculated at cyclic aging test temperature (cf. Table
16) indicated next to cell numbers in Figure 34 and with the same protocol as cyclic aging
tests (cf. Table 17). Coulombic efficiency remains close to unity for all cells over the complete
experiment; we believe that the slightly lower efficiency of Cell #7 is due to miscalibration of
the associated cycler channel. Still, the 50 °C cell data exhibit more significant noise than the
35 °C cell data, the origin of which is unclear. After ca. 900 cycles, the energy efficiency of 50
°C cells is reduced even below the efficiency of 35 °C cells. Moreover, the reduction of energy
efficiencies of 50 °C cells is inversely symmetrical with the increase of internal resistance after
900 cycles in panel (b). Even the step increase in energy efficiency after 1400 cycles
superimposes with the decrease in internal resistance in the same cycling period. Therefore,
an increase in internal resistance is presumably the leading cause of energy efficiency

decrease in 50 °C cells.
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Figure 34: Quantitative analysis of cyclic aging test data. (a) Actual discharge capacity Cy, (b)
internal resistance IR cycje it (calculated from Eq. (15)) , (c) state of health (SOH) vs. cycle
number, (d) SOH vs. square root of cycle number, (e) coulombic efficiency (CE), and (f)
energy efficiency (Menergy): Crs IRcycle ful, CE, and nepergy are calculated from cyclic aging tests
CCCV charge/discharge cycles at 0.28C (CV cut-off current: 0.05C) according to the cyclic

aging test protocol given in Table 17 at ambient temperatures given in legend next to cell

numbers.

4.3.3 Calendaric aging
The calendaric aging cells were kept under the test conditions given in Table 16 for 875 days.

The electrical properties of the cells, except cell voltage, are measured only during checkups
94



to isolate any cycling aging effects from calendaric aging cells. The quantitative analysis of
checkup results of calendaric aging cells is presented in Figure 35. Checkups were performed
atca.0, 100, 250, 550, and 850 days. According to discharge capacity test results in panel (a),
all cells lose capacity continuously during calendric aging. Exceptionally, between checkup #1
and checkup #2, taking place after 106 and 255 days of aging, capacity loss of 35 °C cells is
minimal (between 0.8 Ah - 1.08 Ah), which is more than 2 to 7 times smaller compared to
capacity losses between other checkups. SOH evolution in panel (c) shows that relative
capacity loss is higher in 50 °C cells (ca. 13.6 % on average) compared to 35 °C cells (ca. 7.7
% on average) independent of SOC level. Moreover, within the cells aged at the same
temperature, no capacity retention superiority is observed between SOC levels. The
observations on relative capacity change indicate that temperature is the dominant factor in
the SOH decrease of calendaric aging cells. Panel (d) shows SOH change as a function of the
square root of time plotted along with dashed lines corresponding to linear fit data generated
with the MATLAB Basic Fitting tool. 50 °C cells, except for slight discrepancies at checkup #2,
show a straight linear decay with the square root of time until the end of experiments. It is

not possible to observe any consistent linear decay pattern for 35 ° C cells.

Panel (b) demonstrates IR yle fun Calculated from charge/discharge curves during checkups
according to Eq. (15) as a function of test time. After the initial IR drop for all cells at checkup
#1, all cells underwent IR increase at checkup #2. The highest IR values were measured for
all cells except Cell #9 (calendaric aging conditions: 50 °C, 100 % SOH) at checkup #2. IR
decreases once more according to checkup #3 results until rising finally close to initial values
at the end of the tests. IR measurements at checkup #3 uniquely show that all cells aged at
constant 100 % SOH have lower IR than the ones aged at 75 % SOH, but this pattern cannot
be observed by any other quantitative analysis. The IR values of the large-format cells used
for the calendaric aging experiment are in m(Q level. In addition, the cell contacts had to be
changed for some cells during each setup, contrary to the cyclic aging cells due to the limited
number of test channels available. Therefore, the fluctuation of IR can probably be attributed

to the changes in contact resistances.

Panels (e) and (f) show the results of coulombic efficiency (CE) and energy efficiency (Denergy)
analysis results. Initial characterization results (checkup #0) show larger cell-to-cell CE and
Nenergy Variations (3.5 % for CE and 2.6 % for Nepergy) compared to checkups #1-4 (between
1.5 % and 1.7 % for CE and between 1.6 % and 2 % for nepergy)- The difference in variety is

probably because checkup #0 was performed with Biologic VMP3 and checkups #1-4 with
Basytec XCTS and Basytec GSM battery cyclers. In panel (e) following checkup #1 until the
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end of measurements, CE remains steady and close to unity for all cells. The offset observed

at each cell can be attributed to the miscalibration of test channels. The nepergy dataset in

panel (f) shows that 50 °C cells have higher epergy than 35 °C cells starting with checkup #1.

Similar to coulombic efficiency results, energy efficiencies of calendaric aging cells

demonstrate little variety (< 0.5 % for all cells) throughout the experiment.
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35: Quantitative analysis of the checkup results of calendaric aging cells. Aging

conditions (temperature, SOC) are given in legend next to cell numbers. Checkups are

performed at 20 °C ambient temperature. (a) Actual discharge capacity Cg, (b) internal

resistance IR ¢ycje fun (calculated from Eq. (15)), (c) state of health SOH vs. time, (d) SOH vs.

96



square root of time, (e) coulombic efficiency ( CE), (f) energy efficiency ( Menergy )-
Cr, IR¢ycle fully CE, and nepergy are calculated from checkup CCCV charge/discharge cycles at

0.28C (CV cut-off current: 0.05C) according to the test protocol given in Section 3.6.2.

4.3.4 Degradation modes analysis

Following the end of Calb cell calendaric and cyclic aging tests, the checkup dataset of
calendaric and cyclic aging cells and charge/discharge cycles dataset of cyclic cells were
investigated by degradation modes analysis described in Section 3.7. The analysis aims to
simulate the contribution of possible degradation modes to overall aging. The motivation for
degradation mode analysis is to identify dominant aging modes using only experimental data.
As a result, we can hypothesize about the possible aging mechanisms responsible for

calendaric and cyclic aging.

4.3.4.1 Electrode balances

The results of electrode balances analysis of one exemplary cyclic aging cell (Cell #7 aged at
50 °C) are presented in Figure 36. The figure shows experimental pOCV curves, synthetic OCV
curves, and DVA plots at four selected timeframes during cyclic aging tests corresponding to
the start of tests (1st cycle), the midpoint of tests (750th cycle), last (1495th) cycle, and the
last checkup (checkup #4). In panels (a) and (c), corresponding to the 1st and 750th cycle,
well-formed voltage plateaus and steps are visible in the pOCV curves, which translate to clear
peaks in the DV curves in panels (b) and (d). Synthetic OCV and DV curves match well with
the experimental ones, so the optimization algorithm outputs are accurate. The DV peaks
change their position towards lower charge throughput for the older cell; for example, the NE
DV peak at ca. 65 Ah 1st cycle in panel (b) shifts to ca. 45 Ah 750th cycle in panel (d), as

observed in Figure 33 by continuous narrowing of the respective voltage plateau.

The data for the 1495th cycle (panels (e) and (f)) show a qualitative difference. In panel (e),
the steps in the pOCV curve are hardly recognizable. Consequently, in panel (f), the
characteristic features of the DV curve become very broad. The NE DV peak, which is initially
positioned around 65 Ah, has nearly vanished, except for the tiny peak at ca. 25 Ah. As these
peaks serve as a basis for identifying the lithium stoichiometry regions, the optimization
algorithm is unable to obtain good results - the DV peak at ca. 25 Ah is shifted to ca. 5 Ah in
the synthetic curve, resulting in a poor agreement between experimental and synthetic pOCV.
The broadening of DV peaks with consecutive aging is attributed to spatially inhomogeneous

aging, leading to a superposition of multiple different half-cell curves [93].
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We have observed that high C-rates broaden the characteristic steps in the voltage curve
compared to low C-rates (cf. Section 4.1). Therefore, typically, C-rates below 0.1C are used for
DVA [98]. The cyclic aging dataset in panels (a-f) consists of CCCV charge/discharge cycles at
0.28C (0.05C CV cut-off) at 50 °C. The checkup data in panels (g) and (h) is measured with
CCCV 0.1C (0.05C CV cut-off) at 20 °C. Despite the lower C-rate, the DV peaks are broader in
panel (h). Still, the optimization algorithm is able to converge to a better agreement between

experimental and synthetic pOCV curves, as seen in panel (g).

