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Abstract: The performance and durability of electrochemical power systems are determined by a
complex interdependency of many complex and interrelated factors, temperature and heat transfer
being particularly important. This has led to an increasing interest in the use of thermal imaging to
understand both the fundamental phenomena and effects of operation on the temperature distribution
and dynamics in these systems. This review describes the application thermal imaging and related
techniques to the study of electrochemical power systems with the primary focus on fuel cells and
batteries. Potential opportunities and directions for future research are also highlighted, indicating
the wide scope for further insights to be gleaned using infrared thermal imaging techniques.
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1. Introduction

Electrochemical power systems are used in a wide range of sustainable power generation and
storage applications due to the high electrical efficiencies and low carbon emissions which typify
such devices. Broadly, these power systems can be divided into fuel cells and batteries; however,
these assignments encompass a significantly larger subset of classifications governed by the material
of construction, operating temperature and the fundamental mechanisms which generate electricity.
Common to all electrochemical power devices is the fact that chemical energy is converted directly to
electrical energy, negating the intermediate mechanical steps required by conventional combustion
techniques. This direct conversion ensures that the efficiency of electrochemical power systems
is not limited by the Carnot cycle [1] and also governs the mechanisms of energy loss within the
cells. Rather than a combination of thermal, mechanical and acoustic energy, electrochemical power
systems dissipate waste energy primarily via thermal mechanisms. This review will focus mainly
on Li-ion batteries (LIB) and on polymer electrolyte membrane (PEMFC) and Solid Oxide Fuel Cells
(SOFC); allowing the description of the most commonly studied electrochemical devices within two
distinct temperature windows—temperatures below 120 ˝C for both LIB and PEMFC and those above
600 ˝C for SOFC. The reason for these temperature windows is different in all cases; for instance, the
600 ˝C limit is imposed due to the poor ionic conductivity of most oxide ion conducting electrolyte in
SOFCs [2,3]; however, in the case of LIBs exceeding this limit can result in cell decomposition [4–7],
which can in turn lead to catastrophic failure of the devices [8–10]. The importance of temperature
for operational and safety reasons on both fuel cells and batteries can be seen in the varied and
abundant literature produced to model the thermal characteristics and behaviour of these devices,
in addition to an ever-increasing quantity of experimental reports. These models, which range from
simple one-dimensional thermal models to highly complex three-dimensional coupled thermal and
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electrochemical analyses, show that irrespective of device, non-uniform temperature distributions
can be present during operation; often resulting in operational issues for the devices in question. In
compiling this review, the authors will attempt to outline the key works describing the use of thermal
imaging, whilst also outlining potential opportunities for further work in this area.

Li-ion batteries have had a transformative effect on portable electronics since they were first
commercialised by Sony in 1991; however, these devices are being employed in increasingly compact
and power intensive environments, including in powertrains for automotives [11–13]. Recent high
profile incidents [14,15] and safety concerns have resulted in a wide array of safety componentry and
other safeguards being built into battery packs and has led to significant research into improved cell
designs. However, these additional components add to the economic cost of systems, whilst reducing
both the volumetric and gravimetric power density. As such, recent attention has turned to improving
thermal management of Li-ion systems [16]; by enhancing thermal homogeneity the volume and
weight of battery packs can be improved, whilst also prolonging the life of devices.

Li-ion batteries are constructed from three distinct layers, a graphitic anode, an aqueous electrolyte
and a Li-based cathode, which varies in the chemistry used to identify the cell type. During discharge,
lithium in a metallic state in a graphitic anode oxidizes, and then the released Li+ ions move across to
the cathode, where they are intercalated into a metal oxide-based cathode. The electrons go through
the external circuit from anode to cathode. As such, the generation of heat in a battery is a complex
sum of entropic and Ohmic contributions associated with the reactions and the flow of current within
the cell [17,18]. These processes result in significant temperature variations within the cell and between
internal and surface regions [19,20]. Despite this, the surface temperature of a battery can be related to
the internal temperatures using a variety of techniques [21,22], and is of course vital in the thermal
management of systems [23,24].

