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HIGHLIGHTS

e Thermal behaviour of pristine Li-ion
pouch cell is influenced by its
orientation.

e Flat oriented module’s batteries aged
more uniformly compared to vertically
oriented ones.

e Ageing non-uniformity over the battery
surface can be detected by EIS.

e Avoiding different orientations in the
battery pack can prolong battery life.
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ABSTRACT

In the electric vehicle (EV) battery packs, large-size lithium-ion pouch batteries (LiBs) are mostly used and to
miniaturise the battery pack’s volume, some manufacturers put the LiBs in different orientations. It is well
established that temperature gradients over large-size LiBs surface cause ageing non-uniformities, but the in-
fluence of the LiBs orientation on the ageing has to date received little attention. Here, we present an analysis of
orientation influence on the large-size pouch LiB’s ageing on eight batteries from two differently orientated
modules from the dismantled first-generation Nissan Leaf retired battery pack. The influence of orientation is
also analysed for brand-new second-generation Nissan Leaf battery which has almost the same geometry as
batteries from the retired pack. By utilising infrared (IR) thermography and electrochemical impedance spec-
troscopy (EIS) techniques, the influence of orientation on the LiBs ageing non-uniformity is detected. Whilst
temperature maps analysis shows different LiBs’ thermal behaviour depends on their orientation, EIS mea-
surements show that ageing non-uniformity can be identified by analysing the solid-electrolyte-interphase and
charge-transfer resistances. Presented results show that different LiBs orientation in EV battery packs should be
avoided because it can cause ageing non-uniformities over the battery surface and their second-life applications
should be applied with caution.
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Fig. 1. a) Retired first-generation Nissan Leaf battery pack with different orientated modules, b) Battery cells connections in the module, ¢) Experimental setup

during IR thermography imaging.
1. Introduction

Since the development of lithium-ion batteries (LiBs) in the 1970s,
LiBs are ubiquitous in our daily life and present in almost all portable
consumer goods. They have seen a significant amount of growth over the
last decade in the areas of electric vehicles (EVs) and stationary storage
applications due to their higher energy density and longer cycle life [1,
2] and are now the cornerstone for moving towards zero-carbon futures
and mitigating greenhouse gas emissions from the transportation sector
[3]. LiBs in EVs finish their life with a significant amount of capacity left
in them (~80% of the nominal capacity), which provides a promising
avenue for reusing the spent EV-batteries in less demanding second-life
applications, such as grid-scale energy storage and storage for inter-
mittence energy sources (solar and wind electricity) [4,5]. However,
reusing spent-EV batteries is not straightforward, whilst LiBs are com-
plex electrochemical-thermal systems to understand and their ageing is
even more complicated [6]. As batteries degrade over time and the ca-
pacity fading alone, cannot dictate whether a battery is suitable for safe
use in the second-life application [7], a series of reliable characterisation
tools or techniques are needed to ensure the maximum use of the spent
EV-batteries and reduce system failures [8,9].

Ageing and degradation of LiBs over time is caused by cycling
(application-based) and on storage [10] and leads to the battery capacity
and power fade. The main factors associated with LiB degradation are
charging/discharging rate (C-rate), operating temperature, lifetime,
state of charge (SoC), cycling, etc. The influence of these factors on
battery degradation mechanisms has already been widely studied [6,7,
10-15]. When the size of the battery becomes large (large-size pouch
LiB), it is important to consider dimensional effects, because variations
of degradation factors such as local SoCs, operating temperatures and
current densities should not be neglected [16-18]. During large-size
LiB’s life, these parameter variations can lead to non-uniform ageing
over the battery surface.

One of the techniques that can be utilised in large-size pouch cell
surface ageing analysis is infrared (IR) thermography, which is con-
tactless, non-destructive and can measure temperature distribution with
high spatial resolution. It is mostly used for validation of results ob-
tained from electrochemical-thermal and electro-thermal coupled
models on pristine LiBs [19-23], but this technique provides the

possibility to identify ageing non-uniformities also. Analysis of miscel-
laneously aged cells (calendar aged, high current cycled and low current
cycled) and the possibility of an ex-situ non-uniform cell ageing char-
acterisation is highlighted [24]. Robinson et al. [25] utilised IR ther-
mography to detect internal defects in aged LiBs. Methodologies based
on IR thermography in non-uniformity ageing and “real” end of life
detection in LiB’s second-life application are presented in Ref. [7].
Electrochemical impedance spectroscopy (EIS) is also a non-destructive
technique that has been used to characterize electrochemical processes
including the LiBs. EIS literature on lithium-ion batteries may be rep-
resented by typical papers such as those by Zhuang et al. [26] and Barai
et al. [27]. A variety of models have been developed for Li-ion battery
characterization [28-30]. The electrical circuit models use equivalent
circuits, based on RC networks, to describe the dynamic behaviour of the
batteries [8,31,32]. The literature clearly shows that the equivalent
circuit model (ECM) offers an excellent approach in terms of modelling
the transient and steady-state performance of LiBs.

