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Abstract: The development of tools for examining and predicting battery performance represents a
significant challenge for the field of monitoring, as it is dependent on nondestructive evaluation (NDE)
techniques to provide key behavior descriptors. As the thermal behavior of a battery impacts its
internal chemistry, thermal imaging represents an in operando NDE technique capable of providing
valuable information to facilitate an understanding of a battery’s overall electrochemical
performance. However, previous attempts to directly link thermal imaging analyses to internal
chemistry have—so far—proved challenging due in part to the complexities of the relationships
between the thermal and the electrochemical battery behavior. In this article, we propose and
describe a more refined approach in which correlation between thermal imaging results and internal
battery reactions is first established, providing a foundation for determining descriptors for
developing early fault detection. Here, this approach is experimentally validated, through the use of a
combination of electrochemical, in operando infrared thermography, and post-mortem analyses,
which were undertaken in order to characterize selected lead-acid batteries. These results—and their
implications for early fault detection—are discussed, along with the challenges facing in operando
battery thermal imaging, laying a foundation for developing the understanding vital to future iterative
design improvements.
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1. Introduction

As the requirements facing batteries increase—both in terms of demand and complexity—the
ability to understand, control, and predict battery performance becomes ever more urgent. Given the
importance of the thermal effect on batteries’ behaviors with respect to a wide range of battery
properties, including performance, life span, and—critically—safety, it would seem axiomatic that
characterization of battery thermal profiles (particularly with respect to thermal monitoring during
cycling) is a crucial part of battery development [1-4]. Indeed, relevant models, which range from
simple one-dimensional thermal models to highly complex three-dimensional coupled thermal and
electrochemical analyses, show that irrespective of device, non-uniform temperature distributions
can be present during operation; often resulting in issues for the devices in question [5-12].
Moreover, due to the critical importance of safety, there has been considerable interest in developing
and improving the thermal handling of battery systems—particularly with respect to that undertaken
by the battery management system (BMS) [13-16].

This highlights the relevance of temperature with respect to operational and safety analyses for
fuel cells and batteries, which is subsequently reflected in the varied and abundant literature
produced regarding monitoring the thermal characteristics and behaviors of these devices [17-20].
Consequently, techniques appropriate for the elucidation of a greater understanding of these
phenomena are in great demand. It should be no surprise, therefore, that thermal monitoring has
become a popular area of research [21]. One increasingly popular analytical tool is infrared
thermography (IT), as it is a safe, non-destructive, and contactless technology, which may be used to
determine the thermal profile of a battery [20-22]. However, in addition to providing insights into
the thermal profile of a battery (i.e. thermal monitoring) it must be noted that IT may also identify
hotspots in situ (while the battery is still in operation) [21,23]. In many conventional battery systems,
hotspots represent an indication of a fault and so, in this way, IT represents a powerful tool—capable
not only of thermal monitoring but also the hitherto mostly neglected possibility [21,24] of early
fault detection.

In general, nondestructive evaluation (NDE) by infrared thermography may be divided into two
methods: 1) passive infrared thermography (PIT) and 2) active infrared thermography (AIT) [25]. In
essence, PIT involves detecting abnormal temperature fields—the presence of which may indicate
anomalies. This technique, mainly used for qualitative inspection and localization purposes, is
relatively simple to implement and has been used to good effect for diagnosis in other fields [26]. By
contrast, AIT consists of analyzing the transient heat flux of the thermal scene after its solicitation by
an external thermal source, and has proven to be a powerful tool when PIT is too sensitive to
variations of surrounding conditions, requires too long a duration, or does not provide sufficient
thermal contrast [27]. While AIT does offer advantages over PIT, the simplicity of PIT makes it an
ideal starting point for evaluation. Indeed, previous work has demonstrated that PIT in particular may
be applied to lead acid batteries in order to successfully detect observable failures [24]. However, it
also highlighted the difficulties in attempting to correlate voltage and thermal signal. This may be
attributed to the complexities of the internal chemistries and design of the battery system making
such attempts at direct correlation extremely challenging.

In order to address this issue, we believe that a refined approach may prove more viable. This
may best be summarized as first correlating the battery’s thermal behavior—and formation of
hotspots in particular—to the internal reactions, before using this understanding to develop the key

AIMS Energy Volume 7, Issue 5, 646-659.



648

descriptors for electrochemical performance prognosis with respect to early fault detection.

In this way, by linking the internal battery reaction to its thermal and electrical behavior, we
suggest it will be possible to a) develop a non-destructive early fault monitoring technique; b)
develop a refined thermal monitoring tool to ensure smooth and safe battery operation; and c)
provide a framework of improved understanding to facilitate future iterative improvements.

