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Abstract—Lithium-ion capacitors (LICs) are a hybrid energy 

storage device combining the energy storage mechanisms of 

lithium-ion batteries (LIBs) and electric double-layer capacitors 

(EDLCs), and are considered attractive not only in high-power 

applications but also as an alternative to rechargeable batteries 

due to their inherent long cycle life and relatively high energy 

density. The cycle life testing was performed for 

commercial-off-the-shelf LIC cells procured from three different 

manufactures, and the cycle life prediction model developed for 

EDLCs in the previous work was applied to LICs. Based on the 

resultant capacitance retention trends, the activation energies of 

degradation ratios were calculated using an Arrhenius equation, 

whereupon aging acceleration factors were determined. The 

calculated acceleration factors varied depending on manufacturers, 

suggesting that a proper aging acceleration factor should be 

determined for each manufacture cell based on cycle life testing 

rather than simply applying a rule of thumb which had been 

accepted for LIBs and EDLCs. The resulting and predicted 

capacitance retention trends correlated well, verifying that the 

cycle life prediction model established for EDLCs in the previous 

work would also be usable for LICs as an alternative to 

rechargeable batteries. 

Index Terms — Acceleration factor, aging, Arrhenius equation, 

cycle life prediction, lithium-ion capacitor (LIC), rechargeable 

battery 

 

I. INTRODUCTION 

he use of rechargeable battery-based energy storage is 

increasingly expanding from portable electronic devices to 

large-scale systems, including electric vehicles and 

grid-connected applications. There are plenty of battery 

technologies available on the market, and, depending on 

applications, suitable battery technologies are selected 

considering their advantages and drawbacks. 

Nowadays, the most prevalent rechargeable battery types are 

lead-acid, Ni-MH, and lithium-ion chemistries. The former 

technology prevails in industrial and telecommunication 
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applications thanks to its technological maturity and cheap 

capital cost. However, their relatively low energy density 

characteristics and the periodic maintenance requirement limit 

their applications [1]. Ni-MH batteries are also a matured 

technology offering higher energy density while alleviating the 

need for periodic maintenance. Ni-MH batteries are not only 

used for portable electronic devices but also found in many 

hybrid electric vehicles [2], despite gradually being replaced by 

lithium-ion batteries (LIBs). LIBs are the optimal battery 

technology for portable electronic devices and electric vehicles 

because their energy density and specific energy are unrivaled 

among traditional rechargeable battery technologies [1], [2]. 

However, the risks of fire or, in the worst case, explosion due to 

overcharging, abuse, or mechanical damage are often cited as 

top concerns. 

Conversely, supercapacitors, formally known as electric 

double-layer capacitors (EDLCs), are a form of energy storage 

that does not rely on chemical reaction for energy storage 

mechanisms, offering some remarkable major advantages over 

traditional rechargeable batteries, such as extended cycle life, 

higher power capability, improved safety, and extended 

allowable operational temperature range. However, since their 

specific energy (< 10 Wh/kg) is relatively lower than those of 

rechargeable batteries, EDLCs are mainly used in hybrid power 

systems [3]–[8], including regenerative systems [9] and electric 

vehicles [10]–[13], whereby EDLCs operate as high-power 

energy buffers to complement main rechargeable batteries. 

Dynamic behavior of EDLCs aiming at the adaptation to such 

hybrid applications have also been modeled [14], [15]. 

As a more viable candidate, lithium-ion capacitors (LICs) 

have been developed and commercialization attempts have 

already been made by several manufacturers. LICs are a hybrid 

energy storage device that combines the energy storage 

mechanisms of EDLCs and LIBs, realizing the advantages of 

EDLCs (i.e. the high power capability, extended cycle life, and 

widened operational temperature range) at a relatively high 

specific energy of > 14 Wh/kg [16]. Detailed characterization 

for LICs [16]–[18], comparison with traditional EDLCs 

[19]–[21], and modeling [22] have been performed, and, similar 

to conventional EDLCs, LICs are attracting significant attention, 

particularly in high-power applications such as a railway vehicle 

application [23]. Vigorous research and development efforts in 

search of better active materials targeting for such high-power 

applications are underway [24]–[27]. 
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LICs represent a potential to be an alternative to traditional 

rechargeable batteries in various applications; from memory 

back-up and portable power supply to spacecraft power systems. 