In EVs, batteries are packed in the modules which are then connected
to form a battery pack. Factors such as pack design, configuration,
cooling methods as well as cells/modules orientation in a pack are
influencing the battery degradation. To our best knowledge, there are no
studies available in the open literature on battery degradation due to
cells/modules orientation in a pack. Thus, we have investigated the ef-
fect of cell orientation on non-uniform battery ageing. In the experi-
mental section of this paper, tested batteries’ specifications and
experimental procedures are presented. The methodology section ex-
plains the influence of gravity on active material particle wetting
dependent on the battery orientation. The results section covers the
thermal behaviours of a differently-orientated brand-new battery and
differently orientated EV-life aged batteries. The last part in the results
section presents EIS results of EV-life aged batteries.

2. Experimental
2.1. Batteries specification
For analysis purposes in this study, eight batteries were disassembled

from the end-of-life (EoL) first-generation Nissan Leaf battery pack
modules (lithium manganese oxide (LMO) with lithium nickel oxide
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Table 1
Specifications of the tested batteries.
Fpo Fpr Fp Fro Rpo Rp R Rro BN
Q/Ah 28.7 28.6 28.2 28.2 27.9 27.8 27.7 27.7 56.3
Qnom/Ah 32,5 56.3
L x W x T/mm 290 x 216 x 7 290 x 216 x 8
SoH/% 88.3 88.0 86.8 86.8 85.9 85.5 85.2 85.2 100

(LNO) cathode and graphite anode) with different orientations. The
battery pack consists of 48 modules (passive cooled) which are arranged
in two side-stacks (modules flat orientated — 2 x 12 modules) and one
rear-stack (rotated modules 1 x 24) as shown in Fig. la. In every
module, there are 4 pouch cells connected in 2P x 2S arrangement. To
establish connections by bus-bars between cells in the module, cells’
tabs were cut, and depending on their position in the module, cells are
marked as bottom outside (BO), bottom inside (BI), top inside (TO) and
top outside (TO) as shown in Fig. 1b. Also, in this study, a brand-new
second-generation Nissan Leaf battery cell (lithium manganese cobalt
oxide (NMC 532) cathode and graphite anode) was utilised, as the
production of the first-generation Nissan Leaf batteries is discontinued.
It is worth noting that the geometry of a second-generation battery is
almost the same as the first-generation battery (it is only 1 mm thicker).
The specifications of tested batteries are displayed in Table 1, where
batteries with flat and rotated orientation are marked with F,os and Rpos
respectively and a brand-new second-generation battery is marked as
BN.

2.2. Temperature measurement procedure

Batteries are cycled using CC-CV (1.5C compared to the battery
nominal capacity Qn.m) and battery temperature is measured by the
thermal camera (FLIR A655 sc) within the environmental chamber
(Binder GmbH) during the discharge cycle (4.2 V-2.7 V). The environ-
mental chamber temperature was set to 25 °C and during thermography
measurements, the chamber was switched off to enable cells unified

cooling conditions. IR camera was calibrated within the range —40 to
150 °C by the manufacturer and imaging is done in 640 x 480 resolu-
tion. Camera thermal sensitivity is less than 30 mK and maximal error is
+2%. The battery surface was painted by Tetanal Camera Varnish
Spray/Black paint, with a measured emissivity value of 0.96 to eliminate
reflection. A customised battery holder made from POM-C acetal solid
plastic material and aluminium plates was used to keep the battery
stable during imaging and facilitate connection with the tabs (Fig. 1c).
Batteries were set in required orientation in the holder 72 h before
measurement.

