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 This paper presents an experimental evaluation of thermal and electrical performances of a 
26650 cylindrical Lithium Iron Phosphate/graphite battery cell. Thermal management of 
Lithium batteries is a fundamental issue of electric mobility, where batteries are subjected 
to severe operating conditions. Therefore, battery heat generation is a very important 
characteristic to be studied.  
In this work cell performances were assessed during battery discharge at ambient 
temperature over a wide range of discharge rates. The cell surface temperature was 
measured both with thermocouples and infrared thermography. Furthermore, also the open 
circuit potential and entropic heat coefficient were experimentally measured. Based on this 
experimental data, a simplified battery thermal model was used to evaluate the battery heat 
generation.  
The results show a substantial increase of battery surface temperature especially at high 
discharge rates. During discharge, the heat generated is greater at low battery state of charge 
due to the sudden decrease of cell potential. The contributions to heat generation are also 
carefully evaluated. 
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1. INTRODUCTION 
 

Nowadays sustainable mobility is a crucial topic in a wide-
ranging scenario of energy saving and emission reduction. In 
this context, electric vehicles (EVs) development and 
commercialization is a key-ingredient in order to minimize 
environmental impact in our daily life [1, 2]. EVs commonly 
adopt Lithium-Ion cells (Li-Ion) as power supply because of 
their higher energy density and specific power, lighter weight, 
lower self-discharge rates, higher recyclability and longer 
cycle life than other rechargeable batteries [3, 4]. 

This technology was widely improved during years from an 
electrochemical point of view; however, Li-Ion battery 
thermal management is still an open challenge. In fact, Li-Ion 
cells are inherently subject to ageing not only over time, but 
also due to operating conditions including their state of charge 
(SOC), delivered/received current and extreme operating 
temperatures. These factors could have different effects on the 
multitude of battery in use today, while temperature has a 
certain influence on the performance degradation and lifetime 
of nearly all Li-Ion cells, when these are not operating in a 
proper temperature range (20°C – 40°C) [5].  

This is a crucial topic; indeed, several studies are devoted to 
the Battery Thermal Management System (BTMS). The goal 
of a BTMS is to increase the lifetime of Lithium-Ion cells and 
supply the ideal operating conditions, providing a proper 
cooling to the batteries in terms of maximum temperature and 
uniformity of distribution.  

In the open literature, different cooling strategies are 
proposed. The simplest method adopted consists in air cooling 
systems, both in natural and forced convection, often 
supported by heat sinks/pin-fins [6, 7]. Liquid cooling 

strategies are more effective for EVs applications because of 
their high thermal capacity [8, 9]. Moreover, in recent studies 
it was investigated the capability of innovative BTMS in 
controlling the power module thermal conditions such as 
Phase Change Materials (PCM) [10], Heat Pipes (HP) [11], 
and Pulsating Heat Pipes (PHP) [12]. 

In this scenario, is very important to evaluate the battery 
heat generation. A correct determination of single cells heat 
generation will allow to improve the BTMS design method. In 
literature battery heat generation has been separated into two 
main contributions: the irreversible heat and the reversible 
heat generation. The first term is due to the ohmic losses over 
cell internal resistance, charge transfer overpotentials at the 
interface and mass transfer limitations in the cell components. 
The second term concern the entropic coefficient which 
depends on the nature of chemical reaction in the cell and 
electrodes composition. In previous works, this reversible heat 
was neglected [13, 14] or considered constant with battery 
state of charge (SOC) [15, 16]. However, entropic term can 
have substantial influence on heat generation. Indeed, it could 
have value of the same magnitude of irreversible heat [17, 18]. 
Consequently, also battery surface temperature simulation is 
greatly affected by the correct evaluation of the reversible heat 
[19]. 

This paper presents an experimental characterization of a 
cylindrical LiFePO4 Lithium battery thermal performances. 
The battery was tested at seven discharge rates (0.5C, 1C, 2C, 
3C, 4C, 5C and 10C) at ambient temperature. Battery voltage, 
absorbed current and surface temperature are constantly 
measured during discharge. A simplified battery thermal 
model was applied to evaluate the heat generation of the 
battery. Both irreversible and reversible heat terms were 
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experimentally measured to carefully evaluate their 
contribution to the total heat generation. Battery surface 
temperature was measured by means of thermocouples and IR 
thermography. 
 