Polymer Electrolyte Membrane Fuel Cells (PEMFC) are a class of fuel cell which utilise an
aqueous polymeric electrolyte to separate the electrodes. These devices are typically fuelled with
hydrogen which is oxidized at the anode during operation using oxygen. This reaction results in
the generation of water at the cathode (an exothermic process) which helps to maintain the ionic
conductivity of the polymer membrane. The electronic current (generated at the anode) can produce
non-uniform temperature distributions throughout the Membrane Electrode Assembly (MEA) through
poor electrical contact, localised electrochemical reactions or hot spots associated with pin holes in the
membrane electrolyte amongst other factors. A typical polymer electrolyte membrane fuel cell MEA is
shown schematically in Figure 1.
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As the membrane must be hydrated to operate effectively, PEMFCs have typically been limited to
an operating temperature below 120 ˝C; however, this temperature restricts the choice of catalyst for
cells, which is often platinum. In addition to increasing the cost of cells, the use of platinum also limits
the level of impurities, including carbon monoxide and sulfur oxides, within the fuel which can be
tolerated by PEMFCs. As such, a drive to increase the temperature has resulted in the development of
high temperature membranes [25] and non-platinum metal catalysts [26]. With the developments in
catalyst technology, the use of PEMFCs has steadily increased since the start of the 21st century, with a
number of vehicles being produced using hybridised PEMFC technology. Portable devices have also
been brought to market using so called “open-cathode” PEMFC which use atmospheric oxygen as the
oxidant. In addition to localised electrochemical reactions, fuel cells are subject to a number of losses
which result in heat generation. These losses, which arise due to deviations from the thermodynamic
open circuit potential of the system, result from polarisations associated with the activation energy
of the system along with Ohmic losses and mass transport losses. The magnitude of these combined
polarisations is heavily dependent on the operation of the cell which in turn may lead to increased
thermal heterogeneity. The generation of water within fuel cell systems also results in the formation of
localised, internal heat sinks in PEMFC systems as water has a significantly higher thermal mass than
the equivalent mass of H2 and O2 gas which results in a greater capacity to remove heat. In addition
should the water condense the effect of latent heat on the temperature distribution must be considered.
As such, temperature variations within these devices are a complex combination of chemical and
physical contributions, which can vary with time, operating conditions and due to external factors.

Solid Oxide Fuel Cells (SOFCs) operate at high temperature due to the limits imposed by the
ionic conductivity of the solid ceramic electrolyte layer utilised in the construction of the devices. The
high operating temperature of SOFCs enables a much wider range of fuels to be used when compared
to PEMFCs which has attracted interest in these devices for high power stationary operation. Heat
recovery has also enabled SOFCs to be integrated into Combined Heat and Power (CHP) systems [27].
The increased operating temperature also enables non-precious metal catalysts to be used, with nickel
commonly preferred. SOFCs are subject to the same polarisations as PEMFCs; however, a more
significant cause of localised temperature variations is the internal reformation of methane when the
cell is fuelled using hydrocarbons. Whilst this mode of operation has the advantage of being able
to easily integrate with existing gas distribution infrastructure the reformation of methane occurs
via interconnected and highly endothermic reactions (Equations (1)–(3)) which can generate severe
thermal gradients on the surface of SOFCs [28,29].

CH4 `H2O Ø 3H2 `CO, ∆H
˝

298 “ 206 kJ¨mol´1 (1)

CH4 `CO2 Ø 2H2 ` 2CO, ∆H
˝

298 “ 247 kJ¨mol´1 (2)

CO`H2O Ø H2 `CO2, ∆H
˝

298 “ 41 kJ¨mol´1 (3)

These gradients have been reported to result in significant stress distributions within
SOFCs [30,31] and significantly increase the degradation of cells and contribute to the failure of
stacks [32,33]. Indeed thermal gradients in excess of 104 K¨m´1 have been reported under the
conditions generated by methane fuelling [34] through finite element analysis, whilst experimental
reports have also shown temperature gradients across the surface of small operational cells [35,36].

Irrespective of device, an effective thermal management strategy is paramount for both the safe
and efficient operation of electrochemical power systems. As such, the use of infrared thermal imaging
has garnered increasing interest, particularly with the decreased cost of infrared cameras. With this
increased interest a diverse array of detector types, sensitivities and resolutions has been developed
which has resulted in infrared cameras being developed which can be suited to a wide range of uses.
For further information on fundamental aspects of thermal imaging the reader is referred to Vollmer
and Mollmann [37] and Meola [38]. Broadly two types of cameras are suitable for infrared imaging
of electrochemical devices—the medium and long wavelength cameras. The suitability of a specific
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camera type depends on a large number of factors; however, is primarily governed by the operating
temperature of the application in question. For this reason, specialized long-wavelength cameras
(and indeed filtered CCD cameras) operating between 7 and 12 µm have typically been applied to
high temperature SOFC research. The lower temperature devices have, in general, been examined
using mid-wavelength cameras operating in a 2–5 µm bandwidth. Irrespective of device the quality
of image obtained is heavily dependent upon the calibration of the camera performed prior to the
experiments. Low emissivity, the presence of water and challenges in obtaining direct optical access to
the device can result in misleading results. As such, it is imperative that the composition of the scene
is considered before absolute temperatures are obtained. Indeed should the emissivity of the object
being imaged be low, sources of radiation external to the scene may require consideration as a result of
high reflectivity. In instances where changes to the device may occur—for instance the generation of
water in PEM systems, the results must be analysed in such a way that these changes are accounted
for; often through a time-dependent emissivity function.