2.3. EIS measurement procedure

For EIS measurements, the batteries are charged up to 4.2 V (i.e.
100% SoC) and after 1-h of rest, the EIS experiment is performed for
100% SoC then discharged to the subsequent appropriate voltage cor-
responding to 80, 60, 40 and 20% SoC where the EIS is also performed
after 1-h of rest. The experimental condition of EIS is in potentiostatic
mode with a perturbation voltage amplitude, Va = 5 mV RMS over a
frequency range of 5 kHz-10 mHz, at six points per decade. The EIS
measurements were conducted in an environmental simulation chamber
set at 25 °C capable of maintaining a constant temperature over the
range —40 to 180 °C. The EIS measurements were collected using Bio-
Logic HCP-1005 potentiostat.

Fig. 2. Brand-new battery orientations during thermal imaging, a) flat, b) vertical and c) rotated and disassembled cells from two aged modules with d) flat and e)
rotated orientation with tabs’ signs and identification based on the position in the module.
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Fig. 3. Normalised rate of change of temperature (dT/dt,,;) maps of the brand-new battery measured at different orientations and SoCs, a) flat, b) vertical and

¢) rotated.

3. Methodology

The only material in the battery that can be influenced by different
orientations and gravity is an electrolyte. Under the gravity at different
battery orientations, particles from different battery areas can be more
wetted (MW) in Fig. 2 with an electrolyte compared to the other ones.
This can cause higher local resistances [33] and operational tempera-
tures in the less wetted areas of the batteries compared to the MW areas.
Furthermore, this can lead to inhomogeneous lithium concentrations
and non-uniform current densities [34] which can lead to non-uniformly
aged battery surface during the lifetime. In Fig. 2a, b and c, a brand-new
battery in three different orientations, namely flat, vertical and rotated,
are presented and the expected influence of the electrolyte position on
the particle wetting is marked with a dash-dot line. The edge of the
battery where higher resistance is expected caused by less wetted par-
ticles is marked with a red line for all three orientation cases. Similar to
the brand-new battery, the orientation of batteries from the aged mod-
ules are presented in Fig. 2d (flat orientated) and Fig. 2e (rotated
orientation during ageing) with edges where higher resistance is ex-
pected based on our hypothesis are marked with the red line. It is worth
noting that the expected higher temperature for batteries (Fig. 2e) is
closed to different tab’s polarisations, which is dependent on the battery
position in the module.

For qualitative thermal behaviour analysis (detection of a differently
aged area on the cell surface), the temperature rate over time dT/dt maps
is computed from temperature maps at every battery surface point.
These maps can show more thermal non-uniformity compared to the
measured temperature because local heat generation rates are more
visible on them [7]. Stemming from the noise elimination of measured
temperature, every surface point temperature over time is approximated
with 5th order polynomial and dT/dt maps over the discharging time
were generated. Also, in order to use the same scale for all thermal maps
in this study, dT/dt values are normalised over the battery surface by
dT/dtnax values. The normalised rate of change of temperature is stated

as dT/dt,,r in the following sections. For indications of quantitative
values obtained during the thermal imaging for aged cells, temperature
standard deviation over the battery surface (67) according to Ref. [7]
and maximal temperature increase over the surface (Tyaxrel) are
evaluated at specific SoCs.

EIS parameters were extracted using an equivalent circuit model
(ECM) and the fitting of the data was performed using EC-Lab software
(Zfit). A complex Non-Linear Least Squares (NLLS) based program was
employed for the analysis by fitting the model parameters of the
impedance spectrum to the measured spectrum. This is a recursive
method where the NLLS starts with the initial model parameters pro-
vided by the user. These parameters are evaluated in the algorithm by an
iterative method and replaced. If the fit is improved, the new parameter
is accepted; in contrast, if the fit is not improved the previous parameter
is retained and a different one is proposed and tested. This is repeated
until the iteration converges to a criterion of acceptance evaluated by
chi-square (%) which is defined according to:

| Zneas (V" = Za(f param)
2=3 - @

i=1 i

where Z;;045(i) is the measured impedance at the frequency fi, Zmodet (fis
param) is the calculated impedance based on the chosen model, f; is the
frequency and o¢; is the standard deviation that can be equated to the
weight of the impedance data points and this can be used to select the
good circuit with a low level of noise. Besides, the relative error was
estimated in terms of y2/(|Z)).