 
2. HEAT GENERATION MODEL 

 
The overall heat generated by the battery can be divided into 

two main contributions: irreversible and reversible heat. The 
first term is mainly due to the resistive Joule heating while the 
second is due to the entropy change in charge or discharge 
process. A complete thermodynamic energy balance for Li-ion 
battery has been proposed by Bernardi at all [21]. A simplified 
equation is commonly adopted to evaluate Li-ion battery heat 
generation with good approximation in literatures [14, 17-18, 
20, 22, 23]. 

 
�̇�𝑄 = �̇�𝑄𝑖𝑖𝑖𝑖𝑖𝑖 + �̇�𝑄𝑖𝑖𝑟𝑟𝑟𝑟 = 𝐼𝐼 ∙ (𝑉𝑉 −  𝑈𝑈𝑂𝑂𝑂𝑂) +  𝐼𝐼 ∙ 𝑇𝑇 ∙

𝜕𝜕𝑈𝑈𝑂𝑂𝑂𝑂
𝜕𝜕𝑇𝑇

 (1) 
 
where I is the discharge current, V is the cell potential, T is the 
battery temperature, UOC is the open circuit potential and 
𝜕𝜕UOC/𝜕𝜕T is the entropic heat coefficient (EHC). 

The irreversible term of the equation depends on the cell 
overpotential, equal to the difference between V and UOC, and 
the operating current. It is indicative of all irreversible process 
such as Joule heating within the battery due to internal 
resistance and the energy dissipated in electrode overpotentials. 
This term of the equation always assumes positive values. The 
reversible term of Eq. (1) is related to the entropy change in 
the electrochemical reaction and is strongly affected by the 
EHC. This coefficient varies significantly with battery SOC 
and its chemistry. It can be either negative or positive: a 
negative value means that reversible heat is exothermic, while 
for a positive value of EHC reversible heat is endothermic 
during discharge process. 

Eq. (1) allows to evaluate the thermal power generated 
during battery discharge. We can also determine the 
instantaneous energy dispersed in the form of heat generation. 

 
𝐸𝐸𝑑𝑑 = �̇�𝑄 ∙ ∆𝑡𝑡 (2) 

 
where ∆t is the time interval at which the heat was generated.  
 
 
3. EXPERIMENTAL APPARATUS 

 
In this paper thermal behaviour of a commercial LiFePO4 

battery was performed during discharge process. The battery 
used in the experiments is the A123 26650 (series name 
ANR26650M1-B). The nominal battery voltage is 3.3 V the 
cell capacity is 2.5 Ah with a maximum continuous discharge 
current of 70 A. 

The cell charge and discharge process are managed by a 
programmable power supply (RMX-4125) and DC electronic 
load (RMX-4005) by National Instruments, controlled trough 
a LabVIEW routine. The battery current and voltage was 
constantly measured during all the process. Voltage is directly 
measured with NI 6289 data acquisition device with a 
resolution of 0.076 mV and an uncertainty of ±0.25 mV. The 
operating current is measured with a LEM current transducer 
IT65-S with an uncertainty of ±0.02 A. For all the 
experimental tests also ambient parameters (temperature and 
relative humidity) are acquired with an Omega transmitter 

HX93B series with an uncertainty of ±0.6°C and ±2.5% 
respectively for temperature and humidity measurements. 

Battery surface temperature measurement was performed 
both with thermocouples and IR thermography. Four type T 
thermocouple was placed along the battery height with a high 
thermal conductivity adhesive. The thermocouples are 
attached to an ice point reference (Kaye Instruments) before 
being acquired by the data logger (NI SCXI-1303). 
Thermographic measurements are performed with a FLIR 
SC3000 IR camera equipped with a 320 x 240 QWIP sensor 
array and a 20° lens. The thermal sensitivity is 20 mK at 30°C 
with an uncertainty of ±1 % of the measured value. The battery 
was covered with a black matte paint of emissivity 0.94, 
measured trough a black body. Figure 1 shows the 
measurement set-up above described. 