The following sections will detail the use of thermal imaging under a number of scenarios: single
frame thermal imaging to identify temperature distributions under a discrete condition, dynamic
imaging showing temperature distributions which manifest temporally due range of operational and
failure conditions and finally the use of thermal imaging in conjunction with additional techniques
such as X-ray microtomography and Raman spectroscopy to enable thermal effects to be related to
various structural or chemical changes.

2. Single Frame Imaging

Single frame thermal imaging has been widely used in order to obtain boundary conditions for
models, or indeed, for model validation. However, single frames can also be used to describe the
steady-state condition of devices with high accuracy. This mode of operation can also be used as a
diagnostic—identifying areas of high or low electrochemical activity, thus elucidating vital information
in the design and optimisation of systems. Air breathing PEMFCs were examined by Obeisun et al. [39]
who looked at the temperature distributions, shown in Figure 2, associated with the passive fuelling
strategy employed by these devices. An increased operating current was seen to result in increased
surface temperatures, with inhomogeneous distributions being imposed on the device by the housing
in which it was contained. The effect of clamping pressure was also observed to have an impact on the
temperature distribution; with lower clamping pressures in the center of the cell resulting in a lower
temperature, this was attributed to poor electrical contact.
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Figure 2. Images showing the effect of the opening ratio (i.e., the area of electrode exposed to the
atmosphere) of an air breathing PEMFC obtained by Obeisun et al. [39]. Heterogeneous temperature
distribution is clearly visible on the cell due to non-uniform clamping forces and the flow configuration
in the system. Water formation can be seen at the edges of the cell at the 42% opening ratio. Reproduced
with permission from [39].
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As a result of this finding it was suggested that by increasing the opening ratio of the cell (in
doing so enabling more oxidant to reach the cell) the temperature at the centre of the cell may in fact
decrease. Further work suggested that circular openings improved the electrical contact of the cell,
enabling a larger opening ratio in the current collector, whilst maintaining sufficient electrical contact
with the cell [40].

Martins et al. have validated a one-dimensional PEMFC model using thermal imaging [41]. Once
more a non-uniform temperature distribution was observed; however, in this instance measurements
were taken from the plastic fuel cell housing. Temperature variations of 6.5 ˝C (approximately 20% of
the maximum absolute temperature) were observed at low operating currents (1.5 A). These variations,
which were seen despite the additional thermal mass added by the plastic housing, were observed to
be in agreement with the model that the authors produced, which accounted for temperature variations
along the flow channel. A similar approach was taken by Matian et al. who used thermal images to
validate a heat transfer model for PEMFCs [42]. To conduct this work the surface of a multi-cell stack
was coated with a matte paint to achieve a uniform emissivity across the various layers which comprise
the system. The temperatures obtained via infrared imaging were seen to be within 5% of the predicted
values, with variations associated with the gas flow directions described. Additionally it was observed
that the absolute temperature was higher on the cathode (air side) of the cell. The temperatures at
the respective gas entry and exit points was seen to vary significantly, with the surface temperature
decreasing by 33 ˝C between the air inlet and outlet. The temperature between the hydrogen inlet
and outlet was also seen to increase by 8 ˝C. The work, highlighted in Figure 3, was subsequently
expanded to include multiple cells with good agreement between the experimental results and the
model observed once again.
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Figure 3. Comparison of the temperature distribution of a two cell PEMFC system obtained using finite
element analysis (left) and thermal imaging (right) reported by Matian et al. [42]. Good agreement is
seen between the computational and experimental results, highlighting the impact of thermal imaging
as a tool for model validation. Reprinted from [42] with permission from Elsevier.