4. Results

In this section, first the results obtained from IR thermal imaging of a
brand-new battery in different orientations are presented and then, IR
thermal imaging and EIS results for EV-life aged batteries from the pack
are shown.
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Fig. 4. Comparison graphs of dT/dt,,, maps cross-sections in x-direction flat-rotated (a) and flat-vertical (b) orientations, Comparison graphs of dT/dt,,, maps in y-
direction cross sections for flat-rotated (c) and flat-vertical (d) orientations (arrows in parts (a) and (d) indicate the direction of hot-spot movement).

4.1. Thermal behaviour of the brand-new battery

Fig. 3 depicts the thermal behaviour of the brand-new battery in
three different orientations, which are schematically shown in Fig. 2a—c.
Here, the normalised rate of change of temperature (dT/dt,,r) maps are
shown for various SoCs as indicated in the figure along with the direc-
tion of the gravity vector ('g). Comparing Fig. 3a (flat orientation) and
Fig. 3b (vertical orientation) at high SoCs, it can be seen that the hot-spot
position on the maps at the same SoCs for a vertically orientated battery
is closer to the tabs. For the rotated battery (Fig. 3c), the hot-spot po-
sition is more towards the positive tab side. These maps are in good
correlation with Fig. 2b and ¢ where more heat is expected to be
generated towards the marked battery edges. For a more detailed
analysis of dT/dt,, maps, cross-sections in x and y directions (marked in
Fig. 3 for 60% SoC only) through thermal maps hot-spots are evaluated
and presented in Fig. 4.

Fig. 4 shows the cross-section profiles of dT/dt,, maps in the x and y
directions for different battery orientations (flat-rotated and flat-
vertical) for 80%, 60% and 40% SoCs. It can be seen that there is a
significant difference in thermal behaviour in flat-rotated graphs
(Fig. 4a) compared with flat-vertical graphs (Fig. 4b). For battery
measured with rotated orientation highest dT/dty, values are shifted to
the positive tab side compared to the flat-orientated measured battery
where the graph is almost mirrored related to the battery symmetrical
line (Fig. 4a). In Fig. 4b there is no significant difference between
measurements done in flat and vertical orientations. Different behaviour
can be seen for cross-section graphs evaluated in the y-direction (Fig. 4c
and d). While there is no significant difference between flat and rotated
orientation measurements graphs (Fig. 4c), a significant difference can

be seen comparing flat and vertical measurements (Fig. 4d) where
vertically orientated battery graphs are moved to the battery tabs’ edge.
Results presented in Fig. 4 further show that the hot-spot movement
during battery IR thermal imaging at vertical and rotated orientations
are in opposite directions according to the gravity vector direction
during measurements (see Fig. 3b and c). These results clearly show that
the influence of orientation has an impact on the battery thermal
behaviour for the brand-new battery.

4.2. Thermal behaviour of EV-life aged batteries

Whilst the analysis of brand-new battery’s thermal maps shown pure
battery orientation influence (uniformly aged battery surface) on the
battery thermal behaviour, EV-aged batteries will show ageing non-
uniformity over the surface caused by battery different orientation
during EV-life ageing. Comparing to the brand-new battery where IR
thermal imaging is done at different orientations, for aged batteries,
during measurements, all batteries were positioned at the same orien-
tation (vertically oriented, similar to Fig. 2b). Also, batteries inside the
pack were in flat and rotated positions (see Fig. 2d and e) only thermal
maps cross-sections in the x-direction are presented. In Fig. 5, BO and BI
positioned batteries thermal maps and hot-spot cross-sections in the x
directions are shown. For flat positioned batteries during ageing can be
seen that thermal maps cross-sections in the x-direction are almost
symmetrical relative to battery symmetrical line (dashed lines in Fig. 5a
and b right). Also, at 80% of SoC, there is no significant difference in flat
and rotated aged batteries while at 60% and 40% of SoC there is a sig-
nificant difference and rotated oriented batteries during the ageing show
that higher dT/dt,,, values are more towards positive tab’s side.
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Fig. 5. a) Thermal maps of aged batteries with BO positions in the modules (left) and cross-sections through the hot spot in the x-direction (right); b) Thermal maps
of aged batteries with BI positions in the modules (left) and cross-sections through the hot spot in the x-direction (right), where arrows in (a right) and (b right)

indicate the direction of hot-spot movement).

