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ABSTRACT 

Modern applications of lithium-ion batteries such as smartphones, hybrid & electric vehicles 

and grid scale electricity storage demand long lifetime and high performance which typically 

makes them the limiting factor in a system. Understanding the state-of-health during operation 

is important in order to optimise for long term durability and performance. However, this 

requires accurate in-operando diagnostic techniques that are cost effective and practical. We 

present a novel diagnosis method based upon differential thermal voltammetry demonstrated 

on a battery pack made from commercial lithium-ion cells where one cell was deliberately aged 

prior to experiment. The cells were in parallel whilst being thermally managed with forced air 

convection. We show for the first time, a diagnosis method capable of quantitatively 

determining the state-of-health of four cells simultaneously by only using temperature and 

mailto:yu.merla09@imperial.ac.uk


2 

 

voltage readings for both charge and discharge. Measurements are achieved using low-cost 

thermocouples and a single voltage measurement at a frequency of 1Hz, demonstrating the 

feasibility of implementing this approach on real world battery management systems. The 

technique could be particularly useful under charge when constant current or constant power is 

common, this therefore should be of significant interest to all lithium-ion battery users.  

HIGHLIGHTS 

 Differential Thermal Voltammetry (DTV) carried out on battery packs under cooling. 

 Technique can cope with unknown, unequal and changing current between cells. 

 DTV diagnosed the state of health of individual cells under charge/discharge. 

 Easy installation to existing systems due to simple hardware/software requirements. 

 Differential heat flux voltammetry introduced as a complimentary method. 
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INTRODUCTION 

In order for hybrid & electric vehicles to compete with internal combustion engine vehicles, 

they must meet the high power and energy requirements demanded from modern applications 

at an acceptable cost [1]. A major factor slowing down the transition to electric vehicles is the 

cost of the battery pack [2] which for example in Tesla vehicles account for approximately one 

quarter of the total production cost [3].  

Understanding battery lifetime is essential in order to maximise the economics of batteries; if a 

battery reaches its end-of-life (EOL) before the EOL of the product then it must be replaced, 

incurring significant cost for either the consumer or the OEM under warranty, and this can also 
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affect the residual value for second life applications. Battery lifetime is a function of 

degradation, which involves multiple coupled & path dependent degradation mechanisms, yet, 

industry standard measures of degradation or state-of-health (SOH) are based upon simple 

capacity and power fade. Capacity fade is defined as the percentage decrease of capacity 

compared to beginning of life (BOL) typically carried out under 1C discharge at 25oC. Power 

fade can be defined as the percentage increase in the real impedance measured at 1kHz but 

often at an unspecified state-of-charge (SOC). 

Batteries degrade through various mechanisms over time [4,5] and individual cells in a pack 

may age differently [6]. Unfortunately, it is possible for 2 cells that have been used differently to 

have the same degree of capacity fade, and even power fade, yet for one of them to be safe to use 

for many more cycles and the other not. Hence these crude measures of degradation are wholly 

unsuitable for most applications. This is even possible within a single battery pack, due to 

thermal inhomogeneities within a pack and/or unequal current paths between cells in parallel 

or within large cells [6]. This unequal degradation can lead to reduced overall pack performance 

and lifetime which means particular cells may need to be controlled or replaced accordingly. 

Hence a good and low-cost diagnosis method capable of accurately identifying such cells with 

detailed state-of-health information is required. 

Considerable research has been carried out to develop new techniques to monitor battery SOH 

however many are not suitable for in-operando use as they require expensive equipment such 

as electrochemical impedance spectroscopy (EIS) [7,8], in-situ nuclear magnetic resonance [9] 

or X-ray computational tomography [10,11]. Data mining techniques such as extended Kalman 

filters [12], neural network and linear prediction error methods [13] have also been researched 

for SOH estimation in a BMS. Many in-operando techniques based on the temperature 

measurements are mostly derived from the original work by Maher and Yazami [14] who made 

entropy and enthalpy measurements at specific cell potentials giving information on the state of 