The flow direction of reactants was also seen to have an impact on a PEM device operated
in electrolysis mode to generate H2 gas through the electrochemical splitting of water by
Dedigama et al. [43]. The authors showed a linear relationship between the operating current density
and temperature of the electrolysing device at a number of operating current densities. In this instance
the device was not painted; however, emissivity corrections were applied during the analysis of the
results. Furthermore, the rate of heat loss was linked to the efficiency of the system which may be used
to find an ideal operating point for PEM electrolysers.
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In order to gain optical access to the surface of fuel cell electrodes modification of the system is
often required, as demonstrated by Hakenjos and Hebling [44] who used a ZnSe window to observed
the temperature at a PEMFC cathode. The interaction between cooling gas streams and heat generating
electrochemical reactions was observed, with a complex temperature distribution visible through the
infrared measurements. Shimoi et al. also used a window to examine the temperature distribution along
flow channels in PEMFCs [45] this study highlighted water droplet formation as a major challenge to
obtaining accurate thermal images of the cathode as evident in Figure 4. Once again hot-spots were
observed at the electrode surface and a dependence between the operating condition and temperature
was seen.
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Figure 4. The temperature distribution of a PEMFC cathode observed through a sapphire window as
reported by Shimoi et al. [45] at three operating current densities: (a) 345 mA¨ cm´2; (b) 556 mA¨ cm´2

and (c) 992 mA¨ cm´2. Water formation and adherence to the window is clearly visible which masks the
lower portion of the electrode in all measurements. Reprinted from [45] with permission from ASME.

Water formation also inhibited the imaging of the cathode temperature distribution in a study
reported by Guo et al. [46]. Despite this the authors were able to successfully image the anode (fuel side)
of a PEMFC using a BaF2 window. As this side of the fuel cell does not produce water, condensation
on the window was not observed. This study showed increased temperature activity at both edges
of the system which utilised an interdigitated flow field configuration as seen in Figure 5. This was
attributed to increased gas pressure in these areas, which in turn, increased the rate of electrochemical
activity. A cooler region was observed in the middle of the cell which was suggested to be as a result
of lower pressure due to the flow conditions. The effect of operating current densities was examined
with small non-uniform temperature distributions being visible at 0.424 A¨ cm´2; these heterogeneities
were seen to increase with increasing current densities.
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Figure 5. PEMFC anode temperature distribution measured through a BaF2 window by Guo et al. [46]
at current densities of: (a) 424 mA¨ cm´2; (b) 742 mA¨ cm´2; (c) 1061 mA¨ cm´2; (d) 1379 mA¨ cm´2.
The effect of flow direction is seen most clearly in image (d) via the cold spot located in the middle of
the cell. Reprinted from [46] with permission from Elsevier.

Rather than inhibit the measurement as discussed previously, Daino et al. [47] used infrared
imaging to visualise water formation through the MEA of a PEMFC. In addition to obtaining thermal
information pertaining to the through-plane temperature distribution, the authors utilised the highly
emissive nature of water droplets to identify the respective phases of water at the anode and cathode.
It was observed that liquid water was present at the cathode, whereas water transport primarily
occurs in the vapour phase at the anode. This work highlighted potential uses for thermal imaging
as a visualisation tool to identify areas and artefacts in systems which have to date been considered
inhibitory to accurate thermal measurement.

Models for Li-ion cells have also been validated using thermal imaging. Kim et al. has reported
the validation of thermal models using infrared imaging [48,49], shown in Figure 6; however, these
studies only compared the model to a single discharge rate of 5 C (equivalent to 130 A), with the
validation images given after a discharge time of 10.8 min showing the behaviour of the battery at a
very low state of charge. Similar work was performed by Wang et al. [50] who performed finite element
analysis to examine the transient response of the temperature distribution on the surface of a planar
cell. This model was validated using single frame thermal images taken at 5 min intervals, which
showed the temperatures at the current collecting tabs were higher than the average cell temperature.

The impact of cell design was studied by Waldmann et al. who investigated the thermal
performance of six different cell designs [51]. In conducting this work the authors utilised thermal
imaging on two of the designs, showing the deviations in surface temperatures which occur in planar
and cylindrical cell designs. The thermographic results show that temperature distributions are
significantly larger in the planar cells studied with variations approaching 20% observed. Work
conducted at the National Renewable Energy Laboratory, primarily by Peseran and Keyser, have
demonstrated the applicability of thermal imaging to investigate the thermal performance and
characteristics of batteries which can be employed in both electric and hybrid vehicles. This work
indicated an axial temperature distribution across the system, with large thermal gradients visible
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at high discharge rates in a six cell system [52]. Further studies have shown a relatively uniform
surface temperature distribution in a three cell system when cooling was present; however, mild
heterogeneities were visible when the cooling was removed [53]. The research was then expanded to
aid model development and battery design by Bharathan et al. [54] who charted the development of
battery stacking technology by comparing the temperature distribution on two generations of power
systems using similar cells, with a new method showing significantly more homogeneous temperature
distribution and a lower overall operating temperature for the same discharge rate.
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Figure 6. Validation of finite element analysis developed by Kim et al. [48] to investigate the
surface temperature of Li-ion batteries. Good agreement between the experimental results (a) and
computational results (b) are observed for this time point at a discharge rate of 5 C. Reprinted from [48]
with permission from Elsevier.