For example, a feasibility study on spacecraft power systems 

using LICs suggests that a LIC-based power system would be a 

lighter power system with a longer cycle life than traditional 

LIB-based systems [28], driving expectations that LICs would be 

usable in not only hybrid energy storage systems but also many 

other applications. A small scientific spacecraft containing a 

technology demonstration platform to demonstrate long-term 

performance of a LIC under space environment was developed 

[29] and launched in September of 2013, and the LIC has been 

performing well as of this writing  [30]. 

Since LICs are basically a long-life energy storage source, 

life testing under real time span and operation conditions is 

naturally impractical. In typical spacecraft applications, for 

example, life testing in a real time span for the typical cycle life 

requirement of 30,000 cycles takes approximately 5 years, 

compelling spacecraft designers to use obsolete devices that 

were developed more than 5 years ago. In addition, systems 

cannot be optimally designed without properly predicting cycle 

life performance of LICs under practical conditions. Therefore, 

not only is there a need for accelerated aging testing to cope 

with the sluggish life testing but also a proper cycle life 

prediction model is needed for designers to effectively design 

energy storage systems using LICs. 

Life testing for LICs has been performed [24]–[27] but 

accelerated aging testing and cycle life prediction model for LICs 

have not been established yet. In addition, most previous works 

for cycle life testing involved laboratory cells, rather than 

commercial cells. To expedite penetration of LICs into industry 

and commercial applications, life testing using 

commercial-off-the-shelf (COTS) cells is considered 

indispensable. Furthermore, most previous life testing and 

characterization for LICs were performed focusing on 

high-power applications, and few research work has been carried 

out targeting for LICs as an alternative to rechargeable batteries.  

On the other hand, calendar and cycle life performances of 

EDLCs have been characterized and evaluated by many 

researchers [31]–[36], and aging behaviors and degradation 

mechanisms have been addressed and discussed thoroughly 

[37]–[42]. Aging acceleration by elevating temperature and/or 

increasing applied voltage has been discussed [43]–[45], and 

the rule of thumb that degradation doubles for every 10°C 

increase or 100 mV increase is commonly accepted for EDLCs 

under floating conditions [46]–[48]. A cycle life prediction 

model for EDLCs as an alternative to rechargeable batteries has 

also been established based on accelerated charge-discharge 

cycling tests [49]. Aging of EDLCs can be accelerated by 

elevating temperature, and the aging acceleration factor was 

determined based on Arrhenius Law with degradation 

tendencies of EDLC cells cycled at three different temperatures. 

Meanwhile, the evolution of capacitance fade is nearly 

proportional to the square root of number of cycles and the 

derived cycle life prediction model satisfactorily matched 

experimental cycle life trends. Since LICs are a kind of 

supercapacitor, this cycle life prediction model established for 

EDLCs [49] could potentially be applied to LICs, facilitating 

the penetration of LICs in practical use. 

The work of this paper is basically research extending the 

previous work performed for EDLCs [49]. LIC cells procured 

from three different manufacturers were cycled at various 

temperatures, and their cycle life trends were analyzed and 

modeled using the cycle life prediction model developed in the 

previous work [49]. The chief objectives of this study are to 

evaluate the cycle life of LIC cells as an alternative to 

rechargeable batteries and to investigate whether the cycle life 

prediction model developed for EDLCs [49] can be applied to 

LICs—investigating the degradation mechanism of LICs is 

outside the scope. To our knowledge, this is the first article 

reporting results of long-term cycle life testing, accelerated 

aging, and the cycle life prediction model for COTS LIC cells as 

an alternative to rechargeable batteries. 

