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Abstract—This paper proposes a new experimental 
investigation of the ageing mechanisms of supercapacitors. 
Starting from the main ageing mechanisms of these devices 
reported in the literature, the paper proposes a suitably 
developed procedure aimed at evaluating their ageing during 
combined life endurance and power cycling tests. In particular, 
the effect of the temperature (usually referred as life endurance) 
is evaluated in supercapacitors solicited with an a-priori defined 
power cycle. The effects of the temperature during the so-called 
recovering phase are also investigated. Each experimental finding 
is discussed by taking into account the phenomenon of the 
residual charge redistribution inside the supercapacitor 
electrodes. 
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I.  INTRODUCTION 
The peculiar energy/power densities of the supercapacitors 

(SCs) make these devices as the ideal power sources in 
applications requiring high-power densities like: fast charging 
of electric vehicles, medical devices, universal power supply 
(UPS) applications, elevators, pulsed laser, etc. All these 
applications are characterised by an elevated number of cycles 
applied to the power source. In this respect, the adequate 
evaluation of SC life models represents an important aspect to 
be investigated. 

As analysed in [1], the non-reversible electrochemical 
reactions (i.e., parasitic electrochemical reactions increasing 
the decomposition of the electrodes) taking place in a SC have 
a large influence on its life expectancy since the energy storage 
mechanism of this device is not purely electrostatic. 

The effects of these reactions depend strongly on the SC 
voltage (VSC), temperature (TSC) and current (ISC) delivered by 
the device. As above-mentioned, SCs can be used for particular 
applications requiring high values of delivered current that 
might range from few Amperes up to several or thousands of 
Amperes. Additionally, the environments where these devices 
are operating might be characterized by temperatures (e.g., 
50° C – 65° C) close to the boiling point of the SC electrolytes 
(i.e., 78°C for the tetrafluoroborate). 

In this respect, the ageing mechanism has to be investigated 
under these conditions in order to define adequate ageing tests 
and infer relevant life expectancy models. In the literature, 

several works on this subject have been done and they can be 
grouped in two main categories: 
 

a) life endurance (LE), also called life calendar test [1-8]; 

b) power-cycling test (PC) [7-11]. 

 The first group (i.e., the LE tests), consists in controlling 
the targeted SC temperature (TSC) and voltage (VSC) into a 
specific environment in order to analyse their effects on the life 
endurance expectation. During these tests the SC is not 
delivering any current. Since the so-called SC charge 
redistribution phenomena takes place, the SC voltage decreases 
in agreement to what shown in [12-15]. Consequently, the 
targeted SC has to be charged with a very low current in order 
to keep the VSC constant. 
 In the second category of tests (i.e., the PC tests), the 
environment temperature is kept constant to a rated value (e.g., 
25°C) and charge/discharge cycles, with a specific ISC, are 
applied to the SC in order to infer the life endurance 
expectation of the device. 
 It should be underlined that the electrochemical reactions 
occurring during the ageing process of a SC, are partially 
reversible [4, 10]. In this respect, in some works, a so-called 
regeneration, or regenerative, phase is observed if the 
following conditions are satisfied: (i) the TSC and/or the VSC is 
reduced during a LE test in comparison with their starting 
values; (ii) the ISC is reduced during a PC test in comparison 
with its starting value. With specific reference to PC tests, this 
phenomenon has been investigated in [9,10] and demonstrated 
to be of extreme importance in life assessment of SCs. 
 However, the main limitation of these works is that the 
assessment of the SC recovering phase at high temperatures are 
not investigated. 
 In [1-2] the experimental description of the ageing 
processes involved during a LE test with different TSC and VSC, 
along with an ageing model formulation based on experimental 
evidences, is presented. These papers have described the 
variation of the SC impedance during accelerated LE test and 
have presented an extrapolation of the SC lifetime by using a 
heuristic approach. Nerveless, the phenomenon of the SC 
capacitance recovery is not taken into account. 