The DV peaks are used to calculate lithium stoichiometries throughout the aging tests.
However, the broadening of peaks (as in panels (f) and (h)) beyond identifiable limits hinders
the calculation of Li stoichiometries. The electrode balance analysis of all cyclic aging cells
demonstrates that the peak identifiability of cells aging at 50 °C is lost after ca. 1000 cycles,
corresponding to ca. 83 % SOH (cf. Figure 34(c)). On the other hand, the broadening of peaks
beyond identifiability does not occur for 35°C cyclic aging cells, allowing the calculation of the
lithium stoichiometries until the end of the test. At the end of tests, the SOH of cells cycled at
35 °C are 86 % and 88 %, so their SOH is still above 83%, where peak broadening reached
beyond identifiable limits for 50 °C cyclic aging cells. Thus, we can conclude that the presented
methodology allows the calculation of lithium stoichiometries of cyclic aging cells under

investigation up to capacity loss of about 17 %.
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Figure 36: Electrode balances analysis results of exemplary cycling data and last checkup of
Cell #7. Left panels (a), (c), (e), (g): Experimental charge, discharge, charge/discharge average
(pseudo-0CV) curves, and synthetic OCV curve. Right panels (b), (d), (f), (h): DV curves of
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experimental pOCV curve, synthetic OCV curve, and individual electrodes. (a-b) 1st cycle, (c-
d) 750th cycle, (e-f) 1495th (last) cycle, (g-h) last checkup (#4) performed at the end of
cycling. All cycles were performed with the CCCV test protocol with 0.28C (0.05C CV cut-off
current) at 50 °C, and the checkup capacity test was performed with the CCCV test protocol
with 0.1C (0.05C CV cut-off) at 20 °C.

4.3.4.2 Quantification of cyclic aging cells degradation modes

The lithium stoichiometries of individual electrodes were calculated via electrode balances
analysis from the optimization of pOCV and DV curves for all cycles (cf. 4.3.4.1). The results
of stoichiometric analysis, quantification of LAM and LLI degradation modes for all cyclic
aging cells are presented in Figure 37. The cyclic aging temperatures of the cells are given
next to cell numbers in the legend of each plot. Figure 37(a-d) shows the minimum and
maximum lithium stoichiometries of PE and NE as a function of cycle number. Two types of
data sets are shown in the figure. The continuous data points (dots) represent the cycle-by-
cycle analysis of cyclic aging data of CCCV cycles performed with 0.28 C (0.05C CV cut-off
current) at 50 °C or 35 °C. The individual data points (circles) represent capacity test cycles
performed with 0.1C CCCV (0.05C CV cut-off current) cycles performed during checkups
(after 500, 1000 and 1500 cycles) at 20 °C.

According to lithium stoichiometry analysis, NE (b) is almost completely delithiated in a fully
discharged cell. Similarly, in a fully charged cell, hardly any lithium ions are left in PE (d). In
both cases (b) and (d), there is not much difference between the cyclic data and the checkups.
However, the determined lithium stoichiometry values from the checkups are generally

slightly higher than those from the cyclic aging data.

PE maximum lithium stoichiometry (Xpg*) traces (c) start at about 99 % lithiation for all
cells, indicating that PE dictates the usable cell capacity. The lithiations decrease with age and
are very similar to the capacity curves in Figure 34. This similarity can be explained by Eq.

(37). As discussed above, PE minimum lithium stoichiometry (X5i™) behaves quite constant

Xmax :

with values close to zero and has hardly any influence on the result. Therefore, is

approximately proportional to the cell capacity with respect to the initial theoretical PE

cell( )

capacity (—— ) However, it was assumed in Section 3.7.2.3 that the PE itself does not age

(no loss of active material), so its theoretical capacity remains constant. Under this

Xmax

assumption, the decrease of is resulting from the capacity loss due to the loss of cyclable

lithium (Qy 1) during the aging process.
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When the maximum lithium stoichiometries of NE (XNE*) (a) are considered, it is noticeable

that these show a lower relative lithiation than PE during the aging process, which also shows
that PE determines the usable cell capacity. Again, a decrease in lithiation with increasing
cycles is evident. All cells start at a maximum lithiation of just under 80 %, which can be
explained by the oversized NE. In the case of the two 50 °C cells, a loss of active material could
be suspected after the 800th cycle since the lithium stoichiometry does not drop further.
Besides, an increase until 1000 cycles can be observed. However, an opposite behavior is seen
after the 1000th cycle with a sharp drop. This behavior is unrealistic and can be attributed to
the incorrect identifiability of the lithium stoichiometry values using the electrode balancer.
No such strong decreases occurred from the checkup data of the 50 °C cells, which were
carried out at lower C-rates. Here, a relatively constant decrease of the upper lithium
stoichiometry between the individual checkups is recognizable. These smaller decreases
appear more realistic. Hence, the aging parameters can be better determined when the
battery tests are run at lower C-rates. For the 35 °C cells, no significant discrepancies between
the cyclic data and the checkups are apparent. It is clear from the curves shown that the

absolute lithium stoichiometry decreases with increasing age.

Figure 37(e) and (f) show the loss of active material of the negative electrode QpamNE
(Eq.(26)) and loss of lithium inventory Q1 (Eq. (32)), respectively, as a function of cycle
number. The results are shown additionally as a function of time in panels (g) and (h). In order
to scale the Qpam ng and Qp; plots (panels e-h) equally for better comparison, these data are
plotted within the same capacity (y-axis) limits. In panel (e), after 1000 cycles, most of the 50
°C cyclic aging cell values are missing. Due to the incorrect identification of X{g™* starting at
about 1000 cycles in the cyclic test data of the 50 °C cells, NE capacity changing with time
Cng(t) according to Eq. (22) can no longer be determined correctly. This is because AXyg/(t)
drops suddenly, causing Cyg(t) to increase rapidly, although it should decrease with time. As
a result, Q am Ng(t) becomes negative according to Eq. (26) while Cyg(t) > Cog- So, the

missing values are negative and do not represent realistic results but limitations of electrode

balances analysis.

On the other hand, there are no missing or unrealistic values for 50 °C cyclic aging cells in
panel (f), although miscalculated Cyg(t) is included in the calculation of Q1 according to Eq.
(32). The reason is that Cyg(t) is used in the equation in multiplication with XNE*(t).
According to Eq. (22) if the stoichiometry range decreases unrealistically (eg.,
accommodating little or no change in cell capacity), the anode capacity must increase

accordingly. As a result, their product still gives the cell capacity. In other words, the absolute
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amount of lithium that can be cycled remains unchanged. For this reason, @y curves can be

considered accurate despite the misidentified lithium stoichiometry values.

The NE active material loss (@ amng) is higher for both 50 °C cells than the 35 °C cells
throughout the experiment. Similarly, it is noticeable that the 50 °C cells show a significant
increase in active material loss after approximately 700 cycles, while the checkup data
(measured at 20 °C) do not show any significant changes. On the other hand, the increase in
active material is consistent with the shortening of the first discharge voltage plateau (Figure
33(b)) and the shifting of NE DV peak at 65 Ah to 40 Ah (Figure 36(b),(d)). The shortening of
the voltage plateau is linked to lower NE active material available for the reaction [88], which
is in parallel with our results. For the 35 °C cells, the increase of active material loss sets in at
about 1400-1500 cycles. Interestingly, at this point, they have reached about the same SOH
(about 87%) as the 50 °C cells at the onset of Q; sm ng increase. Due to the oversized anode,
the test cells remain unaffected by these charge quantity losses. However, loss of lithiated
active material can also result in cyclable lithium loss, which would cause noticeable damage
to the cell. Here, for all cyclic aging cells, electrochemical milling can be a prospective
mechanism to cause the loss of active material in the late stages of aging via the detachment
of particles from conductive carbon black [31].

As expected, Qp plots in (f) and (h) show that higher temperature results in faster LLI.
Contrary to Q. am NE Plots, no significant discrepancies exist between the results of the cyclic
aging cycles and the checkups. It is also noticeable that the curves are similar to the absolute
capacity curves (cf. Figure 34 (a)) mirrored on the x-axis. The absolute capacity loss of cyclic
aging cells corresponds to the charge losses attributed to LLI with a deviation of approx. 1 Ah.
Therefore, while developing our degradation modes analysis method, the assumptions
correspond to reality with a very good approximation. Consequently, we conclude that the

SEI formation and irreversible plating on NE is the decisive reason for cell aging.
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Figure 37: Lithium stoichiometry and degradation modes calculated from electrode balances

analysis of cyclic aging cells. Cyclic aging data is represented with dots (aging temperature is

given next to cell number in legends), and checkup data (at 20 °C) is represented with circles.