The rest of this paper is organized as follows. Experimental 

conditions, including specifications of COTS cells and cycling 

conditions, are explained in Section II and the results of 

charge-discharge cycling tests performed under various 

conditions are presented in Section III. Based on the 

degradation trends at different temperature conditions, aging 

acceleration factors are determined according to Arrhenius 

equation in Section IV. In Section V, it is verified that the cycle 

life prediction model established in the previous work is 

applicable to LICs, and the predicted cycle life performances of 

three different COTS cells are compared. 

II. EXPERIMENTAL CONDITIONS 

A. Lithium-Ion Capacitor Cells 

Both pouch- and can-type cells are available in the market. 

Pouch cells are considered preferable as an alternative to 

rechargeable batteries because of their higher specific energy 

and energy density than can-type cells. COTS pouch cells were 

procured from Manufacturers A–C (names not specified for 

contractual reasons) to evaluate the cycle life performance of 

LICs. The rated capacitances of these LIC cells were around 

2500 F. Cells from each manufacturer were procured in 

different seasons, meaning the life testing for cells from each 

manufacturer were non-concurrent and the temperature 

conditions also differed slightly (see Table I). The numbers of 
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Fig. 1. Discharge curves of LIB, EDLC, and LIC cells. 
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cells assigned for life testing also differed for each 

manufacturer; nice cells for Manufacturer A, and fifteen cells 

for Manufacturers B and C—no cell from Manufacturer A was 

assigned for float conditions. 

B. Depth of Discharge (DoD) 

Discharge curves of a LIB, EDLC, and LIC are compared in 

Fig. 1. In practical use, the charging current and voltage for cells 

are regulated by a charger, while cells are discharged to loads via 

a dc–dc converter that behaves as a constant power (CP) load 

viewed from the cells. A constant-current (CC) discharging 

scheme is generally used in life testing for LIBs and is considered 

acceptable, even for CP loads, because of the relatively flat 

discharge curve, as shown in Fig. 1. Conversely, since the LIC 

voltage (as well as EDLC) varies significantly, a CP discharging 

scheme rather than simply using a CC discharging scheme is 

considered preferable for the life testing of LIC cells. 

For cycle life testing of LIBs, the depth-of-discharge (DoD) 

is generally defined as the ratio of the discharged ampere-hour 

capacity to the rated capacity. This ampere-hour DoD, DAh, is 

convenient for cycle life testing of LIBs using the CC 

discharging scheme because the discharged capacity is 

invariably constant in every charge-discharge cycle. For the 

cycle life testing of LICs using the CP discharging scheme, on 

the other hand, the discharged ampere-hour capacity varies with 

voltage decline due to ageing, whereas the discharged energy is 

invariably constant in every cycle [49]. In other words, DoD for 

cycle life testing of LICs using the CP discharging scheme 

should be defined based on the discharged energy. 

Similar to the cycle life testing performed for EDLCs in the 

previous work [49], DoD for LICs in this study is defined as the 

energy DoD, DE, that is the ratio of discharged energy to rated 

stored energy. In general, the discharged capacity of capacitors, 

including LICs and EDLCs, is essentially equivalent to 

discharged charge, and therefore, DAh of capacitors is a function 

of voltage (Q = CV where Q is the charge in coulomb and C is the 

capacitance in farad). On the other hand, the energy of capacitors 

is proportional to the square of voltage (E = 0.5CV2 where E is the 

energy). According to [49], DAh and DE are given by 
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where Vcha and Vcut-off are the charge- and cut-off voltages, 

respectively, and VEoD is the voltage at the end of discharge. From 

(1) and (2), the relationship between DE and DAh is yielded as 
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The relationship between DE and DAh of a LIC cell with a typical 

operational voltage range of 2.2–3.8 V is depicted in Fig. 2. 