Fig. 6 depicts TI and TO positioned aged batteries thermal maps and
hot-spot cross-sections in the x-direction. It is observed for batteries
aged in rotated and flat positions that hot-spot position at 80% SoC is on
the positive tab’s side and their behaviour is very similar. At 60% and
40% SoCs, different behaviour for rotated aged batteries (solid red and
blue lines respectively) can be seen compared to the horizontally aged
batteries (dashed red and blue lines respectively). Hot spot position is
shifted to the negative tab’s side for rotated aged batteries and this is
more pronounced for TI compared to TO positioned battery during
ageing.

In Table 2 temperature standard deviations (67) and maximal tem-
perature increase (Tyax-rel) OVer the battery surface at specific SoCs for
aged batteries are presented. It is worth noting that both parameters are
higher for rotated aged compared to flat aged batteries, and indicate
more ageing of rotated ones, but can not indicate more aged surface
areas as shown in Figs. 5 and 6.

4.3. EIS of EV-life aged batteries

In this section, the results of EIS analysis of aged batteries are pre-
sented. It is worth noting that the typical lithium-ion battery EIS spec-
trum is characterized by 4 different segments. The first segment can be
observed below the real axis in the high-frequency region and is related
to the connection of the lead wires. The second segment is represented
by the crossing point of the EIS spectrum with the real axis. This point is
attributed to the ohmic resistance (Rg) that encompassed the resistance

of the electrolyte and the current collectors etc. The third segment is
made of a semi-circle that can be observed in the medium frequency
range. The semi-circle includes the solid-electrolyte interphase (SEI), the
double-layer capacitance and the charge transfer resistance (R.). After
the semi-circle in the lower frequency range segment 4, the diffusion tail
can be observed. In this study, only the segment 2 and 3 will be
considered and exploited.

Fig. 7 displays ECM used to fit the typical EIS spectra obtained at
100, 80, 60, 40 and 20% SoCs and their relative fitting curves for the
position BI (flat and rotated batteries) respectively. The diagram of the
ECM used to evaluate the data in this study is shown in Fig. 7a. The
constant phase element (CPE) is employed and this is motivated by the
surface roughness, the variation in thickness or composition, the non-
uniform current distribution describing all together with the non-ideal
behaviour of the system. The impedance of the CPE is defined as Z (f;)
=[Q (Ja)i)"]’I with 0 < n < 1, where Q is the CPE and w; = 2xf; is the
angular frequency of the AC signal. When n = 1, the system behaves as a
pure capacitor and when n = 0, it describes as a pure resistor. The ECM
described herein, comprises a parallel branch of lead impedance
(inductance (L) and resistance (Ry)) connected in series with the ohmic
resistance (Rg). The series branch is then connected to another parallel
branch one modelling the SEI layer (constant phase element (CPEgg;)
and SEI resistance (Rsgp)), and the other represents the double-layer
capacitance constant phase element (CPEpy), charge transfer resis-
tance (Ry) and constant phase element (CPEg) associated with the
interfacial process at the double-layer. Finally, a diffusion element is
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Fig. 6. a) Thermal maps of aged batteries with TI positions in the modules (left) and cross-sections through the hot spot in the x-direction (right); b) Thermal maps of
aged batteries with TO positions in the modules (left) and cross-sections through the hot spot in the x-direction (right), where arrows in (a right) and (b right) indicate

the direction of hot-spot movement).

Table 2
Temperature standard deviations (o1) and the maximal temperature increase
(Tmax-rel) OVer the surface for aged batteries at specific SoCs.

or/°C Tmax-rel/°C

SoC/ 80% SoC 60% SoC 40% SoC 80% SoC 60% SoC 40% SoC
%

Fgo 0.23 0.31 0.38 3.8 6.1 8.0
Far 0.22 0.31 0.37 3.9 6.1 8.0
Foy 0.23 0.33 0.41 3.8 6.2 8.2
Fro 0.24 0.33 0.41 3.8 6.3 8.3
Rpo 0.26 0.37 0.48 3.9 6.3 8.4
Rpr 0.26 0.37 0.45 3.9 6.5 8.5
Ry 0.27 0.38 0.47 4.1 6.6 8.9
Rro 0.27 0.38 0.45 4 6.6 8.9

connected in series with these branches as shown in Fig. 7a.

As can be seen from these figures (Fig. 7b-f), there is a noticeable
difference between the impedance spectra collected on the flat and
rotated batteries and this at all investigated SoCs. Firstly, the ohmic
resistances of the flat battery are systematically lower compared to that
of the rotated-battery and this is observed at all SoCs. Besides, the semi-
circle of the flat batteries is systematically bigger compared to that of the
rotated batteries and this is also observed at all aforementioned SoCs.
These differences can be attributed to the orientation of the batteries
during ageing. And this will be addressed in the discussion section.