both electrodes. The techniques using current are usually called incremental capacity analysis, 
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and are exemplified by the latest work of DuBarry et al. [15] who have developed models which 

compare the dQ/dV peaks with its fresh cell equivalent to quantify cell SOH in terms of 

degradation modes such as loss of lithium inventory, loss of active materials and ohmic 

resistance increase. In their work, each dQ/dV spectra represents a combination of processes at 

both positive and negative electrodes. However, little work has been done on how to implement 

these techniques at a pack level although Offer et al. has demonstrated a relatively simple 

method to identify a faulty cell and/or connection in a battery pack [6] by measuring the 

potential drop of each cell during a current interrupt tests. 

 

The method of Differential thermal voltammetry (DTV) [16,17] was previously reported by the 

authors as a complimentary tool to incremental capacity analysis (ICA), showing how simple 

temperature measurements could be used to infer similar information. DTV only requires 

temperature and voltage measurements and is carried out by measuring the change in cell 

surface temperature during constant current discharge and does not require temperature to be 

carefully controlled. The DTV parameter, dT/dV is calculated by taking the time differential of 

the temperature, dT/dt divided by the time differential of the potential, dV/dt. Plotted against 

cell potential, the result gives similar information as ICA and slow rate cyclic voltammetry but 

with additional data about the entropic state of the electrodes. 

DTV was presented as a suitable diagnosis method for use in real-world applications, however 

the previous validation experiments were all carried out on individual cells under natural 

convection thermal boundary conditions. In high power applications such as in electric vehicles, 

the cells would be connected in a pack with a thermal management system to maintain the cells 

at safe operating temperature. In addition, the experiment was only validated for constant 

current discharge which meant that the diagnosis required a dedicated discharge cycle, which is 

uncommon in many applications. 
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In this paper, DTV experiments have been carried out on a battery pack made from four 

commercial lithium polymer cells in parallel placed under forced air surface cooling to emulate 

an electric vehicle application. One cell was deliberately aged prior to the experiments to 

demonstrate how the technique could diagnose unequal degradation. The test was performed at 

both constant current charge and discharge to demonstrate its use under charging conditions. 

Differential heat flux voltammetry (DHFV), dHF/dV is also introduced as a complementary 

method when dT/dt is too small to measure accurately under strong cooling conditions. 

METHODS 

BATTERY TESTING 

The experiment was performed using a battery pack made from four commercial 5Ah lithium-

polymer pouch cells connected in parallel (Dow Kokam, model SLPB11543140H5) where each 

cell consists of a carbon graphite negative electrode and a nickel-manganese-cobalt (NixMnyCoz) 

positive electrode. Heat flux sensors with K-type thermocouples (OMEGA HFS-4) were placed 

on the surface at the centre of the cell. Shunt resistors (RS 810-3273) were placed in series with 

each cell to measure the current across every individual cell. It should be noted, that current 

measurements were undertaken in order to compare the DTV technique to ICA and to 

understand how the current changes for cells in parallel, but the current measurement is not 

required for, and was not used for the DTV calculation. One deliberately aged cell and three 

fresh cells were placed together in the pack to determine whether the diagnosis methods could 

correctly determine the SOH of the individual cells. The aged cell was previously stored at 55°C 

at 4.2V for approximately 15 days. The pack was prepared in a way to minimise differences in 

external resistance such as equal cable lengths, fastening torque (8kNm) and cleaned contact 

surfaces. 
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Figure 1. Experimental set-up for pack analysis. 

During the experiments, the pack was placed inside an incubator (Binder KB-23) with forced air 

convection flowing over the pack surface (as illustrated in Figure 1) while keeping the incubator 

door open to emulate a surface cooling system to recreate real conditions such as those in 

electric vehicles. A Maccor Battery Tester series 4000 was used for measurements and loading 

during pack experiments whereas a Bio-Logic BCS-815 was used for individual cell experiments. 

Pico TC-08 was used for heat flux sensor measurements and Yokogawa MX100 for shunt 

resistor measurements. 