(a) Maximum NE stoichiometry, (b) minimum NE stoichiometry, (c) maximum PE
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stoichiometry, (d) minimum PE stoichiometry. (e) QLam nEg VS. cycle number, (f) Qp; vs. cycle
number, (g) QLamNE Vs. time, (h) Qp; vs. time. All cycles were performed with the CCCV test
protocol with 0.28C (0.05C CV cut-off current), and checkups were performed with the CCCV
test protocol with 0.1C (0.05C CV cut-off).

4.3.4.3 Quantification of calendaric aging cells degradation modes

Charge/discharge data is only available during period checkups for calendaric aging cells.
Therefore, identical to the protocol for cyclic aging cells, lithium stoichiometry calculations
and degradation mode analysis were performed using DVA and pOCV curves recorded during
period checkups. Figure 38 (a-d) shows the NE and PE lithium stoichiometries variation.
Maximum lithium stoichiometry values of both (a) NE (XNEX) and (c) PE (Xpg™) continuously
decreases for 50 °C cells and stays constant or decreases for 35 °C with aging. The decrease is
always higher for 50 °C cells, regardless of floating SOC. The reduction of the stoichiometric
range indicates capacity loss, which is directly proportional to aging. Thus, lower maximum
stoichiometries can be regarded as proof of faster aging at 50 °C. Besides, the results indicate

that SOC has little effect on the stoichiometric parameters compared to temperature.

Minimum NE stoichiometry (XJi") (b) remains constant after an initial increase for all cells,

while the minimum PE stoichiometry values X5u" (d) increase slightly with aging. Despite the

increase, the Xfi"and X54"do not exceed 0.0013 and 0.006, respectively. Consequently,
similar to the cyclic aging cells, PE is almost completely delithiated at the end of charging, and

NE is almost completely delithiated at the end of discharging processes.

In panel (e), NE active material loss (Q am ng) Values fluctuate irregularly around 10 Ah after
the initial increase detected in checkup#1. The standard industrial manufacturing practice of
LFP cells and our measurements (cf. Section 4.1.2) confirm that the NE area is larger than PE
(on average, 5.3 % larger according to our measurements). Due to the oversized NE (“anode
overhang”), NE capacity does not become smaller than the PE capacity during aging.
Therefore, PE capacity is the determining factor of cell capacity. For this reason, the usable
capacity of all test cells is unaffected by NE active material losses, similar to cyclic aging cells.
Q11 plotin panel (f) demonstrates a continuous increase for 50 °C cells with aging, regardless
of storage SOC. For 35 °C, after the initial increase to ca. 10 Ah is observed in checkup #1, the
values stay stagnant except for a small incrementation to ca. 12 Ah at the end of
measurements. Therefore, the ambient temperature has a more significant effect on LLI than

storage SOC for the calendaric aging cells. Comparing Q am ng (€) and @y (f) shows that the
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LLI via SEI formation and irreversible Li plating is the more pronounced aging mechanism for

calendaric aging cells, especially after ca. 575 days. This effect is more pronounced for 50 °C

cells.
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Figure 38: Li stoichiometry and degradation modes calculated from electrode balance

analysis of calendaric aging cells checkup measurements (performed at 20 °C). (a) Maximum

NE stoichiometry, (b) minimum NE stoichiometry, (c) maximum PE stoichiometry, (d)

minimum PE stoichiometry, (€) Q am ng Vs. time, (f) Qpp; vs. time. All checkups are performed

using the CCCV test protocol with 0.1C (0.05C CV cut-off).
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4.3.5 Discussion

The objectives of the calendaric and cyclic aging tests on the cell level are investigating the

influence of operating conditions on aging, comparing individual effects of calendaric and

cyclic aging on overall cell lifetime, and quantifying the degradation modes by using

experimental data. In Figure 39, we compare the SOH, IR, LAMng, and LLI of all 12 cells.
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Except for panel (e), only checkup results are presented to be able to compare the results
under the same conditions. SOH comparison of aging cells in panel (a) shows that regardless
of aging type (cyclic or calendaric) and storage SOC, all cells aged at 35 °C outperform all cells
aged at 50 °C in capacity retention at all checkups. Only among the cells aged at identical
temperatures does cyclic aging increase capacity loss significantly. Additionally, within
calendaric aging cells at both temperatures, no distinctive aging pattern is observed
depending on the SOC level of the cells. These results agree with similar calendaric aging tests
in literature [80], which state that ambient temperature rather than storage SOC is the

dominant factor causing SOH decrease.

The IR of all cells dropped in the first checkup (checkup #1) after aging tests started, which
can be attributed to the conditioning behavior observed for LFP cells. In addition, after
checkup #2, the IR of cyclic-aging cells at 50 °C increased 2.5 times more than all other cells.
However, no such correlation between capacity loss and internal resistance was present for
outlier 50 °C cyclic cells for other checkups, and the rest of the cells exhibited high and
irregular fluctuations of IR throughout the experiment. Therefore, as mentioned earlier, IR
cannot be used as an aging indicator due to inadequate measurement sensitivity of battery
cyclers in m(l level and changes in contact resistances due to mandatory changes of test

channels throughout the experiment.

The degradation mode analysis demonstrates that Qv ng IS stagnant for both calendaric
and cyclic aging cells after its initial rise, measured during the first checkup (c). Therefore,
QLam NE does not explain the capacity loss of all cells after the first checkup. Moreover, no
significant Q1 om Ng Pattern in terms of temperature or aging type (cyclic or calendaric) is
observed among the cells. On the other hand, Q;;; analyses in panel (d) have a good
correlation with SOH results. 50 °C cyclic cells have continuously increasing and superior Qy
at the end of tests (44.1 Ah on average). The calendaric aging 50 °C cells and cyclic aging 35
°C cells, which have final SOH between 85.1 % - 89.3 %, also have continuously increasing
and similar amounts of @ at the end of experiments - on average, 25.8 Ah and 26 Ah,
respectively. The calendaric aging 35 °C cells with final SOH between 91.4 % - 93.6 % have
rather stagnant Qy;; throughout the experiments with a final Qp;; of 12.2 Ah on average. As a
result, we could quantify approximately three aging groups both from SOH measurements
and Q1 analysis as: 1.) 50 °C cyclic aging cells, 2.) 50 °C calendaric aging cells and 35 °C cyclic
aging cells, and 3.) 35 °C calendaric aging cells. In summary, according to our results, LLI is
the dominant degradation mode compared to LAMyg. It is also shown that temperature is the
dominant factor in LLI. Furthermore, it was evident that the LLI is more pronounced under

cyclic aging at the same temperature.
107



Panels (e) and (f) show Qy; as a function of the square root of the number of cycles for cyclic
aging cells and the square root of time for calendaric aging cells, respectively. The dashed
straight lines in both panels are linear fits to checkup data generated using the MATLAB Basic
Fitting tool. These lines are added to monitor the v/t dependency of Q; ;. Initially, there is a
V't dependence of Qy; for 50 °C cyclic aging cells, which is lost with further aging after ca.
Q11 > 15 Ahfor Cell #7 and ca. Q1 > 17 Ah for Cell #8. One of the 35 °C cyclic cells, Cell #1,
shows almost constant linear v/t dependence until ca. Qr;; > 21 Ah except for the slight
deviation in the beginning until Qr;; > 4 Ah. The other 35 °C cell, Cell #2, shows a significant
deviation from linear fit until ca. Qp;; > 18 Ah, but between ca. 18 Ah - 25 Ah follows strictly
V't dependence, and deviates from the fitted line after Q;;; > 25 Ah. In general, 35 °C cells
have v/t dependence longer than 50 °C cells. Under the assumption that LLI is the primary
capacity loss mechanism, the deviation from +/t trendline is observed at 90 % SOH for Cell
#1, 88 % SOH for Cell #2, 92 % SOH for Cell #7, and 91 % SOH for Cell #8. The aging rate
increases and the aging mechanism becomes more complex(multi-mechanism) below ca. 90
% SOH. As a result, we presume that the LLI is not governed by only v/t dependent processes
(e.g., diffusion-limited growth of SEI layer), especially in the late stages of aging.

In calendaric aging cells, there is a continuous albeit fluctuating v/t dependency of Q. for 50
°C calendaric aging cells throughout the experiment, independent from storage SOC. On the
other hand, after ca. 255 days of testing, 35 °C calendaric aging cells strongly deviate from v/t
dependency and Qy; is close to 50 °C calendaric aging cells. Until the next checkup in 300
days, the Q11 of 35 °C calendaric aging cells remains effectively constant. After that, the Qy;
of 35 °C cells are increasing close to vt dependency until the end of experiments. Identical to

50 ° cells, no difference in the Q;j pattern is observed between different storage SOC.