C. Cycling Conditions 

LIC cells were cycled with constant-current–constant-voltage 

(CC–CV) charging and CP discharging schemes. A single 

charge-discharge cycle comprises 65-min CC–CV charging and 

35-min CP discharging, emulating typical cycling condition for 

low-Earth-orbit spacecraft [50]. 

To investigate the degradation dependence on DoD, charge 

voltage, and temperature, cells were cycled at two DoDs, two 

charge voltages, and three temperatures, as shown in Table I, 

using the battery charge-discharge testing system (TOSCAT 3000, 

Toyo System). Three different temperatures in the test matrix 

were considered sufficient to determine the values of activation 

energy and aging acceleration factor as indispensable parameters 

for the cycle life prediction model, as will be discussed in detail in 

Section IV. In addition, floating tests (constant voltage) as 

reference test conditions were also performed for cells from 

Manufacturers B and C. All the current values in CC charging 

period were determined so that the CC and CV charging periods 

were 45 and 20 min, respectively, at the beginning of the cycle life 
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Fig. 3. Typical charge-discharge profiles during cycling. 

TABLE I. CHARGE-DISCHARGE CYCLING CONDITIONS. 
Cell No. Discharge (D

E
) Charge (V

cha
) Temperature

1 80%

2

3 3.6 V

4 3.8 V (CV)

5 3.6 V (CV)

6 80%

7

8 3.6 V

9 3.8 V (CV)

10 3.6 V (CV)

11 80%

12

13 3.6 V

14 3.8 V (CV)

15 3.6 V (CV)

*CV: Constant Voltage

40%

No discharging

(CV condition)

No discharging

(CV condition)

0°C

25°C (for Manufacture A)

30°C (for Manufacture B)

30°C (for Manufacture C)

40%

40°C (for Manufacture A)

50°C (for Manufacture B)

60°C (for Manufacture C)No discharging

(CV condition)

3.8 V

3.8 V

3.8 V

40%
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Fig. 2. Relationship between ampere-hour DoD (DAh) and energy DoD (DE). 
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testing. Typical charge-discharge cycling profiles (except for 

floating conditions) are shown in Fig. 3. 

The capacitance retentions of LICs were periodically 

measured at 25°C in a thermostatic chamber. Cells were 

charged at a 1-C current rate of CC–CV (3.8 V) charging 

scheme for 5 hours and discharged at CC of 1-C rate until the 

cell voltages reached the lower limit of 2.2 V. 

III. EXPERIMENTAL RESULTS 

As a representative capacitance measurement result, the 

discharge curve trend of Cell 11 from Manufacturer A is shown 

in Fig. 4. Inclinations of discharge curves gradually steepened 

and discharging time shortened with increasing number of 

cycles, indicating the gradual capacitance decay. 

The capacitance retention trends of LIC cells from three 

manufacturers are shown in Fig. 5. Similar to traditional EDLCs 

as well as LIBs, the higher the temperature, the lower the 

capacitance retentions, suggesting that LIC aging can be 

accelerated by elevating temperature, as will be discussed in the 

next section. Conversely, the influence of cycling condition on 

the capacitance retention trends was insignificant (at least under 

the cycling condition used in our study), except for cells from 

Manufacturer B at DE = 80% (i.e. Cells 1, 6, and 11.) The 

capacitance decays of these cells were obviously severer than 

the others, suggesting the DoD-dependent cycle life 

performance. On the other hand, cells from Manufacturers A 

and C under each temperature condition showed virtually 

uniform retention trends up until 10,000 and 5,000 cycles 

(approximately 700 and 350 days), respectively, and therefore, 

the life performance of these cells was DoD-independent, 

except for the deviant cell—Cell 11 from Manufacturer C is 

deemed to be possibly defective or having an unexpected 

detrimental event during testing because of the significant 

deviation from other trends and the sudden fall in capacitance 

retention, as shown in Fig. 5(c). 