The pack experiment was carried out at 2C constant current charge and discharge to diagnose 

the individual cells simultaneously in the pack using DTV, DHFV and ICA. Then the cells were 
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individually characterised through constant current discharges at 1/3C, 1C and 2C to determine 

their SOH through capacity fade. Detailed condition of test is described in Table 1. 

Table 1. Experiment details 

 Loading 

condition 

Cut-off voltage Initial condition 

Pack discharge 2C constant 

current 

2.7V CCCV charging at 1C to 4.2V until I 

< 0.25A followed by 1h rest 

Pack charge 2C constant 

current 

4.2V CCCV discharging at 1C to 2.7V 

until I > -0.25A followed by 1h rest 

Cell discharges 1/3C, 1C and 2C 

constant current 

2.7V CCCV charging at 1C to 4.2V until I 

< 0.1A followed by 1h rest 

 

DATA PROCESSING 

Depending on the noise of data acquisition, it is necessary to smooth the raw data before 

evaluation. In this experiment, a moving average was used to smooth the temperature or heat 

flux data. Due to the accuracy of the sensors used, the heat flux measurements were particularly 

noisy. Care must be taken during smoothing as to not lose the characteristic of the curve 

through over-smoothing. In order to make sure of this, the median of the absolute residuals was 

kept below 0.1% for temperature and 7.5% for heat flux. In addition, changing smoothing 

parameters such as the span can have an effect on peak fitting. For this reason, the smoothing 

conditions were kept identical for the 4 cells for a particular loading (charge or discharge) and 

diagnosis (DTV or DHFV). Peak fitting errors were kept to a maximum of 3.3%. 

RESULTS  
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Figure 2. Pack analysis under 2C constant current discharge. (a) Cell current. (b) Incremental 

capacity method. (c) Differential thermal voltammetry. (d) Differential heat flux voltammetry. 

Figure 2 shows pack experimental results for 2C (40A) discharge. In an ideal battery pack, each 

cell is expected to provide 10A. However, Figure 2a shows that the current paths between the 

four cells are heterogeneous. The three fresh cells have relatively similar current profile 

whereas the aged cell performs very differently. This is also reflected in the dQ/dV plot of 

Figure 2b as the different current profile results in different dQ term. This is due to the changes 

in overpotential and electrode stoichiometries for the aged cell. Overpotential is defined as the 

drop in potential due to internal resistances such as ohmic, ionic, charge transfer and diffusion.  

It is observed that the three fresh cells initially discharge at slightly higher than 10A to 

compensate for the low power performance of the aged cell. However, towards the end of its 

loading, the aged cell experiences higher current for the given pack voltage where it peaks at 

2.86C (14.3A).  This may be as result of 3 cells having increased impedance due to the deep 
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discharge while the aged cell still has not gotten to that stage and has slightly lower impedance 

thus delivering higher current. Operating at higher current accelerates degradation mechanisms 

such as lithium plating on charge and electrolyte decomposition by higher heat generation [4,5]. 

Hence it is crucial for a battery management system to be able to correctly identify unhealthy 

cells to be replaced at an early stage.  

Figure 2a also shows internal current during relaxation. At the end of discharge, the cells were 

at different OCVs and therefore after removal of load the aged cell recharges the good cells for 

an appreciable length of time. This further loads the cells and over time can get worse and could 

lead to additional degradation. It was shown in previous work that for a noisy load, this 

redistribution effect can be continuous and significant, leading to the net current throughput 

through the cells being significantly higher than otherwise [18], which again could lead to 

additional degradation. 

Figures 2c and 2d show DTV and DHFV results respectively. The notable differences can be 

immediately observed between the aged cell and the fresh cells.  



11 

 

 

Figure 3. Peak fitting of differential thermal and heat flux voltammetry results for 2C constant 

current discharge. Example peak fittings for cell 1 (a) and cell 4 (b). Schematics of combined 

phases in graphitic carbon negative electrode and NMC positive electrode are shown above. 

Schematic modified from [19] with different positive electrode chemistry and addition of effect of 

stoichiometric drift through ageing. Peak position (c) and peak width (d) are shown here. 