For both cyclic and calendaric aging cells, the Q;;;was higher at 50 °C at the end of the
experiments. We presume that 50 °C aging cells continue to lose lithium inventory because of
the instability of the passivation layer at elevated temperatures, which can facilitate further
SEI layer growth and high temperature-induced electrolyte and electrode degradation

[19,84].

4.3.6 Summary

Twelve Calb cells are tested under controlled ambient temperature to investigate the
individual effects of temperature and aging type (calendaric and cyclic) on overall cell aging.
The comparison of SOH changes throughout periodic reference performance tests (cf. Figure
39(a)) demonstrates that during all stages of the experiment, all cells tested at 50 °C have

lower SOH (higher capacity loss) than all cells tested at 35 °C, independent from aging type.
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This result shows that the ambient temperature is the dominant operation condition affecting
aging on the cell level, as in the case of Sinopoly cells in BESS stacks in Section 4.2. Within the
cells tested at the same ambient temperature, cyclic aging cells lose more capacity than
calendaric aging cells. The difference in storage SOC causes no distinctive aging pattern

between calendaric aging cells tested at the same ambient temperature.

According to our model, the degradation mode analysis of cyclic and calendaric aging tests
shows that LLI is the dominant degradation mode. For all cells, Q. am ng Stays almost constant
after an initial increase. Q1 constantly increases for all cyclic aging and 50 °C calendaric
aging cells. For cyclic aging cells, there is v/t dependency of Qp; until ca. 10 % capacity loss
and fluctuating in later stages of aging. For calendaric aging cells, 50 °C cells follow /t
dependency with fluctuations, and 35 °C cells deviate strongly from v/t dependency according
to the first checkup results but follow v/t dependency in the following checkups. The
degradation analysis results show that, especially at later stages of aging (SOH < 90 %), LLI

cannot be explained by a single v/t dependent mechanism.
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5 SUMMARY AND OUTLOOK

5.1 SUMMARY

This Ph.D. thesis proposes and demonstrates a methodology for investigating the aging
behavior of large-format commercial LFP lithium-ion battery cells. Throughout the
measurements, two commercial prismatic large-format LFP/graphite cells with the same
nominal capacity (180 Ah) and nominal power (576 Wh) were used. The cells were named
after their manufacturers: Sinopoly cells and Calb cells. The methodology consists of three
axes: detailed initial characterization of both cells, residential BESS aging with Sinopoly cells,
and single-cell calendaric and cyclic aging with Calb cells. In the beginning, the electrical and
geometrical cell properties of both cell types were identified. Then, the aging characteristics
of Sinopoly cells were monitored at the battery stack level under microgrid operation and the
cell level under continuous cyclic at controlled temperature. Finally, individual contributions
of calendaric and cyclic aging on overall cell aging are tested with Calb cells in a controlled

laboratory environment.

5.1.1 Detailed initial characterization

The main results of electrical, thermal, structural, and chemical characterization of Sinopoly

and Calb cells can be summarized as follows:

e The 28 individual cells of each type show a significant capacity scatter, particularly
pronounced in the Sinopoly cell. This scatter is problematic if the cells are used in serial
battery pack configurations, where balancing units will be required.

o The electrical performance of the two cell types is similar. The charge/discharge
characteristics show a weak capacity-rate effect (for investigated C-rates up to 1C) and a
strong dependence on temperature (for investigated temperatures between 5 and 35 °C).
This behavior is typical for lithium-ion cells.

o Both cells have a high electrical energy efficiency above 90 % of the discharge/charge
cycle. The efficiency increases with increasing temperature and decreasing C-rate, with
measured values up to 98 % for 35 °C / 0.1C cycles. This excellent efficiency makes the
cells well-suited for renewable energy storage applications.

e The internal cell designs, analyzed after cell opening under Argon atmosphere, consist of
two electrode stacks with 144 positive and 146 negative electrode sheets. It is remarkable
that the electrode sheets are stacked, as would be typical for pouch cells, and not wound
in a jelly roll, as is considered typical for prismatic cells [138].

e The nominal specific energy of the cells is 101 Wh/kg, which is low compared to other
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high-energy lithium-ion cells. For both cells, the massive PP casing (e.g., 6.2 mm for the
Calb cell) has a significant contribution (approximately one-quarter) to the total weight.
As the target application of the cells is stationary energy storage, the low specific energy
is not problematic.

The electrode morphologies, as investigated with LM and SEM, show small, sub-
micrometer particles for LFP and large, 10-micrometer scale irregularly-shaped particles
for graphite. Electrode balance analysis reveals LFP volume fractions of 38.1 % and 44.8
%, and graphite volume fractions of 59.7 % and 55.4 % for the Sinopoly and Calb cells,
respectively. The LFP volume fractions are relatively low.

Chemical analysis with EDX confirms the LFP/graphite cell chemistry. The positive
electrodes contain significant amounts of carbon as conductive additives. The presence of
carbon additives in the positive electrode is consistent with the observed low LFP volume
fractions, contributing to the overall low specific energy.

The electrode balances were determined with a mathematical optimization algorithm.
The negative electrodes were cycled to lithium stoichiometries up to 64 % and 75 % for
the Sinopoly and Calb cells, respectively. The difference is a consequence of different
electrode loading but is also related to the significantly different cut-off voltages specified
by the manufacturers. Therefore, a significant part (1/3 to 1/4) of the graphite capacity
was unused. Furthermore, the two cell types show an anode overhang [121] of 4.9 % and
5.7 %, respectively. Reduced cycling stoichiometry and anode overhang are known
strategies to reduce plating propensity and, therefore, increase cell lifetime [28,138].
The combined empirical data and mathematical analysis resulted in a complete and self-
consistent parameter set of the two cell types. These parameters are requirements for
follow-up modeling and simulation studies of these cells, such as physicochemical and

equivalent circuit models.

5.1.2 Residential BESS aging

The aging characteristics of full-scale 8 kWh commercial residential BESS (constructed with

Sinopoly cells) were investigated at cell, battery, and microgrid levels. Specifically, two

different battery architectures were compared, one with serially-connected cells and one

with cells connected in parallel. The battery systems were operated over an extended period

(ca. 2.5 years, ca. 850 equivalent full cycles). Single-cell characteristics were quantified

initially and during periodic checkups. The key results of the investigations are:

All cells show significant and continuous capacity loss. The average capacity loss after 2.5
years of battery operation was 18.6 % and 21.4 % for serial and parallel configuration

cells, respectively. At the same time, the cells showed a decrease in internal resistance.
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e Asingle cell operated with continuous full cycles showed significantly less capacity loss
(factor of two) than the cells in the system. The difference is probably caused by the higher
temperature of the cells in the system compared to the cell in the climate chamber.
Therefore, improving the thermal management on the battery level (e.g., by integrating
active cooling strategies) can probably significantly improve cell lifetime.

e The difference in capacity loss between the serial and parallel battery architectures is
only small and likely due to the higher and presumably more inhomogeneously
distributed cell temperatures in the system with parallel architecture. Higher
temperatures may result from higher ohmic losses in the current collection rails due to
significantly higher currents than the serial architecture.

o Considering that the parallel system was built up by individual cells with considerable
initial capacity variation, this architecture can offer a promising economic advantage of
using cells from different production batches or stages of health together in the same

battery stack.

5.1.3 Single-cell calendaric and cyclic aging

The comparison of the effect of aging type (cyclic or calendaric), temperature (35 °C or 50 °C),
and storage SOC (75 % or 100 %) on overall cell aging was performed by testing twelve Calb
cells under controlled ambient temperature for 1500 cycles (cyclic aging cells) or 850 days
(calendaric aging cells). The main observations at the end of the experiments are the

following:

e C(Capacity fade is the primary aging indicator for both calendaric and cyclic aging.
Regardless of aging conditions, all twelve cells lost significant capacity over time.

e Cyclic aging cells tested at 35 °C lost, on average, 13 % of their initial capacity, whereas
the cyclic aging cells tested at 50 °C lost, on average, 22 % of their initial capacity at the
end of the experiment. 50 °C cyclic aging cells reached the “end of life” (20 % capacity
loss) at ca. 1350 cycles. According to the results, 35 °C cyclic aging cells demonstrate
superior capacity retention.

e All calendaric aging cells tested at 50 °C lost higher capacity (ca. 14% on average) than
calendaric aging cells tested at 35 °C (ca. 8 % on average), independent of storage SOC
level.

e The SOH comparison of calendaric and cyclic aging cells reveals that even calendaric aging
cells at 50 °C have lower SOH than cyclic aging cells at 35 °C at the end of experiments.
Thus, we conclude that ambient temperature is the determining operating condition on

aging, independent of aging type (calendaric or cyclic).
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At the same temperature, cyclic aging cells lose more capacity than calendaric aging cells.
No distinctive effect of storage SOC on calendaric aging is observed at both temperatures.
The increase of internal resistance as a distinctive aging indicator is only observed after
the end of life (SOH < 80%) is achieved by 50 °C cyclic aging cells.