The resulting capacitance retention trends imply that the life 

performance of LICs might be influenced by cycling, depending 

on manufacturers. The cycle life performances of EDLCs are 

reportedly independent of cycle conditions [49], chiefly 

because EDLCs do not rely on chemical reactions for their 

energy storage mechanism. Conversely, some LIC cells showed 

DoD-dependent aging behaviors; capacitance retentions of cells 

from Manufacturer B cycled at DE = 80% (i.e. Cells 1, 6 and 11) 

were explicitly lower than the others, as can be seen in Fig. 5(b). 

However, since cells cycled at DE = 40% were seemingly 

unaffected up until 5,000 cycles, there could possibly be a 

threshold voltage and/or DoD condition that affects LICs’ life 

performance. 

The aging behaviors of LICs, shown in Fig. 5, varied 

depending on manufactures probably because of different 

materials used for each manufacture’s cell, although materials 

used are not disclosed by manufactures. For example, a negative 

electrode, for which various carbon materials can be used, 

reportedly has significant influence on LIC performance [51]. 

Needless to say, other materials, such as electrolyte, carbon 

additive, binder, and positive electrode, are also considered to 

have substantial influence on cycle life performance. Thorough 

investigation based on electrochemical methodologies and more 

systematic and longer life testing would be indispensable to 

elucidate the underlying degradation mechanisms and 

detrimental cycling conditions, although this is outside the 

scope of this study. 

 It is noteworthy that cells tested under the float conditions 
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Fig. 5. Capacitance retention trends of LICs from Manufacturers (a) A, (b) 

B, and (c) C. 
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showed similar retention trends as those cycled, suggesting that 

float testing might be adequate and cycling might not 

necessarily be needed to evaluate LIC cells if used as an 

alternative to rechargeable batteries. In summary, except for the 

deep cycling condition of DE = 80% for Manufacturer B cells, 

aging trends of LIC cells were insensitive to cycling conditions. 

The previous work reported an empirical approach to predict 

aging trends of EDLCs [49]; degradation trends can be linearly 

extrapolated as a function of the square root of the number of 

cycles or testing time, as given by 

NdDC TTT −=−= 100100 ,          (4) 

where CT, DT, and dT are the capacitance retention, degradation 

ratio, and degradation rate constant at temperature T, respectively, 

and N is the number of cycles. The capacitance retention trends 

shown in Fig. 5 are redrawn in such a manner, as shown in Fig. 6. 

The resulting retention trends and extrapolated straight lines 

matched well, except for the deviant cell depicted as the dotted 

line in Fig. 6(c) (i.e. Cell 11 of Manufacturer C), suggesting that 

aging trends of LICs as an alternative to rechargeable batteries 

can be predicted similarly to [49]. 

IV. DETERMINATION OF AGING ACCELERATION FACTOR 

A. Arrhenius Equation and Activation Energy 

In the previous study for life testing for EDLCs [49], 

activation energies of degradation ratios are calculated based on 

the Arrhenius equation (see below) and used to determine the 

aging acceleration factor for degradation. In this section, 

according to the resulting capacitance retention trends shown in 

the previous section, the activation energies of degradation of 

cells from each manufacturer are obtained from the Arrhenius 

equation, followed by determination of acceleration factors. 

The Arrhenius equation in the original form is given by 








 −
=

RT

E
AK aexp ,               (5) 

where K, A, Ea, R, and T are the rate of chemical reaction, 

coefficient, activation energy, gas constant, and temperature in 

Kelvin, respectively. 

In general, high-surface area activated carbon is utilized as a 

positive electrode of LICs, similar to EDLCs, implying that the 

degradation mechanism of the positive electrode of LICs is 

similar to that of EDLCs, which has been reported in [37], 

[38]—the electrolyte and impurity are decomposed, and the 

decomposed product reduces accessibility of porous activated 

carbon electrodes, consequently reducing the effective 

capacitance. Meanwhile, a possible degradation mechanism of 

the negative electrode of LICs is also due to the decomposition 

of the electrolyte [52], [53]. The decomposition of the 

electrolyte and impurity is a kind of chemical side-reactions, 

suggesting that the Arrhenius equation can be applied to the 

degradation of LICs.  