However, in order to justify future development of this technique, it is first necessary to
demonstrate the added value of such an approach. Thus, in order to validate our proposed technique
as a proof-of-concept, we use—for the first time—a combination of in operando thermal imaging,
electrochemical measurement, and post-mortem analysis to determine the utility and viability of the
proposed technique.

In this work, we describe in detail our experimental methodology which consists of:

1) Gathering a dataset of thermal/electrochemical behaviors of pre-selected lead acid batteries.

2) Using PIT to identify key internal features of interest.

3) Undertaking post-mortem analyses to characterize these identified areas.

4) Correlating the batteries’ most relevant internal reactions to thermal behavior, so as to validate
the utility of this approach.

5) Examining these proof-of-concept results with respect to applicability of this method to early
fault detection in batteries.

Finally, we will summarize the results and discuss in detail the implications with regard to the
on-going development of a fault detection model.

2. Methodology
2.1. Criteria for battery selection

Two types of batteries were selected for analysis in this work: systems which are at the
beginning-of-life (henceforth ‘BoL systems’), having undergone formation cycles only, and systems
which have undergone field aging resulting from use in real-world telecommunications powerplant
(henceforth ‘degraded systems”).

These batteries consist of a series of 6 cells, each of which has a grid of alternately 4 anode and 3
cathode plates, each insulated by a glass fiber separator impregnated with electrolyte (see schematic
in Figure 1).

b)

Anode Cathode

Electrolyte
[separator

Figure 1. Schematic of a) battery; b) cutaway of cell; c) internal grid structure.
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2.2. Experimental setup and protocol

The two selected batteries were placed in a climate chamber, controlled by an Omron E5CC
temperature controller, with padded walls to limit environmental reflections (Figure 2). The
electrochemical tests were carried out using an Arbin LBT22043 cycler. The cycler’s ADC (analog to
digital converter) has 24 bit resolution, and was configured to acquire data every minute.

Figure 2. Picture of the two batteries in the test chamber.

Both batteries were left at room temperature, in the chamber, until thermal equilibrium with the
environment was achieved.

After this period of thermal stabilization, the following protocol was simultaneously applied to
both batteries:

e Discharge at 0.1C (-0.45 A) until the voltage reached 10.8 V

e Asubsequent 2 h rest step

e Charge at 0.3C (1.35 A) under constant current until the voltage reached 14.7 V
e Charge at 14.7 V (constant voltage) until current is 0,01C (0,045 A)

e Subsequently, a floating mode at 13.6 V for 7.5 hours

During the cycling procedure, the thermal behaviors of the two batteries were simultaneously
measured using a FLIR A6752SC infrared camera (3—5 jum, 50 mm, /2.5 lens). This infrared camera
was controlled using the FLIR ResearchIR Max software (Version 4.40.9.30). To ensure thermal data
was collected at times in accordance with the electrochemical data, thermal images were acquired
every minute.

After selection of the appropriate area for measurement (as denoted in Figure 3b), the total
thermal scene was represented by images of size 320 x 256 pixels (Figure 3a). The experimental
thermograms were calculated by averaging, at each time step, of two zones of the thermal scene (131 %91
pixels per battery, see Figure 3b).
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Figure 3. a) Thermal scene of the two studied batteries (t = 0 s); b) two zones, in black,
representing the average experimental thermograms calculus. The batteries on the
left-side and right-side of each picture corresponds to the BoL and the degraded system
respectively.

The recorded data was post-treated using the FLIR ResearchlR Max software and the scientific
programming language GNU Octave [28].

Post-mortem analysis was then carried out on relevant samples extracted from the battery.
Crystallization was characterized using Scanning Electron Microscope (SEM) FEI Quanta 250. The
crystal structures of the lead species present were then identified by X-ray diffraction (XRD) using a
Bruker D8 Discover diffractometer (monochromatic Cu Ko radiation, A = 1.54053 A), at room
temperature, within the 20 range of 15 —-80<

3. Results

From the body of experimental data, representative results were selected for characterization.
Figure 4 shows the thermal scene at different times during the experiment (total duration c.a. 25
hours).

As expected, the use of passive infrared thermography allowed to detect the damaged battery by
means of its excessive energy release (Figure 4, right side). One can notice that the results (images)
are given in the arbitrary units of the infrared camera, proportional to the received radiative flux (an
excessive energy release appears in yellow in the previous figure). Then, experimental thermograms
were calculated for each battery (see 2.2. Experimental setup and protocol). These thermograms were
obtained after conversion into apparent temperature using the internal calibration of the infrared
camera and by arbitrarily fixing the emissivity of the thermal scene at 0.92. They were also corrected
to take into account the variation in temperature of the environment (0.7 °C).

The thermograms and the corresponding currents are plotted as a function of time in Figure 5.
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Figure 4. (From left to right and from top to bottom) Thermal scene at time t = 0 s,
10000 s, 20000 s, 30000 s, 40000 s, 50000 s, 60000 s and 70000 s. The batteries on the
left-side and right-side of each picture corresponds to the BoL and the degraded system.
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Figure 5. Current and infrared profiles for a) BoL and b) degraded systems.