3. Dynamic Thermal Imaging

The use of dynamic thermal imaging has revealed the thermal effects of operational transients
and failures of electrochemical devices. By examining these effects (and considering the entire
system) control strategies can be altered to maximise the performance of both fuel cells and batteries.
Noorkami et al. [55] used thermal imaging to validate a stochastic model aimed at incorporating
temperature uncertainty into the operation of PEMFCs. This work involved the recording of thermal
data at various points along the polarisation curve of an air cooled, open-cathode commercial
PEMFC. Once statistically relevant samples of data were obtained, distribution functions were
generated and used to generate polarisation curves which included the uncertainty associated with
the temperature measurement. The model revealed that rather than the widely reported polarisation
curve, a polarisation “band” results, which increases in width with increasing current. Additionally, it
was observed that the fuel cell tended to operate towards a lower voltage, indicating that PEMFCs
err towards poorer perceived performance due to the natural variation in temperature within a
given system.

Meyer et al. has used thermal imaging to investigate the performance of commercial open-cathode
PEMFCs under a range of conditions as seen in Figure 7. Dead-ended operation of the system was
examined, showing a larger temperature rise with time during dead-ended operation than observed
when the system was operated under through-flow conditions [56]. This behaviour was attributed to
variations in the humidity within the system during operation, resulting in an increased current flow,
and consequently an increased Joule heating effect.
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Figure 7. Results obtained by Noorkami et al. [55] highlighting the potential use for thermal imaging
as a tool to inform models. Shown is: (a) a snapshot from images used to obtain statistically relevant
temperature distributions from a commercial PEMFC stack which were later used to perform sensitivity
analysis on the fuel cell polarisation curve; (b) which shows the importance of considering a polarisation
“area” or “band” when operating a fuel cell system. Reproduced with permission from [55].

A novel application of lock-in thermography has been employed by Robinson et al. [57] to identify
defects within Li-ion pouch cells. This technique uses an active sinusoidal stimulus (e.g., heat, light,
acoustic) to increase the sensitivity of the detector in obtaining a frequency dependent amplitude
image, whilst also enabling the acquisition of a phase image. Traditionally this technique has used
a heat lamp as the stimulus to identify sub-surface defects in operational components. The work by
Robinson et al. used the charge/discharge current of a Li-ion cell as stimulus, as illustrated in Figure 8.
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Figure 8. Overview of lock-in thermography process highlighting (a) the traditional use of a heat
lamp to detect subsurface defects and (b) the modified use of the direct electrical current emplyed by
Robinson et al. [57].

Work conducted using this novel experimental configuration showed that lock-in thermography
can be used to identify internal structural deformation, as seen in Figure 9. The results show areas of
increased electro-thermal impedance associated with areas of impaired heat transfer; in this instance it
is associated with sub-surface gas pockets. It was suggested that this technique could have a significant
impact on the study of Li-ion systems by enabling non-destructive identification of defects within cells
in operando.
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Figure 9. Lock-in thermography images reported by Robinson et al. [57] showing the amplitude images
of a fresh (a) and aged (b) cell investigated at 0.1 Hz. The effect of gas formation is clearly visible in the
aged cell which shows a lower response throughout the bulk of the cell. Reproduced with permission
from [57].

A similar technique was used by Engebretsen et al. [58] who combined lock-in thermography with
a technique known as electrothermal impedance spectroscopy to investigate temperature distributions
within an open-cathode PEMFC highlighting the potential for lock-in thermography as a tool in
examining fuel cell systems.