The investigation of SOH reduction demonstrates that 50 °C calendaric aging cells show
straight linear decay with the square root of time during all checkups. It is not possible to
observe any consistent linear decay pattern for 35 ° C calendaric aging cells. For all cyclic
aging cells, linear decay is present until ca. 400th cycle, followed by a considerable
deviation.

The energy efficiencies of 35 °C cyclic aging cells are constantly above 97 %. In the first
1000 cycles, the energy efficiencies of 50 °C cyclic aging cells are above 98 %, but after
the efficiencies drop to 96 % as internal resistances of the cells increase significantly.
Energy efficiencies of all calendaric aging cells are nearly constant during checkups, with
minor fluctuations between 96-98 %. Coulombic efficiency is close to unity for cyclic and
calendaric aging cells throughout tests.

For all twelve cells, QoM Ng 1S almost constant throughout the aging tests, and no visible
pattern representing the effects of temperature or cycling type can be identified. On the
other hand, Q1 plots are in good correlation with SOH results. Therefore, we presume
that loss of lithium inventory rather than loss of active material at NE is the primary
degradation mode of the investigated cells.

The linear vt dependency of Q;; is observed until ca. 10 % capacity loss for all cyclic
aging cells. For calendaric aging cells: 50 °C cells follow linear v/t dependency with
fluctuations, and 35 °C cells deviate strongly from v/t dependency according to the first
checkup results but follow vt dependency in the following checkups. The degradation
analysis results show that, especially at later stages of aging (SOH < 90 %), LLI cannot be
explained by a single v/t dependent mechanism but a more complex (multi-mechanism)

aging process.

5.2 CONCLUSION

The multi-level methodology for determining the aging characteristics of commercial large-

format LFP lithium-ion cells is successfully demonstrated using Sinopoly and Calb cells. The

initial characterization of both cells shows that the two cell types show strong similarities

concerning electrical performance, internal design, cell chemistry, and differences in

electrode morphology and balances. Thus, before generalizing any aging analysis methods,
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the unique differences resulting from different designs and manufacturing of commercial

cells must be considered.

Following the initial characterization, Sinopoly cells underwent commercial BESS aging tests.
To the best of our knowledge, this is the first time that the aging of commercial large-format
(180 Ah) stationary storage cells has been investigated with full-scale residential BESS under
realistic operation for around 2.5 years, along with periodic reference performance tests of
each cell. Moreover, two different battery stack architectures (parallel and serial) with
opposite voltage and current characteristics were compared under the same load conditions.
The results show that no system architecture is superior, so using parallel architecture can
increase cost efficiency by allowing the use of cells with different aging histories together due

to passive balancing currents.

The comparison of the capacity losses of serial and parallel system cells to a continuously
cycling single Sinopoly cell at a constant 20 °C ambient temperature demonstrates that the
single cell has higher capacity retention despite a higher charge/discharge current rate.
According to this comparison, cell temperature is presumed to be the dominant aging

parameter regardless of all other aging conditions.

Finally, the influence of individual operating conditions (temperature and SOC) and aging
types (calendaric or cyclic) on overall cell aging was tested with single Calb cells. Independent
of the other test conditions, all cells (calendaric or cyclic) tested at 50 °C lost more capacity
than those tested at 35 °C. These results further confirm that higher temperatures accelerate
aging, independent of the aging type and storage SOC. At the same temperature, cyclic aging
increases capacity loss compared to calendaric aging. No distinguishable effect of storage SOC

can be observed among calendaric aging cells.

The dominant effect of temperature on cell degradation must be emphasized for the economic
aspect of this study. Sinopoly and Calb cells are used in stationary storage systems. The results
suggest that efficient thermal management can considerably improve their commercial
lifetime. Therefore, it is economically favorable for manufacturers and customers to invest in
the thermal management of battery stacks. Furthermore, economically feasible stationary
storage systems can be constructed with parallel stack architecture using cells with different
usage histories (possibly recycled batteries) in the same battery stack without significant

capacity loss disadvantages.

Overall, the long-term and multi-level aging investigation of 40 large-format (180 Ah)
commercial LFP lithium-ion cells presented in this Ph.D. thesis is one of the pioneer studies

in the field. As mentioned before, the majority of the aging studies in the literature are
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performed with <10 Ah cells, whose aging performance may not represent the aging profile
of large-format cells. Therefore, in addition to the scientific community, this Ph.D. thesis
contributes to the battery industry by providing a complete aging dataset of commercial
large-format cells along with suggestions about stack design and operation modes to favor

long lifetime.

5.3 OUTLOOK

The aging investigation method in this thesis provided consistent results validated by post-
processing analyses. However, the method can be further improved in future studies. The
repetition of initial geometrical and electrode microstructure analyses of the same
commercial cell at different stages of aging can provide sequential information on
morphological changes of active materials, such as particle size distribution and evolution of
passivation layers. In parallel, EDX analysis can determine electrode and electrolyte
degradation products and their total amount. Moreover, spatial differences in aging can be
monitored by comparing the electrode samples from the center and the outer layers of the

electrode stack.

In this study, internal resistance results are not used as a primary aging indicator, partially
due to insufficient measurement resolution due to the sub-milliohm internal resistances of
large-format cells. Similarly, due to the lack of measurement quality, electrochemical
impedance spectroscopy (EIS) measurement results are not used. Ideally, in sub-milliohm
levels, contact resistances of measurement probes must be constant for each periodic
checkup throughout the experiment to be eliminated at the end of measurements, which was
not possible in our experimental setup due to the limited number of available test channels.
For accurate IR and EIS analysis on aging, sophisticated experimental setups must be built to
perform in-situ IR and EIS measurements without replacing contacts throughout

experiments.
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6.2 BATTERY DATA SHEETS AND DOCUMENTATION

In this section, the essential pages of the product brochure [139], datasheets [100,101], and
material safety data sheets (MSDS) [140,141] of Sinopoly and Calb cells are presented.
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6.2.1 Sinopoly product brochure

Sinovoly

http://www.sinopolybattery.com

HK Head Office

Tel: (852) 3104 2803 Fax: (852) 2877 0628

BAGRE S RIS
DINMENSIONS)

IS ©

Z1-=(MODEL):SP-LFP180AHA

wwg/g
wwige
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E-mail: sales@sinopolybattery.com

R B O T BE IR BA
SINOPOLY LITHIUM ION BATTERY SPECIFICATIONS
B A

SPECIEICATION

£1-=(MODEL):SP-LFP180AHA

RiRAE
Nominal Capacity

180Ah,576Wh

tRER R E

Nominal Voltage

1B 5 fn
Life Cycles

3.2V

<3%

Ehir RS
Self-discharge Rate

5.79£0.1kg
7 B )

Charge Discharge
(#5X Mode: cc-ov)

HIERE
Cut-Off Voltage

PR

Standard Current

B KB HL

Max Constant Current| 3C,540A

R ARRKIFEIT(107)
Max Impulse Current (10s

TERE
Operating Temperature,

5C,900A

0°C~+70°C |-20°C~+70°C




Voltage(V)

Voltags(V)

SP-LFP180AHAZ! e ith i) 72 iy Ha 5 14

SP-LFP180AHA CHARGE &DISCHARGE CHART

IR T LFPZ A AR RS i Lk

LFP battery’ s discharge curve under normal temperature

IR T LFPZE AL A48 57 7¢ B AR A 1M B 22

‘\]_FF’ battery's circulation charging and discharging curve under normal temperature
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FREFGERET LFPZE A i AR R A dh 2

LFP battery’ sdischarge curve under different temperatures
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Discharge Capacity(%)

FERIRGR TLFPZE A AR iRt £

LFP battery's storage characteristic curve in normal temperature

0.5CTR i 11T

Discharge Capacity(%)
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6.2.2 Sinopoly cell datasheet

Sino‘ oly

Product specification

DOC NO.: _R100-QSI-008

REV.