 

 
 

Figure 1. Experimental set-up 
 
 

4. EXPERIMENTAL RESULTS 
 
Eq. (1) requires several parameters to be found in order to 

evaluate battery heat generation. In this paper three kind of 
tests are performed to experimentally measure these quantities. 
UOC was evaluated through cycles of discharge and relaxation. 
EHC with a potentiometric test. Finally, a constant current 
discharge was applied to the battery in order to measure the 
battery voltage, operating current and surface temperature. 
 
4.1 Open circuit potential 

 
The open circuit potential was evaluated every 10 % of SOC 

through the following method. First the battery was discharged 
at the specific SOC. Then it was allowed to relax for 1 hour. 
At the end of relaxation, the voltage value reached by the 
battery is the UOC at the specific SOC (Figure 2).  

 

 
 

Figure 2. Open circuit potential of the battery 
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4.2 Entropic heat coefficient 
 
The most common method to measure the entropic heat 

coefficient is potentiometric test [17, 18, 20, 22]. Thomas at 
al., [22], underlines that is more suitable to vary the 
temperature at a specific SOC. Nieto at al. [17], state that the 
entropic heat coefficient is not affected by temperature chosen 
for the thermal cycle and if the battery was on charge or 
discharge. 

The battery was discharged to a specific SOC and allowed 
to relax. The relaxation was followed by a thermal cycle in a 
thermostatic bath while measuring the open circuit potential 
The thermal cycle used in this paper is made up of 3 h at 25°C, 
3 h at 10°C, 3 h at 35°C, 3 h at 45°C and 3 h at 25°C. This 
procedure was repeated every 10 % of SOC until complete 
discharge. Figure 3 shows an example of the open circuit 
potential variation during the thermal cycle. The mean of 
voltage measured at each temperature step was plotted as a 
function of temperature as show in Figure 4. The gradient of 
the curve determines the entropic coefficient at each SOC. In 
this case, the overall uncertainty in the UOC is ±0.25 mV and 
±0.001 mV/K for the EHC. Finally, Figure 5 shows the EHC 
measured as a function of SOC. The EHC assume positive 
values until an SOC of 30%; after that it becomes negative. 
Similar behaviour was also observed in literature [20, 23]. 

 

 
 

Figure 3. Open circuit potential measured during thermal 
cycle at SOC 50% 

 

 
 

Figure 4. UOC as a function of temperature at SOC 50% 

 
 

Figure 5. Entropic heat coefficient as a function of SOC 
 

Table 1. Constant current discharge tests 
 

C-rate Discharge current [A] Discharge time [s] 
0.5 1.25 7200 
1 2.5 3600 
2 5 1800 
3 7.5 1200 
4 10 900 
5 12.5 720 
10 25 360 

 
4.3 Constant current discharge 

 
In this test the battery is fully discharged with a constant 

current. The discharge was stopped when the cell potential 
reaches the minimum voltage of 2 V. The test was performed 
at ambient temperature (between 21°C and 23°C) and under a 
wide range of C-rate (Table 1). After the complete discharge, 
the battery was allowed to rest for half an hour and then fully 
charged. 

During discharge the battery voltage, operating current and 
temperature measured by thermocouples are continuously 
recorded at 10 Hz, while IR images are taken once per second. 
Each image acquired during discharge was then subtracted 
with a reference thermal image taken before the test starts. All 
temperature measurements are referred to battery initial value 
so to avoid the influence of ambient temperature variation.  

Cell potential at different discharge rates is reported as a 
function of SOC in Figure 6. When a current is required from 
the battery the cell potential have a first sudden fall due to its 
internal resistance, then it flattens until a very low SOC when 
the voltage falls down to its minimum value. For higher 
discharge current, voltage value of the flatten zone always 
decreases and the difference with the open circuit potential 
rapidly increases.  

During discharge, the battery surface temperature increases 
especially at low SOC. The temperature rise is due to the loss 
of initial energy as heat generated by the battery. Figure 7 
shows the thermal images acquired. Four SOC levels have 
been chosen as representative points for the discharge. 
Thermal images underline the battery warm up during 
discharge. It is immediately clear that higher current produces 
a higher temperature rise.  