Authors of the work presented in [3] claim that the most 
important ageing processes of the SC are driven by both TSC 
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and VSC. Consequently, they did not take into account the 
power cycling effects on the evaluation of the SC life.

In [5,6,11] some investigations have been performed 
separately for LE and PC tests without exploring the SC 
recovering phase and, also, the effects of high-
temperatures/high-current on the SC life. 
 On the contrary, in [4,7,9,10] the Authors have performed a 
detailed characterization of the SC ageing process during 
combined LE and PC test. They observed, and in some specific 
cases, described a clear recovering phase. The results presented 
in these works appear extremely interesting although the PC 
test refer to ISC amplitudes comparable to the SC rated current 
(in this respect, it is worth observing that SC can be used with 
cycles characterised by ISC much larger than the SC rated 
current). Additionally, in [4,7,9,10] the influence of the 
temperature on the duration/quantification of the SC 
regeneration phase during combined PC and LE tests has not 
been addressed. 
 The above-described drawbacks have motivated this paper. 
In particular, we have analysed the effect of high TSC during 
combined LE and PC tests in case of ISC much larger (one order 
of magnitude) than the SC rated current. Additionally, the 
effect of high TSC during the SC recovering phase is analysed 
as well. 

The paper is structured as follows: in section II an overview 
of the two main SC ageing mechanisms, along with the 
description of the SC recovering phase, are detailed; in section 
III the experimental test bench and test procedure for the 
automatic-online characterization of the SC ageing process is 
described; section IV presents the experimental results for the 
combined LE and PC tests along with a temperature 
characterization of the recovering phase. Finally, the last 
section summarizes the contribution of this work. 

II. BRIEF SUMMARY OF THE SC AGEING PHENOMENA 

A. Power cycling test 
The main factor influencing the SC ageing process during 

a power cycling test is the RMS value of the current, ISC, 
during a defined charge/discharge cycle. Indeed, the 
degradation of the SC during a PC test is related to the amount 
of charges flowing through the electrolyte-electrode interface 
involving a de-cohesion of the carbon composing some parts 
of the electrodes. 

Other factors that might have an influence and that are, in 
general, not considered are: (i) the rest time, TREST, between 
two cycles influencing the SC regeneration phenomenon; (ii) 
the current wave shape used for the cycle (as it can involve 
additional thermal stresses [9]). 

The investigation of the above-described ageing 
mechanism when ISC is higher than the rated one, deserves 
specific investigations. With this purpose, in the work here 
presented the value of the SC current has been deliberately 
chosen to be one order of magnitude higher than the rated one. 

B. Life endurance test 
 The two main factors involving the ageing during a LE 

test are the VSC and the environment temperature TE (in what 
follows we will assume TE=TSC as the tests have been 
performed into controlled climatic conditions for which we 

can reasonably assume the SC in thermal equilibrium with the 
external environment). 

Concerning the effects of the TSC on the SC life, it seems 
that the ageing mechanism is triggered by the accumulation of 
impurities on the surfaces of the SC electrodes leading a 
decrease on the cell capacitance value and an increase of the 
equivalent resistance series (ESR) [9]. In this respect, the aim 
of the work here presented is to investigate the influence of a 
LE test at high temperature along with a PC ageing test. 

C. SC recovering phase 
The recovering phase following a PC has been discussed 

in [9]. In this paper the capacitance-recovery, observed after a 
PC, has been associated to three main factors: (i) the duration 
of the SC rest after the PC; (ii) the number of cycles between 
two subsequent rests and (iii) the cumulated value of cycles of 
the whole ageing test. 

Concerning the physical explanation of the SC recovery, 
it has been associated to the following mechanism. During a 
PC ageing, a certain charge imbalance takes place inside the 
porous structure of the electrodes-electrolyte interface 
reducing the active surface area and, consequently, the SC 
capacitance. When the PC test is stopped, the redistribution 
phenomenon related to the mitigation of this charge gradient, 
takes place with a time constant relatively important 
(thousands of seconds) and, consequently, it is possible to 
observe a return to a so-called ‘thermodynamic steady state’ 
associated to higher capacitance values. 