SHEET :

o] &

A/00
of

9

Cell Type: SP-LFP180AhA

Product specification for 3.2V/180Ah
Lithium-ion Rechargeable Cell

Shenzhen Sinopoly battery Co,, Ltd.
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s. I DOC NO.: _R100-QSI-008
II'IO 0 y Product specification |REV a0

SHEET : -2- of _9

Contents
Scope

Cell type and explanation
Definitions

3.1 Normal capacity

3.2 Standard charging method

3.3 Standard discharging method

3.4 Quick charging method

3.5 Quick discharging method

Cell Structure

Cell specification

Technical characteristic

6.1 Cell working temperature

6.2 Cell testing conditions

6.3 Requirement of the testing equipment
6.4 Electrochemistry performance

6.5 Environmental characteristics

6.6 Safety characteristics

Warning and cautions in handing the Lithium-ion Cell
Free-responsibility declaration

Contact information
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s. I DOC NO.: _R100-QSI-008
Ino o y Product specification |R®v a0

SHEET : -3- of _9

1. Scope
This product specification covers the type, size, structure, electrochemistry performance, environmental
characteristics, warning and caution of the SP-LFP180AhA single cell. This PS only applies to the cells that supplied
by Shenzhen Sinopoly battery Co,, Ltd. .

2. Cell type and explanation

i: “SP”represents manufactory (Shenzhen Sinopoly battery Co., Ltd.)
ii: “LF” represents the cathode material type of the cell is LiFeYPO,
iii:  “P” represents the structure of the single cell is prismatic
iv: “180Ah” represents the normal capacity of the single cell is 180Ah
v: “A”represents the cathode and anode terminal in the same direction

3. Definitions

3.1 Normal Capacity
Normal Capacity is 180.0Ah, cells shall be tested at 20+3°C, 65+20%RH, it means the capacity value of being
discharged by 3-hours ratio to the cut-off voltage 2.8V, which is signed as C;, the unit is Ah.

3.2 Standard charging method
The cell is to be conditioned at 20+3°C, 65+20%RH, charging the battery with 1/3C;A(60.0A) constant current to
3.8V, then 3.8V constant voltage charge with current taper to 0.02C;A(3.6A).

3.3 Standard discharging method
Full charged cell is to be conditioned at 20+3°C, 65+20%RH, discharging the cell with 1/3C;A(60.0A) constant
current to 2.8V.

3.4 Quick charging method
The Cell is to be conditioned at 20+3°C, 65+20%RH, charging the Cell with 3.0C; A(540.0A) constant current to 3.8V,
then 3.8V constant voltage charge with current taper to 0.02C;A(3.6A).

3.5 Quick discharging method
Full charged cell is to be conditioned at 20+3°C, 65+20%RH, discharging the cell with 3.0C;A(540.0A) constant
current to 2.8V.

4. Cell structure
The cell consists of the cathode electrode, anode electrode, separator, electrolyte, foil, plastic product, etc.

5. Cell specification

Item Specification

Max Weight 5.7Kg
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Sino‘oly

DOC NO.: _R100-QSI-008

9

Cell dimension

Product specification |XEv A/00
SHEET -4 - of
Thickness : 71.0 mm Max
Width : 182.0mm Max

Length : 282.0mm Max

Normal capacity

180.0Ah@1/3C;A(60.0A)

Normal voltage 32V
Charging cut-off voltage 3.8+0.05V
Discharging cut-off voltage 2.8+0.05V
Standard charging current 1/3C;A(60.0A)
Standard discharging current 1/3C;A(60.0A)

Max continuous charging current

3.0C;A(540.0A)

Max continuous discharging
current

3.0C;A(540.04)

Max plus discharging current

5.0C;A(900.0A)<10s

Internal resistance <0.8mQ(AC Impedance, 1 000 Hz)
Shipment voltage 32~34V
Appearance Without break, scratch, distortion, pocking, leakage and so on.
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DOC NO.: _R100-QSI-008

]
SII'IO 0|y Product specification |[REv A0

SHEET : -5- of _9

A A I 1
= = |
E - |
- - |
X

© %) - -
o ol "

3 3
3 3 L y
E - |
Y Y L e ) e e ey ]
«—>» |< >|

71mm 182mm

wwi/z
&
®
@

Fig.1: Cell dimension

6. Technical request

6.1 Cell Working Temperature
Charging temperature: 0°C ~ 70°C
Discharging temperature: -20°C ~70°C

6.2 Cell Test Conditions
Unless otherwise specified, all test should be under the following conditions:
Temperature: 20£3°C
Relative Humidity: 65+20%RH

Atmospheric pressure:  86kPa~106kpa

6.3 Requirement of The Testing Equipment
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Sino(oly

DOC NO.: _R100-QSI-008

Product specification |XEv A/00
SHEET -6- of _9
Voltage meter: Internal resistance of the voltage tester is > 10 KQ/V.
Temperature meter:  The precision is > 0.5C.

6.4 Electrochemistry Performance

No. Ttems Criterion Testing method | Remark
Time of | ¢ Cell shall be charged following the standard charging

Discharei discharge at -20 method. And then standby for 20 hours at -20°C followed by
ISCHAISING | x0ec | € should not adischarge at 1/3C;A(60.0A) to 2.8V at this temperature.

performance .

% Hish id less than 126 | e Then cell shall allowed to rise to room temperature for one

1 K556 ° minutes. hour, followed by standard charging. and then standby for 5

R — Time of hours at 55°C followed by a discharge at 1/3C;A(60.0A) to
; 5590 discharge at 55°C 2.8V at this temperature.
should not less | e The discharge times and capacity at different temperatures
than 171 minutes. shall be recorded.
- "y 0% velani =
After 2000 The cell is tested at 29 3°C, 65+20% relative hum1d¥ty
cles the and 86kPa~106kpa. First fully charge the cell with
cy' ’ ; standard charging method, then discharge the cell with
2 RT Cycle residual capacity/ : : ;=
. . standard discharging method, the time interval between
original discharge . P 1 .
; charging and discharging should not less than 30mins,
capacity=80%. :
then repeat the steps mentioned above.

3 RT Charge retention Standby at RT for | The capacity of the cell is tested by fully charged and
28days, discharge | discharged with standard method. Charging the cell with
capacity should | standard charging method, then stored with open- circuit
not less than 95% | at RT for 28days, discharged the cell with standard
of the origin | discharging method.
discharged
capacity.

Discharge
capacity should
nort) lessy than. 81702 The cell which had been through charge retention test is to
4 RT Charge recovery 7% be fully charged with standard charging method, then
of the origin | . : :
. = | discharge the cell standard discharging method.
discharge
capacity.
55°C Charge retention | Standby at 55°C | The capacity of the cell is tested by fully charged and
for 7days, | discharged with standard method. Charging the cell with
discharge standard charging method, then stored with open- circuit

5 capacity should | at 55°C for 7days, discharged the cell with standard
not less than 90% | discharging method.
of the origin
discharged
capacity.

6 55°C Charge recovery | Discharge The cell which had been through charge retention test is to
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7 Rate performance

3.0C;A(540.0A)
should be >85%,

capacity should | be fully charged with standard charging method, then
not less than 95% | discharge the cell standard discharging method.

of the origin

discharge

capacity.

The  discharge

capacity at

The capacity of the cell is tested by fully charged and
discharged with standard method. Charging the cell with

the discharge | standard charging method, then discharge the cell with
time should not | 3.0C;A(540.0A) constant current to 2.8V.
less than
17mintues.
6.5 Environmental Characteristics
NO. Item Criterion Testing method

1 Vibration

No leakage, no fire and
no explosion.

After standard fully charge, standby the cell for 4hours,and measure the
voltage and impedance ,then the cell is to be subjected to simple motion
with an amplitude of 3.6mm, the frequency is 16.7hertz, and return in
90min.

The cell is fully charged with standard charging method, and then it is
to be stored for four hour at a test temperature equal to -20 °C, followed

" Temperature No leakage, no fire and | by a storage for four hour at a test temperature equal to 75°C, the
- impact test no explosion. maximum time interval between test temperature extremes is 30s, this
procedure is to be repeated for 4 times, after which all test cells are to
be stored for 6 hours at ambient temperature (20+3 C).
Low  pressure The samples shall not The fully charged cell is to be stored for 6 hours at an absolute pressure
3 explode or catch fire, or

test

leak.

of 11.6Kpa and a temperature of 20+3°C.

4 130°C storage

The samples shall not
catch fire and explode.

The fully charged cell is to be heated in gravity convection or
circulating air oven, the temperature of the oven is to be raised at a rate
of 5+2°C per minute to a temperature of 130+2°C and remain for 10
minutes at that temperature before the test is discontinued.

Constant
temperature and
constant
humidity test

The samples shall not
leak, smoke, explode.
Retention
capacity=>80%.

The cell is fully charged with standard charging method, the cell is to be
stored for 24 hours in an oven with a constant temperature of 40+2°C
and a relative humidity of 90~95%, after testing the cell should be
stored for 2hours at a temperature of 20+3°C, 65+20% relative humidity
and a pressure of 86kPa~106kpa.