Dynamic imaging of SOFCs was conducted by Pomfret et al. [59]; this work used low molecular
weight alcohols (MeOH, EtOH) to observed the cooling effect of carbon formation as shown in
Figure 10. It was observed that operating both using methanol and lower operating temperatures
(below 750 ˝C) resulted in increased carbon formation; however, above this temperature limited
carbon formation was reported. Operation using ethanol was seen to result in significant carbon
formation at all temperatures. As previously discussed, the operation of SOFCs using hydrocarbons is
associated with significant endothermic reactions and associated temperature gradients; this operation
mechanism may also lead to the formation of carbon on the surface of the devices. These thermal
gradients were observed in operando, while areas which were later revealed to be significantly damaged
were also visible using thermal imaging. The highest cooling effect was observed under ethanol
fuelling at an intermediate operational temperature of 750 ˝C; this result was ascribed to incomplete
pyrolysis of the ethanol reactant. This work built upon foundations laid by the same author which
detailed the effect of changing reactant flow from hydrogen to propane [60]; and was subsequently
expanded to investigate the effect of humidification on ethanol in subsequent articles [61,62]. Once
more, thermal gradients associated with fuel cracking were observed; however, it was reported that
increasing the humidity of the inlet ethanol feed reduced the cooling effect. Despite this, areas of
damage to the cell were reported for operation at 750 ˝C using wet ethanol; in contrast, operation of
the cell under similar conditions using dry ethanol did not cause damage. Further work comparing
the effects whilst operating under methanol and methane flows showed similar results; with cooling
effects due to the cracking of hydrocarbon reactants reported across the surface of the SOFC anode [63].

Reports of thermal imaging of large SOFCs under hydrogen operation are limited; however,
Brett et al. [64] used infrared imaging to investigate the effect of cell polarization on a small pellet cell,
seen in Figure 11. In order to access the cell, only the cathode was imaged with temperature rises of
approximately 2.5 ˝C at a current density of 270 mA¨cm´2. It was observed that the temperature rise
associated with cell polarization was higher at lower operating temperatures and it was also reported
that by neglecting the increase in temperature, models risked underestimating the power available
from the cell, particularly at high current densities. This prediction was enabled by calculating a total
heat transfer coefficient for the cell from the thermal images obtained, highlighting the suitability
of thermal imaging when validating models. Further work (also shown in Figure 11) conducted by
Schöttl and Brett [65] examined the effect of thermal shock on SOFCs, with relatively low flows of
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Figure 11. Infrared image (a) and temperature distribution (b) of a pellet SOFC [64]. Also shown is the
effect of introducing a cool N2 stream to the surface of a SOFC cell (c) which is seen to generate large
thermal gradients (d), as reported by Schöttl and Brett [65]. Reproduced from [64] with permission
from Elsevier.
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SOFCs were examined in electrolysis mode by Cumming et al. [66,67] who showed that
temperature rises were similar irrespective of the location, or absolute temperature of the cell. It
was suggested that this observation (which contradicts that reported by Brett et al. [64] for operation
in fuel cell mode) was as a result of the decreased electrolyte thickness. It was further reported that
the concentration of hydrogen has an impact upon the rate at which the temperature rises; however,
the ultimate temperature remains the same under both conditions. An observable change between
endothermic and exothermic conditions was observed as the SOFC was reduced in voltage from
1.5-0.85 V, the extent of which was dependent upon the fuel-side reactant. Operation under steam
rich conditions was seen to have a significantly smaller endothermic effect than under CO2 rich
conditions, with the opposite occurring during the exothermic portion of the voltage sweep; while
co-electrolysis was seen to result in a temperature difference which lay in between the two extreme
conditions examined.

The failure of Li-S batteries was investigated by Hunt et al. who performed the industrially
standard nail penetration test on such cells [68]. In doing so the effect of this critical safety test on the
surface temperature distribution on the cells was examined. This test (shown in Figure 12) is used
to evaluate the safety of battery systems to penetration by metallic objects with the associated short
circuiting has been observed to cause substantial temperature rises in traditional Li-ion cells [69,70].
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Figure 12. Dynamic thermal imaging charting the temperature change associate with a nail penetration
test conducted on a Li-S cell of dimensions 180 mm ˆ 75 mm ˆ 8 mm by Hunt et al. [68]. Reproduced
from [68] with permission from Elsevier

The work performed by Hunt et al. suggested that the Li-S chemistry which replaces the
traditional graphite with sulphur in the anode are more stable to external short circuiting with a
maximum temperature rise of 10 ˝C observed. Finite element analysis of Li-ion systems has also been
validated using continuous thermal imaging. Kim et al. has shown excellent agreement between a
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two-dimensional model during both charge and discharge under constant power operation [71]. This
work was expanded to a three dimensional model which also considered external electrical contacts by
Yi et al. [72] shown in Figure 13.
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In both instances, non-uniform temperature distributions were observed, with the extent of the 
inhomogeneity increasing with increasing current. However, including electrical contacts was seen 
to significantly exacerbate the complexity of the thermal distribution throughout the cell. Temporal 
variations in the level of agreement were observed in the model produced by Yi et al. [72] with the 
model being most representative at longer time intervals. Despite this, the model enabled the 
approximation of better temperature dynamics to be examined in great detail with relatively high 
precision; demonstrating the efficacy of thermal imaging as a tool for the validation of temporally 
dependent models. 