To the best of our knowledge, the literature dealing with 
the effects of the temperature on the recovering phase 
following a PC test is quite scarce. Since the whole process is 
strictly linked to the redistribution phenomenon [14], we find 
worth investigating the effects of the temperature on the 
recovery-capacitance mechanism. 

III. EXPERIMENTAL ASSESSMENT OF THE SC AGEING 
The targeted SC has a rated capacitance value of 365 F, a 

rated voltage of VN=2.75 V and it is cycled with different 
current profiles having different waveshapes, peak values and 
time durations. The common factor is represented by peak 
current values chosen to be tens of times higher than the SC 
rated current (for the adopted SC its rated current was of 30 A 
@ 25°C). 

A. Experimental test bench and procedure 
Fig. 1 illustrates the block scheme of the experimental test 

setup. It is composed of four main elements: (i) a 365 F 
supercapacitor inserted into a climatic chamber where the 
environmental temperature, TE, is kept constant to a pre-
defined value; (ii) a power source working in the following V/I 
ranges 0-80 V and 0-120 A; (iii) an electronic load working in 
the following V/I ranges 0-80 V and 0-200 A; (iv) control PC 
where, a suitable realised software developed using the 
LabView programming environment, is able to perform the 
monitoring and control the whole system. Concerning the 
electronic load and power supply, they are characterised by an 
overall bandwidth from DC to 1 kHz. Concerning 
measurement system, the VSC voltage is directly sampled using 
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an analog-to-digital converter operating a 16 bits with a 
maximum sampling frequency of 100 kHz and characterised 
by a bandwidth from DC to 100 kHz (-3dB). The ISC is 
measured towards a dedicated hall-effect sensor characterised 
by an overall bandwidth from DC to 100 kHz (-3dB). Also for 
the ISC, the analog output of the current sensor is sampled with 
a analog-to-digitan convert having the same characteristics of 
the one used for the VSC. 

In Fig. 1 the black lines represent the control signals from 
the control PC towards the power source and the electronic 
load. During the charging phase the power source is receiving 
the set points of the SC charging current and the SC final 
voltage to be reached at the end of the charge (VF). During the 
SC discharge the electronic load receives the waveform of the 
SC discharge current ISC(t). The red lines of Fig. 1 indicate the 
transfer of the power (i.e., from the power sources to the SC
during the charging phase and from the SC to the electronic 
load during the discharging phase). The green line indicates 
the measurement signals: the VSC, ISC and TSC are continuously 
measured. 

The climatic chamber where the SC is hosted allows to 
control its internal temperature in the range 28-360 °C. 

 

 
 

Fig. 1. Block scheme of the experimental test setup.  
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Fig. 2. Variation of the SC capacitance during the first seven cycles. 
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Fig. 3. Current profiles adopted for the SC PC test: a) first current profile, 
b) second current profile, 3) third current profile.  

B. Experimental procedure to evaluate the SC ageing 
This paragraph summarizes the procedure followed to 

characterize the ageing mechanism and the parameters that are 
periodically measured on the targeted SC. This procedure is 
composed of four main steps listed below and described in 
detail in the next sub-sections: 

 pre-test; 
 LE test along with PC test; 
 measurement of SC parameters considered for its ageing; 
 assessment of the SC recovery. 

C. Pre-test 
We start from a SC that has been completely discharged, 

namely short-circuited for 3 days. Such a starting condition 
guarantees the absence of residual charges inside the SC. 