The peak in the dT/dV, or the plateau in the voltage curve, represents a combination of different 

contributions from the positive and the negative electrode phase. It corresponds to a region 

where an electrode phase is not changing, but the concentration of lithium in that phase is 

increasing or decreasing [20,21]. Then, at some critical concentration the lattice structure of the 

material becomes unstable, and the material undergoes a phase change to a new lattice 
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structure which is more stable at the given concentration of lithium. At this point the voltage 

shifts dramatically, and hence the phase change is associated with moving from one peak to 

another. 

Peak fitting analysis of the results were carried out using peakfit.m script [22] in MATLAB 

where the differences in the peak parameters such as the peak position and width can give 

information on the cell’s state-of-health [17,23].  Figure 3a and 3b demonstrates example peak 

fittings of DTV curves where each peak has been labelled accordingly for a combination of 

nickel-manganese-cobalt electrode phase (①-②) [24–26] and a graphitic carbon phase (❶-

❺) [27]. The schematic above the plot illustrates this concept of combined electrode phases 

corresponding to regions of voltage plateaus, and hence peaks in the dT/dV measurement.  

It can be seen in Figure 3c and 3d that the aged cell has a lower ①*❶ peak potential and a 

wider peak width than the fresh cells for both DTV and DHFV. Peak width is taken as the width 

of the peak at its half height. As illustrated above Figure 3a, degradation in the cell can result in 

stoichiometric drift which will change the peak parameters such as position and width. Using 

this method, it is possible to quantitatively diagnose the cell SOH and determine that cell 1 has 

significantly aged compared to the remaining fresh cells.  

It can also be confirmed from this diagnosis that, if necessary, it is sufficient to analyse only peak 

①*❶, which is the first peak during discharge at approximately 3.9V. In Figure 3a and 3b, it is 

observed that there is minimal overlap of the peaks above 3.8V. This suggests that DTV does not 

need to be carried out through the entire potential range of the cell which will further reduce 

the time of diagnosis i.e. it may be sufficient to discharge from 4.2V to 3.8V to identify the aged 

cell.  

In practice if the peak position of a particular cell is significantly shifted to a lower potential 

and/or the peak width is wider than the rest of the cells in a pack, it can be assumed that the 

pack has unequal current distribution.  
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In many real applications, such as in electric vehicles, it would be much more practical to be able 

to conduct the diagnosis under a constant current charge. This would enable the diagnosis to be 

carried out when the electric vehicle is left to charge and no dedicated charging or discharging 

profile is required. 

 

Figure 4. Pack analysis under 2C constant current charge. (a) Cell current. (b) Incremental 

capacity method. (c) Differential thermal voltammetry. (d) Differential heat flux voltammetry. 

Figure 4 shows results for a 2C (40A) charge, typical charging rates for a fast charge for an 

electric vehicle. The resulting curves look different from discharge results due to the differences 

in power performance and entropic heat generation. However, the aged cell can still be 

identified for both DTV and DHFV. The negative peak in Figure 4c and 4d appears from the 

negative dT/dt when the heat transfer from cooling dominates over the enthalpic and entropic 

heat generation, and where the entropic heat generation term likely became close to zero or 

even negative. 
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Figure 5. Peak analysis of differential thermal and heat flux voltammetry results for 2C constant 

current charge. (a) Zoomed in differential thermal voltammetry result. Starting potential (b), peak 

potential (c) and end potential (d) for the positive peak are shown here. 

Figure 5a shows the DTV result during 2C charge with a zoomed in figure on the negative peak. 

