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Abstract—This paper presents results obtained from
extensive accelerated lifetime tests performed on a high power
Lithium Titanate Oxide (LTO) battery cell. The tests were
performed at elevated temperatures, with different C-rates,
and for different cycle depths. The obtained results have shown
a very good capacity retention and a reduced internal
resistance increase (and subsequently reduced power
capability decrease) even after more than 8000 cycles
performed at 42.5°C. We found out that both the capacity and
the internal resistance have been degrading faster when the
LTO-based battery cells were cycled with a smaller C-rate (i.e.,
1C) than with a higher C-rate (i.e., 3C). Moreover, based on
the harvested aging results, we discovered that the capacity
and not the internal resistance is the performance parameter of
the tested LTO-based battery cells, which will limit their
lifetime.

Keywords—Lithium-lon Battery, Lithium Titanate Oxide,
Accelerated Aging, Capacity Fade, Resistance Increase

l. INTRODUCTION

Since their market introduction in the 1990s, Lithium-ion
(Li-ion) batteries have gradually become the key energy
storage technology for various applications. Nowadays, Li-
ion batteries represent the most suitable battery technology
for powering electric vehicles [1], [2]. Furthermore, Li-ion
batteries energy storage systems are used in various
renewable energy storage applications, such as grid
frequency regulation [3], renewables’ grid integration [4] etc.
This has become possible because Li-ion batteries are
characterized by high gravimetric and volumetric energy
density, high efficiency, high power capability during both
charging and discharging, and long lifetime [5].

As discussed in [6], different Li-ion battery chemistries
are available to the users. The vast majority of these
chemistries are based on a graphite carbon anode and a
lithium metal oxide (e.g., NMC, NCA etc.) cathode.
However, these chemistries still raise different questions to
the OEMs in terms of safety, cycle stability and performance
at low and high temperature [2]. Thus, new electrode
materials have been developed for Li-ion batteries in the past
years. This is the case of the Lithium Titanate Oxide —
LisTisO1, (LTO), which represents a very appealing anode
material [7]. Even though characterized by lower energy
density and lower nominal voltage (i.e., 2.2-2.3 V) than
traditional graphite-based Li-ion batteries, the LTO-based
batteries have several advantages such as: increased safety,
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high cycling stability, high rate charge-discharge capability
even at low temperatures, long lifetime, and no solid
electrolyte interface formation [2], [8].

Different aspects regarding LTO-based batteries have
been studied and are available in the literature. Most of these
are related to their electrochemical performance
improvement [9], [10] while others are related to the
understanding of their performance behavior [2], [11].
Nevertheless, there are very few studies, which focused on
analyzing the degradation and lifetime behavior of the LTO-
based battery chemistry.

Therefore, in this paper, we evaluate the degradation
behavior of a commercially available high power LTO-based
battery cell by analyzing the results obtained from extensive
aging tests. As LTO-based batteries are characterized by very
long lifetime, they were subjected to an accelerated aging
procedure, similar to the methodologies presented in [12] and
[13].

Il.  EXPERIMENT SET-UpP

A. LTO-based Battery Cell

In this work, high power pouch-format Li-ion battery
cells with a nominal voltage of 2.26 V and a nominal
capacity of 13 Ah were used; LTO and NMC are used as
active materials for the anode and cathode, respectively. The
main electro-thermal parameters of the tested LTO-based
battery cell are summarized in Table I.

TABLE I. MAIN PERFORMANCE PARAMETERS OF THE TESTED LTO-

BASED BATTERY CELLS

Performance Parameter Values
Nominal Capacity 13 Ah
Nominal Voltage 226V

1.5V (from -40 °C to +30 °C)
1.8 V (from +30 °C to +55 °C)
2.8 V (from -40 °C to +30 °C)
2.9 V (from +30 °C to +55 °C)

Discharge Cut-off Voltage

Charge Cut-off Voltage

Max.  Continuous  Charge/

Discharge Current 130 A (10 C-rate)
Pulse ~ Charge/  Discharge

Current (10 s) 260 A
Cycling and Storage 40 °C 10 +55 °C
Temperature




B. Accelerated Cycle Lifetime Testing

The LTO-based battery cells were subjected to extensive
accelerated cycle lifetime tests at the conditions summarized
in Table I1. For all the cycle aging conditions presented in
Table 2, an average SOC level of 50% was considered.
Furthermore, the mentioned temperatures are the ones
measured in the middle of the cell using a K-type 100
thermocouple. Two LTO-based cells have been tested under
the same conditions in order to eliminate any possible
outliers and for statistical relevance.

The number of full equivalent cycles (FEC) to which the
battery cells have been subjected at each individual condition
is also presented in Table 2. The tests, which had been
performed at conditions TC2 and TC3, were stopped after
3500 and 4500 FEC, respectively, as the battery achieved a
very high degradation (as it will be shown in the next
section).

C. Reference Performance Test Procedure

In order to quantify the gradual degradation of the
performance parameters of the tested LTO-based battery
cells, the so-called reference performance tests (RPT) were
performed regularly. In the beginning, RPTs were performed
after each 100 FEC (i.e., when 2600 Ah went through the
battery); however, due to a very slow degradation of the
batteries, which had been initially observed, it was decided to
perform the following RPTs with a resolution of 200 FEC
(i.e., 5200 Ah throughput).

The RPTs were composed of a capacity test, internal
resistance measurements, and electrochemical impedance
spectroscopy (EIS) measurements. The battery capacity was
determined for a current of 13 A (i.e., 1C-rate) for both
charging and discharging regimes. The internal resistance of
the battery was measured using the DC pulse technique at
various state of charge (SOC) levels using the current train
pulse profile illustrated in Fig. 1, which was extenisvely
described in [14]. The small-signal AC impedance of the
battery was measured using the EIS technique following the
same procedure as for the internal resistance measurements.
All the RPTs were performed at 25°C. An example of the
current, voltage and temperature profiles, measured during
one RPT is presented in Fig. 2.

Fig. 1. Current train pulse profile for measuring the internal resistance of
the LTO-based battery cells.
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Fig. 2. Current (top), voltage (middle), and temperature (bottom) signals
during one RPT.

TABLE II. ACCELERATED AGING CONDITIONS AND THE CORRESPONDING NUMBER OF CYCLES TO WHICH THE LTO-BASED BATTERY CELLS WERE
SUBJECTED
ot Case Aging Conditions | | | Number of Cycles

Temperature Cycle Depth Chargwg/ﬂ[:ésncthargmg Performed
TEST CASE 1 50°C 10 % 2C/2C 6200 FEC?
TEST CASE 2 50°C 50 % 1Cc/1C 3500 FEC
TEST CASE 3 50°C 50 % 2C/2C 4500 FEC
TEST CASE 4 425°C 10 % 2C/2C 7400 FEC
TEST CASE 5 425°C 30% 2C/2C 7000 FEC
TEST CASE 6 425°C 50 % 1Cc/1cC 4100 FEC
TEST CASE 7 425°C 50 % 2C/2C 6000 FEC
TEST CASE 8 425°C 50 % 3C/3C 8700 FEC

@ FEC denotes one full equivalent cycle
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