The pre-test consists in cycling the SC with charge-
discharge cycles. The charging is realised with a constant 
current of 10 A while the discharge is realised by a constant 
load of 0.1 Ω. The final voltage for the SC charge is 
VF=2.45 V. Note that, in order to largely mitigate the SC life 
dependency against VF, the value of this parameter has been 
selected to be well below the SC rated voltage VN=2.7 V [1-2]. 
This pre-cycle is performed a certain number of times (in 
general below 10) up to the moment when the so-called 
residual charge (ΔQ) that remains stored in the SC reaches a 
steady value [14]. As can be inferred from [14], the value of 
usable SC capacitance, defined as the ratio between the charges 
furnished, or extracted, and the correspondent voltage variation 
on the SC, depends strongly on ΔQ. From this starting point, it 
is necessary to define the value of the SC capacitance, Cstart, to 
be considered during the ageing test for evaluating the ageing 
mechanism and, consequently, the loss of the SC capacitance. 
In this respect, it is worth observing that the rated capacitance 
provided by the SC manufacturer is related to a SC completely 
discharged. However, since the above-defined usable SC 
capacitance varies during the first cycles, the value of Cstart that 
we have been assumed is the one corresponding to the 
conditions where the ΔQ has reached its steady value. In this 
respect, Fig. 2 illustrates the variation of the usable SC 
capacitance for the first 8 cycles.  During the pre-test phase, the 
usable SC capacitance varies from 355 F to 347 F. It is 
interesting to observe that the SC usable capacitance closest to 
the SC rated one appears at the beginning of the pre-test when 
the ΔQ is minimum. In this respect, the value of usable 
capacitance that we have considered for the ageing assessment 0 0.02 0.04 0.06 0.08 0.1
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is equal to 347.4 F reached at the end of the pre-test (i.e., at the 
end of the 8th cycle). 

D. LE and PC tests 
Once the pre-test phase is completed, the ageing test related 

to the combined LE and PC test can start. In the work here 
presented several combined ageing tests have been performed. 

The characteristics of the LE test are: (i) environmental 
temperatures set points TE of 28°C, 35°C, 40°C and 55°C, (ii) 
the test starts once the average temperature of the SC measured 
by three thermocouples (on the bottom, up and lateral side of 
the SC) is equal settled TE. 

The characteristic of the PC test are: (i) after each 
discharge, the SC is charged with a constant current of 10 A 
until the SC reaches a final voltage value VF=2.45 V, (ii) the 
SC is discharged with the current profile given by Fig. 3; (iii) 
the rest time Trest between two subsequent shots composing the 
whole discharge cycle shown in Fig. 3, has been chosen in the 
range of few tens of seconds1; (iv) the ageing test is 
periodically stopped each 500 discharges in order to carry out 
the characterization test described as follows. 

The current profiles summarized in Fig. 3 simulates a given 
operating condition of the SC. Therefore, the outcomes of the 
SC ageing will be influenced by these profiles. 

E. Measurement of SC parameters considered for its ageing 
The procedure for assessing the SC parameters is 

structured as follows: (i) the SC is charged with a constant 
current of 10 A until the SC reaches a final voltage value 
VF=2.45 V, during this phase the SC input electrode resistance 
ESR, is evaluated by measuring the voltage drop across the SC 
terminals; (ii) the power generator is turned off and the charge 
redistribution phenomenon is observed and recorded for 
20 minutes, the value of VSC at 10 min (namely VSC10)  and 20 
min (namely VSC20) are measured; (iii) the SC is discharged  
with a constant resistance Rload equal to 0.1 Ω until the VSC 
reaches 100 mV. During this last phase the capacitance is 
computed as follows: 

 

Cdisch =
ΔQdisch

ΔVdisch
      (1) 

 
where ΔQdisch is the time integral of the current delivered by the 
SC and ΔVdisch the voltage variation during the phase (iii). 

Moreover, for estimating the ageing mechanism in the 
decay voltage appearing during the redistribution phases, the 
quantity VF -VSC10 has been evaluated during each test. 

It is worth observing that during the redistribution taking 
place in phase (ii) a potential start of the SC recovering might 
take place (we remember that the recovering phenomenon 
starts to be considerable at least after one hour). In order to 
compensate this possible effect, the SC is discharged with a 
very low value of resistance (0.1 Ω) and, consequently,  with a 
current profile characterised by several tens of Amperes at the 

                                                             
1 This value of Trest has been selected in order to avoid any possible 
regenerative phenomena [9]. 

beginning of the discharge to few mA at the end of the 
discharge. 