The negative peak here represents peak ①*❷ which is negative due to the negative dT/dt 

term. The notable and interesting difference with the DTV analysis during charge is the 

presence of two dT/dV = 0 transitions. dT/dV approaches zero as dV/dt is significantly higher 

than dT/dt i.e. a significant change in voltage while temperature remains almost unchanged. As 

mentioned before the phase transition is associated with a considerable change in voltage 

therefore as the crystallographic structure changes, the cell potential at dT/dV = 0, or a minima 

between two peaks, can be used as a footprint to track phase transition points hence electrode 

stoichiometry.  
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Figures 5b, c and d demonstrate the potential at the initial x-axis intersect (i.e. dT/dV = 0 and 

dHF/dV = 0), the potential at the lowest point of the peak and second x-axis intersect 

respectively. It can be seen from all three parameters that the aged cell has a notably higher 

potential than the fresh cells for both DTV and DHFV because of a combination of increase in 

resistance and stoichiometric shift in the electrodes. When the phase transition occurs at dT/dV 

= 0, it is particularly useful for tracking the degradation as it requires less computations and 

peak fitting is unnecessary. In practice, it is recommended to use the potential at the initial x-

axis intersect as the change is larger and hence is less sensitive to the inaccuracies in the voltage 

measurements. Here the use of DTV and DHFV has been demonstrated for an on-board 

identification of aged cells in a battery pack under thermal management system during charge. 

The pack was then dismantled and characterisation tests were carried out on the individual 

cells to prove the correct cell had been identified. The experimental setup was exactly the same 

but the cells were loaded individually. Constant current discharges at 1/3C, 1C and 2C were 

performed, and their capacity is shown in Table 2. The results clearly show that cell 1 was the 

aged cell with 91% of its initial capacity at 2C discharge, in agreement with the DTV and DHFV 

diagnosis. 

 

Table 2. Discharge capacity of individual cells at various C-rates. 

 Discharge capacity (Ah) 

 1/3C 1C 2C 

Cell 1 4.65 4.53 4.39 

Cell 2 5.05 4.97 4.83 

Cell 3 5.06 4.97 4.83 
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Cell 4 5.05 4.97 4.82 

Total 19.81 19.44 18.87 

 

DISCUSSION 

Existing BMS are typically very simple, and have been designed to meet minimum specifications 

for safety and monitoring, to prevent over-heating and over charging/discharging. The 

measurements they take are then typically compared to empirically validated equivalent circuit 

models in order to estimate SOC or state-of-power (SOP). SOH prediction is typically based upon 

energy throughput models or simple recalibration of the capacity after a complete charge or 

discharge [20,28,29]. As mentioned above, it is possible for cells that have been aged in different 

ways to have the same capacity fade, and even power fade, and standard techniques are not 

capable of diagnosing the differences. In addition, if cells are in parallel with each other, unless 

the individual currents are measured, it is not currently possible to identify differences in SOH 

between the cells quickly and easily. Other more advanced techniques such as EIS require 

additional hardware to be implemented which comes at a cost. EIS is also highly sensitive to 

temperature, which although making them useful for internal temperature estimation, makes 

them impractical for SOH diagnosis in most cases [30–32]. ICA is probably the most useful of the 

existing techniques, although it requires accurate current measurement for each cell, which can 

be impractical for cells in parallel. Again, this technique is sensitive to temperature affecting the 

peak positions due to the exponential relationship between impedance and temperature. There 

is therefore a need for a more sophisticated technique that can be used to diagnose the SOH of 

individual cells even when they are in parallel and in a noisy temperature changing 

environment. In order to be used in real world applications a diagnostic technique must also be 
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low cost which means it must use a limited number of cheap sensors and require minimal 

computational power and memory monitored at low frequencies.  

It is accepted that pack design can give rise to inhomogeneity in both current and temperature 

between cells [18]. The unequal and changing current in the cells as observed in Figure 2a and 

4a is a result of differences in internal impedance and external resistance. The difference in 

internal impedance will depend on the cell’s SOH, SOC, temperature and manufacturing 

inequalities [31,32]. The difference in external resistance arises from different contact 

resistances, wire length and cell’s proximity to the loading point on the copper bus bar [6]. The 

unequal temperature is then caused by the differences in internal current, impedance and 

thermal boundary conditions. This can lead to both negative and positive feedback during 

operation. For a diagnosis technique to be suitable for implementation in a pack application, it 

must also be insensitive to these effects.  