Fig. 7b—f shows the typical Nyquist plots of the batteries with flat and

rotated orientations at 20, 40, 60, 80 and 100% SoC collected at 25 °C
and their relative fitting data so obtained. The fitting parameters are
tabulated in Table 3 as well as the ? and the relative error. As can be
seen, from these Fig. 7b—f a good fit was obtained for the impedance data
within 3.54 x 107° <y? <23.6 x 107° and with 1.22 x 1073< y2/
|Z|<8.55 x 1072,

The parameters of interest obtained from the fitting data i.e. Rgg; and
R, are added together and plotted as a function of SoCs in Fig. 8a-f.
Similar shapes were observed for all the plots of the sum of the afore-
mentioned resistances versus SoCs. As can be seen in Fig. 8a and b, the
sum of resistances decreases from 100% SoC to a minimum around 80 or
60% SoC before increasing in the region of 40 to 20% SoCs. However,
when comparing the sum resistance of the 4 cells from the differently
orientated modules, the values of the cells in flat orientation (Fig. 8a) are
in a narrower range compared to that of the rotated Fig. 8b. Fig. 8c—f
shows the cells in the identical position but with different orientations
two by two and it is clear that except for the cells in position top outside
(TO), the resistances of the flat-cells are higher than that of the rotated
cells and this will be explained in the discussion section.

5. Discussion

It is clear from the present results that for pristine large-size LiB,
battery orientation has a significant influence on battery thermal
behaviour. The position of the hot spot on the temperature derivative
maps is closer to the battery edges which are opposite to the gravity
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Fig. 7. ECM scheme for EIS data fitting (part a) and EIS and fitted data comparison for batteries with different orientations with the same positions (BI) in the

modules at specific SoCs (parts b-f).

Table 3
Fitting parameters obtained from the EIS.

Parameter Flat orientation Rotated orientation

SoCs/% 100 80 60 40 20 100 80 60 40 20
L/H(x 107 32.3 32.3 30.4 28.3 35 82.6 62.3 71.4 83.0 95
Ry/Ohm ( x 1073) 10 10 10 12.6 10.5 10 10 20 12 10
Ro/Ohm ( x 1073) 1.37 1.35 1.42 1.43 1.47 1.41 1.43 1.45 1.48 1.52
Re/Ohm ( x 1079 2.7 2.5 2.5 2.6 2.8 2.2 1.9 1.6 2.0 2.4
Rsgr/Ohm ( x 1075 1.3 0.87 0.86 0.83 1.26 1.11 0.81 0.55 0.91 1.7
CPEp/Fs™ ( x 107%) 2.18 2.38 2.39 2.39 2.36 2.89 3.62 3.56 3.57 3.33
CPEgg/Fs™ (( x 1072) 1.96 1.93 2.61 2.77 3.16 1.82 1.83 2.74 2.74 3.49
CPEg/Fs™ ( x 1079 2.87 2.55 2.12 2.23 1.48 2.86 2.56 2.38 1.97 1.64
NgEI 0.75 0.75 0.82 0.81 0.77 0.8 0.87 0.92 0.86 0.8
Npy, 0.83 0.75 1 0.85 0.9 0.98 0.4 0.6 1 1

ng 0.3 0.3 0.4 0.3 0.2 0.29 0.4 0.25 0.32 0.25
Rd/Ohm ( x 1075) 8.11 6.44 7.46 2.15 8.75 5.14 6.17 7.42 8.52 9.66
t/s 1.35 1.04 4.93 0.8 1.1 0.9 3.3 2 3 2

n 0.82 0.8 1 0.93 0.76 0.83 1 0.83 0.89 0.84
XZ( X 1079) 7.84 11.32 23.6 22.41 6.52 3.54 5.68 5.9 4.5 4.55
¥%/1Z|( x 1073) 3.26 4.62 8.55 7.99 2.36 1.22 2.32 2.01 1.42 1.34
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Fig. 8. The charge transfer and SEI layer resistances (Rsgr + Ret) graphs for flat and rotated aged batteries (a and b respectively) and comparisons of differently

orientated batteries with the same positions in the modules (c-f).