At the end of the experiment (t > 70000 s), an infrared image was taken at each side of the
degraded battery. By applying a simple thresholding treatment, the localization of the defective area
is easily observed (see Figure 6).

Figure 6. Center, estimated location of defect; surrounding, infrared images of the four
faces of the degraded battery.
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It should also be noted that the quantitative study of the most emitting zones can provide a
powerful tool to refine this location. Indeed, the amplitude of its thermal imprint on a given surface
of a battery, as well as its diffusive spread, made it possible to estimate the probable location of a
defect. Thus, in the case of the damaged battery studied in this paper, a weaker thermal diffusion
observed on the ‘left and lower’ (Figure 6) faces indicate the proximity of the energy source. In the
same way, the higher amplitude of the signal on the ‘left’ face indicated that the heat source is
located near this face. Finally, by exploiting the data of the four faces, the probable location of the
defect has been proposed (Figure 6, center). In order to validate the relevance of this approach a
post-mortem study was conducted on the defective battery.

In order to ensure relevant post-mortem information was obtained for the aged battery, the
points of interest were identified using detailed thermal mapping (see Figure 7). As can be seen, the
area is located in upper part of block A, between cell 2 and 3.

a) b) c)

Figure 7. a) Thermal imaging of the battery’s edge with cell identification; b) Thermal
imaging of the battery’s front with block identification; c) schematic of the battery’s
design with hotpot and the block and cell assignation.

In order to physically access this location, the battery was opened in a well-ventilated fume
cupboard using Dremel cutting tools in accordance with safety protocols to ensure good laboratory
practice.

Visual inspection (see Figure 8) revealed the anode plate was covered in molten plastic, the area
of which corresponded with the estimated defect location. The 3D shape of the effect was, therefore,
in good accordance with the highest temperature observed in the hot spot (as identified in the thermal
images).
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Figure 8. Picture of opened cell with identification of the area of interest.

Upon opening the cell, a more in-depth post-mortem analysis was carried out, including taking
XRD and SEM data of areas both in and out of the hotspot (see Figure 9).
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Figure 9. a) XRD results of anode up (red) and anode down (blue), * indicates lead
peaks; schematic of location of anode up and down; b) SEM images of anode (red: anode
up, hotspot area; blue: anode down, out of hotspot).
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Comparison of the XRD (Figure 9a) data to Pb [29] and PbSQO, [30] standards, confirms both
are present in both the anode up and down regions. Examination of the SEM data (Figure 9b) reveals
some significant difference, however—while the PbSO, is present at the anode down as small, high
solubility crystals, at the anode up region (i.e., at the hotspot) it is present as large, low solubility
crystals. The post-mortem analysis of this data, carried out in the discussion section, both explains
the results and proposes the mechanism responsible.

4. Discussion

Examination of the thermal and electrochemical profiles of the batteries (see Figure 5) reveals
important information even prior to post-mortem analysis. As can be seen, there is a strong
correlation between the current charge/discharge profile and the thermal response for both systems.
However, significant differences between the BoL and degraded systems may also be observed. The
electrochemical profile of the BoL system followed the typical charge/discharge profile (as described
in the manufacturer specifications), and the thermal response showed the expected time shift. By
contrast, the degraded system not only exhibited a failed floating mode charge profile, but also an
atypically high thermal profile. The combination of this abnormal behavior enabled easy
identification of undesirable internal reactions within the battery. In short, comparison of the
behaviors of these systems clearly demonstrates the value of this combined electrochemical-thermal
analyses as a detection method for identifying areas of interest for in-depth post-mortem
characterization.

Given the importance of understanding the effect of the battery’s internal heat generation in
order to optimize the system’s design, it is important to identify which potential failure mode
occurred. The failure modes of lead acid batteries are well reported in the literature [31,32], and
include:
« Hard/irreversible sulfation—While PbSO, is a normal product of a discharge at both electrodes,
with aging of the battery irreversible sulfation occurs [33]. In essence, the formation of large,
insoluble crystals leads to a build-up in their presence and loss of contact between plate and
electrolyte, leading to permanent capacity reduction and increased internal resistance.
» Positive grid corrosion—positive plate/battery post (usually near the connection to the casing)
corrosion restricts current flow, increases internal resistance due to PbOy passivation layer formation,
and so leads to failure from blocked current or cracked casing [34].
« Electrolyte stratification—density differences leading to electrolyte separation during rest,
resulting in inhomogeneous activity during charge/discharge, increased sulfation in areas with high
concentration of acid, and—subsequently - increased wear [35].
«  Water loss/desiccation—thermally induced evaporation and/or water splitting at high states of
charge leading to electrolyte loss, inhomogeneous contact, and thus active and inactive regions
leading to localized wear [36].
« Shedding—active mass is lost from the plates and collects at the bottom of the battery, which
reduces the available active mass (and thus capacity) and—if sufficient mass collects—may cause a
short circuit [37].
« Active mass degradation—chemical and physical changes in the active mass leading to loss of
electrochemically active material and, subsequently, capacity [35].