In this work the slight differences observed between the three fresh cells are likely to be a 

combination of manufacturing inequalities, differences in contact resistances and thermal 

boundary condition. As illustrated in Figure 1, cell 4 is closest to the cooling fan than cell 3 

followed by cell 2 and cell 1. However, the differences in performance between cells 4, 3 and 2, 

are minimal and confirm that almost equal cooling for all cells was achieved. In the same way 

the external resistances were balanced so they were insignificant compared to the differences 

between the cell impedances. For optimal thermal diagnosis it is ideal to have homogeneous 

thermal boundary conditions i.e. equal cooling for all cells in a pack.  

In real application such as in electric vehicles where there are many more cells to be measured, 

the diagnosis may be challenging in the presence of noise and small inconsistencies between 

healthy cells as discussed above. In such cases data mining techniques can be used to evaluate 

changes from healthy to faulty cells in order to maintain diagnosis performance on a BMS [33]. 
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Despite the changing currents between the cells, and active cooling, the aged cell was correctly 

identified and meaningful information was obtained as seen in both Figure 3 and 5. The results 

are comparable to the single cell test under natural convection carried out in our previous work 

[17]. This work also demonstrates the use of the technique under charge for the first time, and 

the use of heat flux measurement instead of temperature. However, the heat flux sensors 

required for DHFV cost significantly more than regular thermocouples required for DTV. 

Therefore, the use of DHFV is only suggested when accurate dT/dt is difficult to measure in 

applications with high cooling requirements.  

Due to the simple requirements of measurements and computation, this method can be applied 

to various real systems such as smartphones, laptops, electric vehicles and grid level storage, all 

at a low cost. The importance of its application is to monitor the detailed SOH of the battery 

system and then to adapt its operating conditions for the given diagnosis to maximise its 

lifetime and prevent catastrophic failure. This is especially required for pack applications where 

the whole system is limited by its weakest cell. 

CONCLUSION 

In this paper, novel thermal diagnosis methods were performed on a pack of commercially 

available lithium-ion batteries. Four cells were placed in parallel where one of them was 

deliberately aged prior to the experiment. The pack was placed under forced air cooling to 

emulate a thermal management system in a real-world application and tested under a 2C charge 

and discharge. 

Differential thermal voltammetry and differential heat flux voltammetry both correctly 

identified the aged cell within the pack for both charge and discharge with unknown, changing 

and different currents between the cells.  The methods quantitatively measured an advanced 

state-of-health parameter through diagnosing stoichiometric shift between the two electrodes. 
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DHFV was demonstrated to provide a complimentary diagnosis method using heat flux instead 

of temperature during strong cooling conditions. 

The current from each cell was recorded, but not used, and showed unequal current 

distributions caused by the presence of the aged cell, which could lead to accelerated 

degradation due to the higher transient local currents and temperature inhomogeneities. 

Therefore, it is crucial to quickly identify aged cells so they can be replaced to maximise overall 

pack lifetime and performance.  

DTV is more suitable as a diagnosis method for real-world applications compared to other 

common methods such as slow rate cyclic voltammetry, electrochemical impedance 

spectroscopy and incremental capacity analysis. This is because the method only requires a 

single surface temperature per cell and voltage measurement which are normally already 

available in modern applications for monitoring safety and SOC respectively. It does not require 

additional hardware like EIS, accurate and constant current measurement like ICA, or very slow 

and specific load profiles like SRCV. The installation cost in most cases should be minimal if the 

correct sensors are already in place, and it should be possible to handle the simple computation 

within most existing battery management systems.  

In this paper, the use of DTV and DHFV has been demonstrated in a pack condition under 

constant current charge and thermal management which means the diagnosis can be carried 

whenever a smartphone or an electric vehicle is left to charge. In future work we will investigate 

how this novel thermal diagnosis technique can be used to extend battery pack lifetime and/or 

increase performance by combining it with adaptive control strategies. The work therefore 

represents a significant step forward in the transition to electric vehicles and promoting clean, 

sustainable transport. 
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