A continuous temperature monitoring system incorporating thermal imaging which interfaces 
with LabVIEW has been reported by Qin et al. [50]. This has potential not only for steady state and 
transient monitoring but also in Quality Control (QC) processes. A QC methodology has also been 
demonstrated by Duan et al. to identify defective batteries using a high current charging process [73]. 

Figure 13. Comparison of thermal imaging and finite element analysis conducted by Yi et al. [72]
showing improved agreement with increasing time at a discharge rate of 3C (equivalent to 43.8 A
discharge). Note the effect of the electrical contacts (upper left) on the temperature distribution of
the cell. The dimensions of the active cell examined are 194 mm ˆ 147 mm ˆ 5.4 mm respectively.
Reproduced by permission of The Electrochemical Society.

In both instances, non-uniform temperature distributions were observed, with the extent of the
inhomogeneity increasing with increasing current. However, including electrical contacts was seen
to significantly exacerbate the complexity of the thermal distribution throughout the cell. Temporal
variations in the level of agreement were observed in the model produced by Yi et al. [72] with
the model being most representative at longer time intervals. Despite this, the model enabled the
approximation of better temperature dynamics to be examined in great detail with relatively high
precision; demonstrating the efficacy of thermal imaging as a tool for the validation of temporally
dependent models.

A continuous temperature monitoring system incorporating thermal imaging which interfaces
with LabVIEW has been reported by Qin et al. [50]. This has potential not only for steady state and
transient monitoring but also in Quality Control (QC) processes. A QC methodology has also been
demonstrated by Duan et al. to identify defective batteries using a high current charging process [73].
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This work showed that defective cells showed both higher and faster surface temperature rises when
compared to pristine cells. As the cost of thermal imaging devices continues to decrease, it is possible
that these methodologies could be employed as a low cost automated screening process to monitor
cells post production. Similar techniques may also be employed upon high risk power systems in
vehicles and aerospace applications as a diagnostic to prevent catastrophic cell failure.

4. Correlative Metrology Employing Thermal Imaging

The use of a correlative metrological approach enables thermal imaging to be complemented
by techniques which enable the systems examined to be understood in substantially more depth
than otherwise. In performing a combined experiment, the dynamics of devices can be examined
both in situ and in operando. There is no requirement, however, for sequential experimentation to
identify causal mechanisms associated with the structure of devices. Robinson et al. have combined
ex situ X-ray microtomography with thermal imaging and electrochemical impedance spectroscopy
to identify the cause of non-uniform temperature distributions on the surface of cylindrical Li-ion
cells [74], as displayed in Figure 14. This work showed the presence of metallic safety componentry
located at the positive terminal contributed significantly to the heterogeneous thermal distributions at
discharge rates within the manufacturer’s specified operating window for the cell. Low clamping force,
which results in poor electrical contact, was also identified as a potential cause of Joule heating at the
negative terminal. Additionally, it was seen that a safety component known as a Positive Temperature
Coefficient (PTC), which is used to prevent excessive discharge rates, was not activated up to an
ambient temperature of 60 ˝C.
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Synchrotron radiation was employed by Finegan et al. to investigate thermal runaway in Li-ion 
cells [75]. This condition, which causes catastrophic failure of the cells, was examined in operando 
through a series of radiographic and tomographic measurements highlighting its devastating impact 
upon the internal structure of the cells highlighted in Figure 15. Infrared imaging was used to 
measure the surface temperature of the cells while it was subjected to thermal abuse designed to 
simulate conditions which would be experienced in the event of a fire. It was observed that thermal 

Figure 14. Representation of the correlative metrological approach employed by Robinson et al. [74]
which ascribed the non-uniform temperature distributions (a) observed in 18,650 Li-ion cells under
discharge to the presence of safety mechanisms within the cell housing (b). Also shown (c) is the
reconstructed bulk of the battery which was investigated to ensure the heating was not caused by
internal defects. Reproduced from [74] with permission from Elsevier.