The temperature reached by the battery at the end of 
discharge is quite moderate for low C-rate (about 10°C higher 
of ambient temperature) but becomes very high when higher 
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C-rate occurs. In these cases, the battery far exceeds its 
temperature operating range. Indeed, for a discharge current of 
10C the final temperature was 45°C higher than initial value. 
Furthermore, for all C-rate the battery surface temperature is 
not uniform across its height but there is a higher temperature 
in the upper zone at the negative electrode. This trend is also 
confirmed by thermocouples measurements (Figure 8). 

 

 
 

Figure 6. Cell potential for different C-rates 
 

 
 

Figure 7. Thermal images of the battery at various C-rates 
and SOC levels 

 

 
 

Figure 8. Temperature measured by the four thermocouples 
for a 2C discharge current 

5. DETERMINATION OF HEAT GENERATED 
 
Once the open circuit potential and the entropic heat 

coefficient were measured, the thermal power generated can 
be found with Eq. (1) for all the constant current discharges. 
We obtain a measurements uncertainty lesser than ±2 % for all 
the parameters involved. 

 

 
 

Figure 9. Thermal power generated at various C-rate 
 

 
 

 
 

Figure 10. Irreversible and reversible heat contribution to the 
total thermal power for different discharge current 
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Figures 9 shows the instantaneous thermal power at each 
SOC. Since the overpotential grows with the discharge current, 
also the thermal power is greater for higher C-rate. 
Furthermore, thermal power has a faster increase at low SOC 
where the battery voltage has an abrupt decay and the entropic 
heat coefficient becomes negative. In these zones the 
reversible component is positive, and it increases the total 
thermal power generated. Otherwise, when EHC reaches its 
maximum positive value (at an SOC of 60%) thermal power 
has a minimum for all discharge currents. Already from these 
considerations can be seen how the thermal power generated 
by the battery is strongly affected by the reversible part. 

The two contributions of the total thermal power generated 
were individually evaluated. Figure 10 shows the ratio 
between the reversible and the irreversible heat with the total 
thermal power as a function of SOC at C-rate 0.5C and 10C. 
The reversible heat considerably affects the total heat 
generated by the battery especially at low C-rate where it has 
the same order of magnitude of the irreversible heat. Where 
the EHC is positive the reversible heat is negative and the 
discharge process is endothermic. In this case the reversible 
part is subtracted to the total heat generation. Otherwise, from 
an SOC of 20% the EHC becomes negative, the discharge 
process is exothermic and the reversible component increases 
the total thermal power generation. From Figure 10 is clearly 
evident that the irreversible part of heat generation must be 
considered for the evaluation of the battery heat generation 
especially at low C-rates. However, with higher discharge 
rates reversible contribution is always less significant. Indeed, 
at higher C-rate, the overpotential is very large and the 
irreversible term of Eq. (1) becomes predominant.  

 
 

6. CONCLUSIONS 
 
In this paper thermal behaviour of a LiFePO4 Lithium 

battery under various discharge current was experimentally 
investigated. Heat generation was evaluated with a simplified 
thermal model both considering irreversible and reversible 
contributions. Surface temperature was measured both with 
thermocouples and infrared thermography. Experimental 
results were used to evaluate battery thermal power with a heat 
generation simplified model. 

The results show an increase of thermal power when the 
battery is subjected to higher discharge currents. This is due to 
the increase of the overpotential since the battery shows a 
higher voltage drop if compared with the open circuit potential. 
For all the discharge currents tested the greatest thermal power 
was observed when low SOC occurs due to the abrupt decay 
of voltage. This leads also to a sharp increase of temperature 
when SOC go down 20%.  

The contributions of reversible and irreversible heat to the 
total thermal power were carefully evaluated. The results show 
that the reversible part can not be assumed constant or not 
considered at all since it strongly affects the total thermal 
power and temperature trend especially at low C-rate. 

Infrared thermography and thermocouples measurements 
show that surface temperature is not uniform along the height 
of the battery. Indeed, there is a greater warm up in the upper 
zone, corresponding to the negative electrode. Furthermore, 
the battery surface temperature reaches very high values, far 
over the maximum allowed temperature. In this case a proper 
designed BTMS is crucial for an efficient and safety 
functioning of the battery. The correct determination of the 

battery heat generation allows to improve the BTMS design 
method. 
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