The time needed to complete the 500 discharges and to 
assesse the SC parameters is around 4 hours. Note that the deep 
discharge of the SC until VSC=100 mV takes around 
20 minutes. The duration of this last time window depends 
strongly on the value of VSC required at the end of the deep 
discharge. The value of 100 mV has been choses as a trade-off 
between the duration of the test and the evaluation of the SC 
extracted charge. 

F. Assessment of the SC recovery 
Once the number of the pre-defined cycles is reached, the 

targeted SC is kept into a temperature-controlled chamber at 
the targeted temperature TE. In this phase, since the SC is not 
delivering any electric current, the recovering phase starts to 
take place. During this phase, the procedure described in the 
sub-section E is performed every 2 hours in order to evaluate 
the capacitance recovery. 

IV. EXPERIMENTAL RESULTS 

A. Temperature effects on combined power cycling and life 
endurance test 
Four combined LE and PC tests have been performed at 

four different temperatures TE, namely 28°C, 35°C, 40°C and 
55°C with the same charge/discharge cycles of Fig. 3. Fig. 4 
and Fig. 5 illustrate the evolution of the three main monitored 
quantities, namely, VF-VSC10, ESR and CDISCH during a 
combined LE and PC test at 28°C and 35°C, respectively. Fig. 
6 and Fig. 7 illustrate the evolution of the CDISCH at 40°C and 
55°C respectively. Fig. 8 illustrates the comparison of the 
evolution of CDISCH at 35°C, 40°C and 55°C. In this case the 
value of CDISCH of each measurement is reported in per-unit of 
the Cstart. The increasing of the TSC during the cycling was 
equal to 1°C. Therefore, we can reasonably assume that the 
temperature-ageing source is the one corresponding to the 
environment temperature. The following observations can be 
inferred from the obtained experimental investigations. 
a) The VF-VSC10 decreases considerably at the beginning of the 
test and, after, it exhibits almost a constant trend. The initial 
variation can be justified by the fact that the quantity ΔQ has 
not reached the maximum value. After the first cycles, ΔQ 
reaches a steady value and, as a consequence, the 
redistribution phenomenon is more important and, 
consequently, the decay voltage is less important [14]. As 
during the ageing tests the ΔQ remains essentially unvaried, 
we have that the decay voltage is almost constant. 
b) The ESR is almost constant in spite of the majority of the 
results obtained in other previous works related to LE test 
[1,2]. This behaviour can be justified by the fact that, during a 
PC test, there is a higher quantity of charges passing through 
the electrode-electrolyte interface compared to a simple LE 
test. We can reasonably assume that, during the PC tests, some 
of the impurities located on the electrodes surfaces (that are 
the main reason of ageing during a LE test) are removed by 
the high charge flows due to the values of the selected SC 
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currents. The impact of the temperature on the ESR value 
during a LE will be investigated in further works. 
c) In agreement with other works presented in the literature 
(e.g., [1-4]), the SC capacitance decreases during a combined 
PC and LE test. In particular, CDISCH decreases with a pseudo-
exponential behaviour (it should be underlined that, during the 
pre-test, there is a loss of capacitance not related to any ageing 
phenomenon). 
d) The decrease of CDISCH is more important at higher 
temperatures. This finding is in agreement with other works 
for typical LE ageing test (e.g. [1,2,7]). At 35°C after the 
delivery of 0.6 MAh, this loss is equal to 2 %, at 40 °C is 2.5 
% and at 55°c is 5.5 %. A common finding in [1], highlights 
that for an increase of 10°C of TSC, the related capacitance loss 
doubles. It seems that during a combined PC and LE test, in 
view of what explained in b), this experimental evidence is not 
respected. In this respect, it will be interesting to compare the 
capacitance loss with a classical LE test at the same 
temperature. This specific aspect deserves further specific 
investigations. 