6.6 Safety Characteristics

[ No. |

Item

Criterion

Testing method
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6.2.3

Sinopoly MSDS

MSDS No.: SP-20140601

Creation Date: 1 June. 2014

Sinooly

Model: SP-LFP40AHA, SP-LFP60AHA(A),SP-LFP66 AHA, SP-LFP90AHA, SP-LFP100AHA,

MATERIAL SAFETY DATA SHEET
PRODUCT NAME: LITHIUM-ION BATTERY

SP-LFP180AHA, SP-LFP200AHA, SP-LFP300AHA, SP-LFP400AHA,
SP-LFP500AHA, SP-LFP700AHA, SP-LFP1000AHA

1 - IDENTIFICATION OF THE SUBSTANCE/PREPARATION AND THE COMPANY

/UNDERTAKING

Identification of the substance/preparation

Product name: Lithium-Ion Battery

Use of the substance/Preparation: Battery

Company/Undertaking identification

Supplier:

Name: Jinlin Sinopoly New Energy Tech.Co., LTD.
Address: Youyi Industrial District, Jinlin Liaoyuan Economic Development Area.
Phone: + 86-437-5018328  Fax: +86-437-5018321

2 — COMPOSITION/INFORMATION ON INGREDIENTS

BATTERY MODEL: SP-LFP

Ingredient Weight % CAS No. Notes

Rare earth Mo 12% 7439-98-7

Li2CO3 16% 554-13-2

Mn2+ 4.4% 7439-96-5

Graphite 15% 7782-42-5

Na+ 1.5% 7440-23-5

C 3.1% 7440-44-0

Fe2+ 13.4% 7439-89-6

PE 3.3% 9002-88-4

Cu 15% 7440-50-8

Al 11.5% 7429-90-5

HF 1.5% 7782-41-4

Sr2+ 3.3% 7440-24-6

Page 1, total 6 pages
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3 —HAZARDS IDENTIFICATION:

3.1 Physical:

The Lithium-Ion rechargeable batteries described in this Material Safety Data Sheet are sealed units which
are not hazardous when used according to the recommendations of the manufacturer.

Under normal conditions of use, the solid electrode materials and liquid electrolyte they contain are non- reactive provided
the battery integrity is maintained and seals remain intact. There is Risk of fire only in cases of abuse (mechanical, thermal,
electrical), which leads to the activation of the safety valve and/or the rupture of the battery container. Electrolyte leakage,
electrode materials reaction with moisture/water or battery vent/fire may follow, depending upon the circumstances.

In case of excessive internal pressure and/or temperature Sinopoly Battery batteries are fitted with a safety vent for

protection and/or rupture of the cell case.

3.2 Chemical

Classification of dangerous substances contained into the product as per directive 67/548/EEC

Substance Melting point | Boiling point Classification
Chemical Exposure |Indication Special Safety
CAS NO L. | . .
Symbol limit of danger |risk (1) advices (2)
12190-79-3 | LiFePO4 | >1000°C N/A R22 52522
R43 $24 826 S36|
S378543 $45
EC: 96-49-1 Organic EC:38°C |EC:243°C R21R22 82 824
None RA1R42/43 S26 S36
DMC: 616-38-6 solvents DMC:4°C |DMC:90°C 837845
established | Flammable
DEC: 105-58-8 | (DC-DMC DEC:-43°C |DEC:127°C —
EA: 141-78-6 DEC-EA) EA:-84°C |EA:77°C
N/A None R14 5288 522 |
S24 826 S36
21324-40-3 LiPF 6 (decomposes at N/A established R21 R22 837 845
160 ° C) OSHA R41 R43

3.2.1 ~ Nature of Special risks:

R14 Reacts with water.

R 21 Harmful in contact with skin.

R22 Harmful if swallowed.

R41 Risk of serious damage to the eye.

R42/43 May cause sensitization by inhalation and skin contact.

R43 May cause sensitization by skin contact.

3.2.2 — Safety advices:

S 2 Keep out of reach from children.

S 8 Keep away from moisture.

S 22 Do not breathe dust.

S 24 Avoid contact with skin.

S26 In case of contact with eyes, rinse immediately with plenty of water and seek medical attention.
S36 Wear suitable gloves.

S45 In case of incident, seek medical attention

Page 2, total 6 pages
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6.2.4 Calb cell datasheet

}l ‘3?3 %%*5 ;F5 15 A Version Number: D/0
SpeCIﬁCa‘tiOn RA7HW 1ssuc Date: 2014-5-1

Je A - S

Product Specification

AL H T Bk

Prismatic lithium Ion Battery

5. CAI80F |
Model: CA180F |

o o

PRI (&R HRRAF
China Aviation Lithium Battery (Luoyang) Co., Ltd.
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}i ‘;?3 %ﬂig ;F;; & A3 Version Number: D/0

SpeCiﬁCaﬁOll AT A ] Issue Date: 2014-5-1

1. EHFEHE Scope

AT A R T o e R PR CALSOT | nJ 78 HuRERE R e b 07 Bk e TE b, HER TR M2 4k
e

This specification covers the performance indexes. technical requirements and safety issue of the CAI80F [

rechargeable lithium iron phosphate cell manufactured by CALB.

2. P3R! Product Type

2.0 prRAAFR TR RN

Product Name: Lithium iron phosphate cell

22 RIS CAISOF T
Specification: CA180F I

3. BARRHLR ST Cell Dimensions

o { ——_
2| g
ks
E a
M+1.5
A% Y
Ta&ﬁ-
Ly Uy




| = P 31| h 1
! )i 2 %jLJ# g ;i:b JA S Version Number: D/O

. fizi 7,;\: i SpGCiﬁCﬂtiOn &AT 1] Issue Date: 2014-5-1

T Elib R (mm)
Items Descriplion Dimensions (mm)
I KR 180 1
l.ength )
5
; D UpA-2 71+ 1.5 [
v Widih i
s
H % 279+2
Height

4. P4 MERE Product Performance

4.1 T4 AREBE lechnical Parameters

Ry | H SRR &k
NO. Items Parameter Remarks
MTCRE et e
1 BUETE FR0AT 7 rl‘r.m.
Nominal Capacity Standard Discharge
= a2 T e g
5 ‘ ?ﬂ"]‘ (SR . 180Ah *ﬂ—r‘ifj}\%
Minimal Capacity Standard Discharge
TR
3 ,"Lﬁ; oK 2.5~3.65V
Work Voltage
VL (Ac. TkH7) riil, 30%S0C
A Al ' 7 by . FrHit, 30%S0C
Internal Resistance (Ac. 1kHz) Fresh Cell. 30%S0OC
:‘F/h' fﬂﬁ I:E <4k
5 TSR] Standard Charge 7 BEYy
) Charging Time P 5 E - Reference Value
Fast Charge
HEZESOCEAE O
6 Recommended SOC SOC : 10%~90%
Window
' = b o0 R I ]
A . BARA2H
il a Charging 0~45°C :
LIER ¥ Refer to section 4.2
: Temperature
% Operating e =
5 MR iy
Temperature Dischared 20-55°C BEL 447
HEIRIEINS Refer to section 4.4
Temperature
g He o #95.6kg
Weight About 5.6kg
§ FERIH mE
' Shell Material Plastic
4.2 FEAHEA, Charging Model
LY o
2 Ty ! i
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}i ﬁ‘jﬂ %ﬁl#& ;‘:5 JRA Version Number: D/O

SpeCiﬁcation KATE A Issue Date: 2014-5-1

4 5% | it #it
NO. Paramcter Values Remarks

TR K, BASAATER A TE L 4 B A L BT 3,65V, ZAJE fF3.65V PRI k4
WA TR | L E A R <940.9A

4.2.1 Standard At room temperature, charged (o 3.65V at a constant current of 54A, and then,
Charging Model | changed continuously with constant voltage of 3.63V until the current was not more
than 9+0.9A.
ifiE 76 A
429 Standard 2542°C b i
Charging Cell Temperature
Temperature

SR B I:iﬁ%%ﬂ&'i’:ﬁ{ﬂﬁ*ﬁifg%ﬁﬂn — FLSR I Pl R 4

Ao | R AETE, WEl
423 Sl 0~457C No matter what the charging model is, oncc the
= a2 lemperature of the cell is above the absolute charging

‘Temperature .
) temperature, charging should be stopped.
Yo 5t Toit LA TE AR BT P R e R s, B
" oiis p— SR R AR S e T, I 7
S A .
424 . . . onr No matter what the charging model is, including pulse
Charging Maximum 3.8V e .
Voltage charging, once the voltage of the cell is above the absolute

charging voltage, charging should be stopped.