vector direction through a range of 80%-20% SoC. During EV-life, areas
with less-wetted particles degrade faster, influenced by thermal gradi-
ents, local current densities, and higher local resistances opposite to the
areas with more-wetted particles. The influence of such degradation
mechanisms is shown on aged batteries from two modules orientated
differently during lifetime disassembled from the EoL battery pack.
While for brand-new batteries, different thermal behaviour is caused
only by the difference in particles wetting during different battery ori-
entations (uniformly aged surface) and shows a pure influence of the
orientation on thermal behaviour, for aged batteries, different thermal
behaviour is caused by batteries’ surface ageing non-uniformities.
Comparing the thermal behaviour of flat and rotated aged batteries
(Figs. 5 and 6) with the brand-new battery at the same orientations and
SoCs (Fig. 3a and c), thermal behaviour is very similar. It can be seen
that hot-spot positions for horizontally orientated brand-new and aged
batteries are in the middle of the battery, while for rotated orientated
brand-new and aged batteries hot-spot is moved towards the edges
marked by our hypothesis on Fig. 2¢ and e and are in good correlation.

Temperature derivative maps’ hot-spot for rotated-aged batteries is
closer to the battery edges which were opposite to the gravity vector
direction during ageing but compared with the brand-new battery it is
detectable through 60%-40% SoC range. Explanation of this lay in the
fact that tabs are in mint condition for the brand-new battery compared
to the aged batteries dismantled from the modules. This influences heat

generation (caused by higher contact resistances from the tabs) and at
the beginning of discharging heat from tabs is dominant over the heat
generated in the battery active material [20-22].

Different parameters were extracted from the EIS refinements based
on ECM presented. The ohmic resistance was excluded in our discussion
because of batteries’ tabs conditions. For the analysis of ageing non-
uniformity of the battery surface, only charge transfer and SEI layer
resistances (Rgg; and R) are considered. During the EV-life the amount
of liquid electrolyte becomes scarce due to ageing mechanisms and the
charge transfer and SEI layer resistances are affected by the particle
wettability and hence the surface. Based on the battery orientation and
taking into account the effect of gravity, the batteries in the rotated
orientation (except the cell from the top outside (TO) position) present a
wider range of resistances compared to flat-orientated batteries, which
can be linked to their higher ageing non-uniformity over the surface.
Battery position in the module also influences battery ageing. For the BI
and TI batteries (middle of the module), this behaviour is more pro-
nounced, because there was more temperature influence on them during
their lifetime. For the battery with TO position from the rotated orien-
tation, thermal and EIS results show that ageing is more uniform
compared to the other three batteries. The heat from the positive tab (Al)
is higher compared to the negative tab (Cu) caused by lower Al electrical
conductivity, and the positive tab position of TO battery is opposite to
the battery edge where more ageing is expected caused by orientation
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influence. That fact affected more uniform ageing compared to batteries
positioned in the middle of the module and battery from the bottom
outside (BO) position.

6. Conclusions

In this study, the influences of orientation on large-size pouch LiBs
ageing have been investigated by IR thermography and EIS techniques.
It is found that brand-new battery orientation influence due to gravity
has a significant impact on the battery thermal behaviour. To under-
stand how orientation influences battery ageing, eight cells from two
differently orientated modules from the EoL EV battery pack were
investigated. Results of IR thermography measurements analysis on
retired pouch LiBs with different orientations show a different level of
ageing non-uniformity over the battery surface. This is more pronounced
for the battery aged in the rotated compared to the flat orientation inside
the battery-pack. Moreover, EIS has shown a different range in re-
sistances (charge transfer and SEI layer resistances) over SoCs and this
has been attributed to non-uniformly aged surface. Moreover, based on
the capacity and hence SoH, it is clear that cells aged in flat orientation
retained higher capacity compared to the cells aged in rotated orienta-
tion. Further directions of this investigation will be focused on the ma-
terial characterisation of differently orientated aged batteries to show a
different material ageing state in surface areas detected by the proposed
methodology. Also, orientation influence on the ageing will be investi-
gated on the batteries from battery packs with an active cooling system.
Based on the results presented, we conclude that different LiBs orien-
tations should be avoided to maintain uniform ageing over the whole
battery pack. Different battery orientations inside the pack can cause
ageing non-uniformities over the battery surface and their second-life
applications should be applied with caution. Also, for the second-life
application, extensive care should be taken to assemble batteries with
the same orientation during ageing.
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