Synchrotron radiation was employed by Finegan et al. to investigate thermal runaway in Li-ion
cells [75]. This condition, which causes catastrophic failure of the cells, was examined in operando
through a series of radiographic and tomographic measurements highlighting its devastating impact
upon the internal structure of the cells highlighted in Figure 15. Infrared imaging was used to measure
the surface temperature of the cells while it was subjected to thermal abuse designed to simulate
conditions which would be experienced in the event of a fire. It was observed that thermal runaway
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occurred when the surface temperature of the cell was within the region 230–260 ˝C. Hotspots were
observed appearing on the surface of the cell using infrared imaging which is indicative of internal
short circuits during the experiment. The Joule-Thompson effect was also observed through thermal
imaging on the opening of the internal pressure relief valve. Transient thermal gradients in excess
of 700 ˝C were reported across the 65 mm diameter cell with the internal temperature of the cell
reaching in excess of 1085 ˝C as evident copper globules formed by the melting of internal current
collector material.
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Synchrotron radiation was also employed by Robinson et al. to investigate the effect of thermal
gradients on stress distributions within the Ni-YSZ anodes employed in SOFCs [76] This work, which
involved the construction of a special high temperature furnace compatible with the synchrotron beam
line apparatus [77] utilised a fixed camera location in order to relate the one dimensional thermal
gradients (shown in Figure 16) generated to the location of the diffraction measurements across the cell
sample. It was observed across a range of temperatures that thermal gradients induce non-uniform
stress distributions within the cell which exceeded those expected by up to 16%. This work informed
finite element analysis, which incorporated the measured temperature field into the a computational
models using COMSOL Multiphysics [78].
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The use of hydrocarbon fuels on the surface temperature of operational SOFCs was investigated by
Kirtley et al. who combined thermal imaging with Raman spectroscopy and Fourier-transform infrared
emission spectroscopy to give a holistic view of the processes occurring at the anode. Effects induced
by methane were investigated and compared to those observed using biogas [79] The combination
of these techniques enabled the reforming process to be examined in substantially more detail than
was previously possible, with the study observing that both gaseous carbon emissions and solid
phase carbon deposits were reduced when operating in biogas. As carbon deposition has widely
been reported to significantly impair and degrade the performance of SOFCs, this finding highlights
the potential use of SOFCs in a more sustainable manner. This work expanded upon initial research
conducted by Eigenbrodt et al. to investigate [80] who once more combined thermal imaging with
Raman spectroscopy to identify the type of carbon formed under both methane and methanol fuel
flows. The inference of reactant cracking obtained using thermal imaging by the presence of large
cooling effects was validated through concurrent Raman spectroscopy.

These synchronous studies highlight the benefit of a correlative approach when using thermal
imaging—enabling processes to be identified in depth, which in turn results in an improved
understanding of the mechanisms observed.

5. Conclusions

This review article has highlighted a number of key studies pertaining to thermal imaging of
electrochemical devices. This area, while nascent, is rapidly expanding, as evident by the increasing
quantity of articles utilising thermal imaging techniques to gain insights for both operational and
modelling purposes. It is clear that thermal imaging can be used in both a “passive”, single frame
mode; however, the most significant insights can be gleaned in examining the transient operation
of devices.

To date, the use of transient imaging to validate models has been limited; as such, an opportunity
presents itself to produce rigorous and fully validated models for both steady and dynamic conditions.
These models would provide the most accurate representation of electrochemical systems to date and
simplify the design and operation of systems. In addition, the use of thermal techniques such as lock-in
thermography and electro-thermal impedance, has received very little attention. These advanced
thermal imaging techniques enable extremely small variations in temperature to be detected, thus
providing opportunities to identify areas of low electrochemical activity, cracks, pinholes and water
formation in fuel cell systems; while batteries can be examined for localised current generation and
gas formation. Additionally, through the use of advanced thermal imaging techniques, bulk thermal
properties can be identified, which can aid model development.

The use of thermal imaging in a correlative manner has also been examined in this article. It is this
area which provides the greatest opportunity to understand the systems under examination in a truly
holistic manner. By incorporating complementary techniques such as Raman spectroscopy, FTIR and
X-ray microtomography into experiments, active processes can be understood in significantly greater
depth and indeed synchronous process can be decoupled. Synchrotron radiation has also been shown
to be a useful tool to be used in conjunction with thermal imaging. In-situ and in-operando experiments
have to-date revealed structural deformations in SOFCs and the process of Li-ion battery failure;
however, there are significant opportunities to expand on this work. X-ray techniques such as XRD and
µCT enable high resolution microstructural information to be obtained, which can be used to generate
physical models of systems, while the use of thermal imaging provides the boundary conditions
for these models once more enabling the development of detailed and validated computational
mechanisms to describe the behaviour of systems at a previously unattainable level of detail.
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