4.2.5 TFEIRFET & O Rif Charging Current Limit at Different Temperature

B R TR 7
Cell temperature range
FATHRFE L AR
Maximum charging oc 0.1C 0.5C 1.0C ([&

current allowed

<0C 0-5C 5-10°C 10-45°C >457C

4.3 TR ARKAFE L HUAL Maximum pulse charging current allowed

7R R R, B SIS AR A kot R R B R R AR AN R B A R Y OV B Ak P T R R R
S BRT [B] 250 AR ST T R PP 7 U AS LA PRI B A5 A1) o B 15 478 P S5 T 5 on st 1l Ll K /A
PR BOARIAH ML T Sl o U e )™ S AR B AE

During the process of product being used, pulse current created in regenerative braking can recharge the battery.
Maximum charging current allowed and the pulse duration in different temperature conditions must strictly observe the

conditions listed in the following table. Violating the described conditions may cause permanent damage to the battery

and thus is exempt from the responsibility of CALB for product quality. - YR
AP SOC AT . SO ¥R R ki 73 vh RN S SE 1 (3140 F R P i g lyr20?

In different SOC und temperature conditions, the maximum values of charging currént allowed and the pulse

3
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duration are shown in the following table:

ot g
SOC o Cell Temperature
<.57C 50T 0~107C 10~23C 23~50°C
. M g hys /{K\ Za0n
=00% bl AR i 1C/5s 1C/103
Not allowed Not allowed Not allowed
S i S
>80% AR e 10455 1C/10s 1.5C/10s
Not allowcq Not allowed
TR
>70% N I‘ fl” " 1C/3s 1C/10s 1.5C/10s 2C/10s
Not allowe
T ) |
<70% N;: )”L i ; 1C/10s 1.5C/10s 2C/10s | 20/10s
ot allowc

TRRAIZNFEHG, IS T BTG ), o 8 ST mRAS TRk b 78 IR (6] RIS WIP,  th it bk
TR, R R T R RRA TAORE, (AERIRE A, T RiEkinm iR gz sning.

After each brake charging. the battery nceds (o rest for certain time, which should be equal to or longer than the
duration of the pulse charging. During the rest, the battery can be in the discharged state, or in a non-workirjg state. Bul in

e

the rest period, the battery is not allowed (o pulse recharge again.

4.4 JHHER Discharging Model qu, (p 1ot y
PR 4 " =LA ik
- NO. Parameter Specifications Remarks
- R, LSAAfE LR Rt 2.5V
e O st #HEF, s ﬁflifﬁ%ﬁxrﬁiﬂﬁw@mﬁi 2
4.4.1 ; A At room temperature, discharged to 2.5V at a constant current
Standard Discharging Model B
of 54A.
TR i B
4.4.2 Maximum Constant Discharging 180A
Current
i b R R ki) -
Pk GRS . S 43 min
443 Maximum Pulse Discharging Current 360A : : ;
Maximum duration: 3min
(Long Pulse>
AR EAC TS0, B AR =)
R B RO B CRaltkad) 10s
4.4.4 | Maximum Pulse Discharging Current S40A When battery temperature is below
(Short Pulse ) 50 °C, the maximum discharge can
last 10s
- PRI TRE —_— IR
o Standard Discharging lemperature e Cell Temperature
Iy R RIRE osse | AREBATTRREER, B
o Absolute Discharging Temperature : \ S H 1 G e T 4 o R P R T
i 7 i
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}i x:%%w.ﬂl‘g"%‘ | f2 4% Version Number: D/0
SpeCiﬁcation ’ %4y B Issue Date: 2014-5-1

‘ R 1l e
No matter what the discharging model
is. once the temperature of the cell is

temperature, discharging should be

above the absolute discharging
‘ stopped.

4.5 Hif%:HE FElectrical Properties
4.5.1 M % % Test Conditions

FRAAEZ A, WRESRTEIRIE A 2545°C, MM N: 25%-85%, RAJEHN: 86KPa-106KPa HIF K
AT

Unless otherwise specificd, all the experiments should be carried out under ambient temperature: 25+ 5°C, relative

humidity: 25%~85% and atmospheric pressure: 86KPa~106KPa.

4.5.2 PEACL SV ESR Requirements of Measuring Instruments and Facilities

ST OGR B E (O IR IR B 2 B iR B Ved FAS) Witk WA A IR K s el
KistE2AETAT Bl FEARMW. FFAMRGGE. WENEE LR ERTER, HAS R e T
TRk B — R UEORZ DTN ZH R REN 52—

All of the measuring instruments and facilities (include the equipments which monitor the test parameters) should be
verified and calibrated qualificd by relevant Chinese Calibration Regulation or certain standards within the valid date. All

the test instruments and equipments should have adequate precision and stability and the precision should be an order

higher than the tested indicators or the tolerance should be less than one third of the tested parameters.

4.5.3 TE{iti{5 43 Performance Criterion

5 TiE [ HARER l WER T B 2 8
NO. Ttems " Technical Requirements Test Methods
R SRR . . IS
; S EihM, fRIRERS. FlE
l % No damage, leakage, oil ,. ;
Appearance - . Visual Inspection
contamination. Legibly
| marked.
i
i ; 0
Lol &ia
5
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ff3% Appendix:

10 e 380 54 L S Y e 22 P
A typical curve of single cell discharged at room temperature.,

4.3C_0.5C 1€

T (V)

0 20 40 60 80 100 120 140 160 1830 200
Fk(AN)

1. CA180F I ® iR rn &k

Graphl. Discharge curves of CAI180F ] at room temperature

2. B AR MRLAEE 0.3C A A il 25

A typical curve of single cell discharged with 0.3C at different temperature.

! 88 ISP S —
- 20C_-10C 0T 20C I
g ..
| o !
{30
Pay
L2 98
(8 26
P
: 2.4
E 2.2
; 2.0
| ¢ 20 20 60 80 100
% . BEREE W
B 2. CAV80F T 7R [l 1 il r a2
Graph2. Discharge curves of CA180F |  at different temperatures
3. kLS A R B e ;
3D effect picture of the cell |
L Jels
15 SRS
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6.2.5 Calb cell MSDS

Report No. : 103053011116D~1

14-DONY-1

Date: 03.31.2014 Page 1 of 10

PONYE B 8 &

PONY

Pony Testing Intcrnational Group

Material Safety Data Sheet

According to 1SO11014:2009 & GB16483-2008

~ Section 1 - Chemical Product and Company Identification

Chemical product identification
Sample Description: Lithium-ion Battery
Sample Model: CA180FI

Sample Photo:

Authenticate the photo on original report only

Company identification

Manufacturer: China Aviation Lithium Battery Co., Ltd.

Address: No.66, Binhe Road, High & New Tech Development Zone, Luoyang, Henan, China.
Tel: 0379-60697386 ) 3
Fax: 0379-60697339

Post code: 471003

Further Information obtainable from
Emergency telephone: 0379-60697386
E-mail: zhaoyanyan@calb.cn

www.ponylest.eom

©OHotline 400-819-568K8
Add:  ALE WAL 5 5 -
R N

L AUFCH T RIGECT  ERB o R e
35 T

07551 16050508

(C10) E26181 15 31 05HG6

FsERRIZCSE )Y
2L bA:

(I8 <20 AR
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PDN\v Report No. : 103053011116D~1 Date: 03.31.2014 Page 3 of 10

Pony Testing International Group

Chemical Composition CAS No. EC# Weight (%)

Lithium Iron Phosphate 15365-14-7 - 31

Graphite 7 7782-42-5 231-955-3 ﬁ8 |
Copper 7440-50-8 | 231-159-6 12
Aluminum | 7428-90-5 231-072-3 8
Lithium Hexafluorophosphate 7 21324-40-3 244-334-7 &
Carbonate - - 8
Polypropylene 9003-07-0 - 19

Section 4 - First Aid Measures i

Description of first aid measures

General information No special measures required.

After eye contact

Flush eyes with plenty of water for several minutes while holding eyelids open. Get medical
attention if irritation persists.

After skin contact

Remove contaminated clothing and shoes. Immediately wash with water and soap and rinse
thoroughly. Wash clothing and shoes before reuse. If irritation occurs, get medical attention.
After inhalation

Remove victim to fresh area. Administer artificial respiration if breathing is difficult. Seek
medical attention.

After swallowing

Do not induce vomiting. Get medical attention.

Information for doctor:

Indication of any immediate medical attention and special treatment needed
No further relevant information available.

Section 5 - Fire Fighting Measures E
Flammability: Not available.
Extinguishing media
Suitable extinguishing agents

Dllotline 400-819-5688

¥R ARARS

;’x&fv AU F e
Tekt

PDNY% Flﬁ imll iﬂ (C532) 33706806

Pony Testing International Group

iy
b
|
;'«\

J |
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