These mechanisms are well known to result in loss of electrochemical performance within
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batteries used in stationary applications.

As seen from our XRD data (Figure 9a), the in-depth post-mortem analyses revealed the
presence of PbSO, crystals at both the anode up and down regions. This observation is, in fact, in
accordance with characteristic aging of the battery, as formation of small, soluble, PbSO, crystals is
an inherent part of this process, and typically occurs via an Ostwald ripening mechanism [32].

The SEM data (Figure 9b), however, reveals some significant differences between the natures of
the PbSQO, crystals at the anode up and down regions. While the crystals at the anode down region
are the small, soluble PbSO, crystals expected from the typical aging undergone by degraded
systems, at the anode up region (the location of the hotspot) we see the large, insoluble, PbSO,
crystals associated with hard sulfation degradation [31].

This is a key point, particularly when combined with the visual inspection—which
demonstrated dry regions in the anode up area, indicating water loss and desiccation. While
determining the exact initial cause of the degradation would require further in-depth analyses beyond
the scope of this work (and so are reserved for a future publication focusing on this topic), the
information obtained from this combined post-mortem/thermal analysis alone is more than sufficient
for us to propose that the following general processes are responsible:

a) Inhomogeneities in the electrolyte lead to dry regions which hinder PbSO, from dissolving back
into the electrolyte, essentially facilitating increased hard sulfation.

b) Recrystallization of PbSO,—from both normal aging and formation in dry regions—Ieads to the
generation of large, insoluble PbSO, crystals. The build up of these crystals increases localized
internal resistance, leading to localized regions of increased temperature.

c) Localized increases in thermal activity (e.g., the hotspot observed by the thermal imaging) can
lead to localized water loss, and increases in inhomogeneities in the electrolyte and hard sulfation.

Given that these processes are self-reinforcing, it seems reasonable to assume that the
combination led to sufficient hard sulfation degradation and loss of contact as to explain the failure
of the battery observed in the electrochemistry. Consequently, we can see there is a strong link
between the thermal, physical, chemical, and electrochemical responses observed. Indeed, given the
strong link between thermal response and generation of insoluble PbSO, crystals (hard sulfation), we
can tentatively propose that such thermal analyses may well enable detection of the degradation
mechanism prior to system failure—i.e., a pathway to early fault detection.

This, therefore, represents a strong demonstration of our proposed refined methodology
incorporating thermal, physical, chemical, and electrochemical analyses. This not only validates our
approach, but also provides a strong framework for future characterization and development of
analytical methodologies.

5. Conclusions

In summary, we have proposed using the correlation between internal battery physiochemistry
and infrared thermography as a foundation for electrochemistry prognosis. This methodology not
only offers facile, early fault detection, but also provides information regarding areas of interest
(enabling rational selection of those areas so as to facilitate rapid diagnosis and evaluation).
Validation of the link between thermal images and internal battery reactions has been successfully
undertaken through a combination of in operando PIT and ex operando post-mortem characterization.
This demonstrates the usefulness of the proposed methodology with respect towards developing
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early fault detection and—potentially—the knowledgebase and framework of understanding key to
facilitating the rational iterative improvement of batteries.

Nevertheless, some challenges remain before consideration may be given towards utilization in
real-world applications. Firstly, in order to gain the most benefit from this work, it will be necessary
to extend validation towards other battery systems. Only by generating a sufficiently encompassing
dataset will full utilization of this approach become possible. Secondly, the specific set-up used
during this validation did require a degree of free space, the repositioning of the battery in order to
generate data from all four sides, and required careful selection of infrared camera. However, it is
worth noting that the spatial issues will be less problematic in accumulator rooms, where it is
possible to achieve sufficient distance between the batteries and the camera. Moreover, the
continuing rapid development of infrared imaging technology, combined with advances in
determination of feature significance, would seem to suggest that in the near future improved
contactless monitoring will be possible with readily available systems. It would seem reasonable to
conclude, therefore, that neither of these challenges represents an obstacle to continuing work in this
area.

Meanwhile, by demonstrating clearly that there is an advantage to the novel approach of
combined post-mortem data and thermal imaging technologies for battery analysis, here carried out
for the first time, we take an important first step towards enhancing the characterization of battery
systems in general, as well as representing a strong foundation for future analytical and safety
investigations. This would not only be a significant advance for the field in and of itself, but also will
be key to the development of remote monitoring of batteries and automated validation—particularly
with respect to predicative modelling of performance.
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