Assuming the degradation of LICs is due to chemical 

side-reactions, the degradation ratio at a given temperature, DT, is 

considered proportional to K as KDT ∝ . By applying this 

relationship into (5), rearrangement form of (5) can be obtained as 

D
a

T A
TR

E
D log

1000

1000303.2

1
log +

−
= ,       (6) 

where AAD ∝ , and 1/2.303 is a conversion factor from natural 

to common logarithms. This equation indicates that if the 

degradation mechanism of LICs is governed by the Arrhenius 

equation and is homogeneous within a particular temperature 

range, the relationship between log DT and 1000/T is 

characterized by a linear line with slope of −Ea. In general, 

)log(log
T

DK ∝  graphed as a function of 1000/T is called an 

Arrhenius plot. 

For the Arrhenius equation to be applied to determine the aging 

acceleration factor, the linearity of the Arrhenius plot in the tested 

temperature range needs to be confirm in the first place.  A slope 

of a linear line in the Arrhenius plot is equal to the activation 

energy Ea (see (6)) that is the key parameter dictating the aging 

acceleration factor, as will be discussed in detail in Section IV-B. 

Nonlinearity of the Arrhenius plot implies not only that the 

degradation mechanism is not homogeneous in the tested 

temperature range but also that the aging acceleration factor is 

100

95

90

85

80C
ap

ac
it

an
ce

 R
et

en
ti

o
n
 [

%
]

100806040200

(Number of Cycle)
0.5

 Cell 1

 Cell 2

 Cell 3

 Cell 6

 Cell 7

 Cell 8

 Cell 11

 Cell 12

 Cell 13

Manufacture A

 
(a) 

 

100

95

90

85

80C
ap

ac
it

an
ce

 R
et

en
si

o
n
 [

%
]

100806040200

(Number of Cycles)
0.5

 Cell 1

 Cell 2

 Cell 3

 Cell 4

 Cell 5

 Cell 6

 Cell 7

 Cell 8

 Cell 9

 Cell 10

 Cell 11

 Cell 12

 Cell 13

 Cell 14

 Cell 15

Manufacture B

 
(b) 

 

100

95

90

85

80C
ap

ac
it

a
n
ce

 R
et

e
n
si

o
n
 [

%
]

100806040200

(Number of Cycles)
0.5

 Cell 1

 Cell 2

 Cell 3

 Cell 4

 Cell 5

 Cell 6

 Cell 7

 Cell 8

 Cell 9

 Cell 10

 Cell 11

 Cell 12

 Cell 13

 Cell 14

 Cell 15

Manufacture C

 
(c) 

Fig. 6. Capacitance retention trends, as a function of square root of number 

of cycles, of LICs from Manufacturers (a) A, (b) B, and (c) C. 
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temperature-dependent, making the aging acceleration infeasible. 

Hence, the Arrhenius equation should be applied in the proper 

temperature range that the linearity of the Arrhenius plot is 

confirmed from experimental results. 

Arrhenius plots of the degradation trends of cells cycled at DE 

= 80% from each manufacturer are shown in Fig. 7, as typical 

trends. The experimental results of degradation ratios at each 

cycle number were fitted to (6) using the least squares 

regression analysis. Except for data at 1000/T = 3.0 for the 

Manufacturer C cell (which was presumably defective as 

mentioned in the previous section), all the Arrhenius plots 

showed good linearity—even the Manufacture B cells cycled at 

DE = 80% showed good linearity in the Arrhenius plot as shown 

in Fig. 7(b), although their capacitance retention trends were 

somewhat deviated from others (see Figs. 5(b) and 6(b)). These 

results imply that degradation of LIC cells is governed by the 

Arrhenius equation in the tested temperature range. Meanwhile, 

the degradation ratios of the Manufacture C cell cycled at DE = 

80% and 60°C (or at 1000/T = 3.0) did not obey the Arrhenius 

equation, suggesting that a different degradation mechanism 

might have taken place at this temperature or this cell was 

originally defective, as discussed in Section III-A.  