B. Temperature effects on the recovering phase 
Fig. 9 illustrates the time evolution of CDISCH during the 

recovering phase at 28°C, 40°C and 55°C. In this graph, the 
value of CDISCH has been expressed in per unit of the value of 
the SC capacitance reached just before the assessment of the 
recovery (i.e., the value of capacitance reached by the SC at the 
end of the PC and LE ageing tests).  The most important 
observations are summarised below.  

For each recovering phase, two main sub-phases can be 
detected. The first one is characterised by the capacitance 
recovery taking place even if TE is higher than the rated one. 
During this specific sub-phase, the ageing mechanism related 
to the PC disappears but the one related to the LE is still 
present.  In the second sub-phase the effect of LE ageing 
mechanism starts to be stronger than the recovering effect due 
to the interruption of the PC. In this specific second sub-phase 
the targeted SC restarts to age along with a capacitance loss. 
The duration of these two sub-phases largely depends on the 
temperature and on the amount of Ah delivered by the SC 
before stopping the PC. In particular, at 28°C, the recovering 
phase holds for 10 hours with a capacitance increasing of 
3.5 %; at 40°C the same sub-phase holds for 4.5 hours with a 
capacitance increasing of 1.8%; at 55°C the recovering phases 
does not take place and the SC continues to age. This last 
results, to the best of our knowledge, has not been detected in 
previous works. It appears to be an important behaviour and it 
highlights the effect of temperature during the recovering phase 
subsequent to combined LE and PC tests. The influence of the 
temperature during PC test will deserve specific investigations 
in the future. 

        
a) Delivered charges [Ah 105]    b) Delivered charges [Ah 105]  g )

 
          c) Delivered charges [Ah 105]  

Fig. 4. CDISCH, ESR and VF- VSC10 evolution during a combined the ageing test 
at 28 °C.  
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Fig. 5. CDISCH, ESR and VF- VSC10 evolution during a combined ageing test at 
35 °C.  
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Fig. 6. CDISCH, evolution during a combined ageing test at 40 °C.  
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Delivered charges [Ah 105] 

Fig. 7. CDISCH, evolution during a combined ageing test at 55 °C.  
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Fig. 8. Evolution of CDISCH, during  combined LE and PC test at 35°C, 45°C 
and 55°C.  

 
Time [hours] 

Fig. 9. Evolution of  CDISCH, during  the recovering phase at 25°C, 40°C and 
55°C.  

V. CONCLUSIONS AND FUTURE OUTLOOKS 
The work here presented has illustrated an experimental 

study aimed at assessing the ageing mechanism of SC during 
life endurance, power cycling and combined ageing tests. In 
particular, this study has been carried out by means of an 
experimental characterization of the temperature effects on 
combined PC and LE test along with an experimental 
investigation of the SC recovery. 

The experimental results have been obtained by using an 
automatic procedure to estimate the main SC parameters for 
assessing its ageing. In particular, it has been observed that the 
ESR does not increase significantly during a combined ageing 
test. The capacitance loss of the targeted SC increases 
significantly for higher temperatures but it does not double its 

value for a 10°C of increasing of environment temperature. 
Additionally, the recovering phase subsequent a combined LE 
and PC test, has been observed. The main finding is that, for 
high temperatures (i.e., starting from 55°C), the recovering 
phase does not take place since the ageing mechanism related 
to the temperature seems to be the predominant one. In total, 
eight SC samples have been used for experimentally observing 
the reported results during combined ageing LE and PC tests. 

Starting from the above-summarized findings, further 
research will be dedicated to a complete investigation of the 
SC recovering phase by taking into account the value of 
delivered Ah for evaluating the SC capacitance recovery at 
different environment temperatures. Further, the obtained 
results will be used to infer an analytical SC ageing model that 
accounts both LE and PC stresses. 
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