In general, temperatures of cells under high-power cycling 

conditions are rather larger than ambient temperatures because 

of Joule heating in resistive components in cells [54], [55]. 

Conversely, if LICs are used as an alternative to rechargeable 

batteries, Joule heating is negligibly small because of low 

cycling currents and low resistance of LIC cells, and therefore, 

the degradation tendencies of LIC cells were considered 

well-governed by the Arrhenius equation. These results also 

suggest that aging acceleration is feasible by increasing 

temperature, as will be discussed in detail later. 

The values of activation energies Ea of cells from each 

manufacture were also determined by applying the experimental 

results of degradation ratios into (6) using the least squares 

regression analysis—slopes of the fitting curves shown in Fig. 7 
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Fig. 7. Arrhenius plot trends of LICs from Manufacturers (a) A, (b) B, and (c) 
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Fig. 8. Activation energy trends of LICs from Manufacturers (a) A, (b) B, 

and (c) C. 
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correspond to –Ea, as (6) indicates. The trends of Ea are shown 

in Fig. 8. The activation energy trends of cells from 

Manufacturers A and C were nearly independent of cycle 

conditions (except for the unreliable trend of Manufacturer C 

cells cycled at DE = 80% because of the lack of data at 1000/T = 

3.0, as aforementioned). Meanwhile, the trend of Manufacturer 

B cells at DE = 80% was lower than the others. As discussed in 

the previous section, the capacitance retention trends of 

Manufacturer B cells at DE = 80% were severer than the others 

and were seemingly affected by cycling. The different Ea trend 

not only reflects the deviated capacitance retention trends 

shown in Figs. 5(b) and 6(b) but also implies that the 

degradation mechanism of Manufacturer B cells at DE = 80% 

was inhomogeneous to others cycled under different conditions 

because the different value of Ea for the same LIC cell indicates 

a different degradation reaction and/or mechanism taking place. 

In summary, cells from each manufacturer showed different 

activation energy values. Aside from some deviant results 

originating from Manufacturers B and C cells cycled at DE = 

80%, the approximate values of Ea were 35, 48, and 21 kJ/mol 

for Manufacturers A, B, and C, respectively. 

B. Aging Acceleration Factor 

According to [46], the aging acceleration factor for every 

10°C increase, α, is given by 
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where DTref is the degradation ratio at the reference temperature 

of Tref. 

In general, α = 2, which indicates degradation doubles for 

every 10°C increase, is accepted for electrolytic capacitors, 

EDLCs [46]–[48], and LIBs. Based on the reported Ea values of 

43–48 kJ/mol for LIBs [56], [57], α = 2 in the temperature range 

of 0–40° is considered reasonable for LIBs. In literature 

[46]–[48], α = 2 for EDLCs under float conditions was 

empirically confirmed. Conversely, in the previous study 

performed targeting for EDLCs as an alternative to rechargeable 

batteries, α = 1.2 is obtained based on the calculated Ea value of 

13 kJ/mol [49]. 

Based on the approximate Ea values calculated in the 

previous subsection (35, 48, and 21 kJ/mol for Manufacturers A, 

B, and C, respectively), the aging acceleration factors were 

determined as α = 1.64, 2.26, and 1.45 in the tested temperature 

ranges. Accordingly, the determined α values vary depending 

on manufacturers, indicating that proper α values should be 

determined based on life testing rather than simply applying the 

widely-accepted rule of thumb of α = 2. 

V. CYCLE LIFE PREDICTION 

A. Cycle Life Prediction Model 

The previous study [49] derived the cycle life prediction model 

for EDLCs, as expressed below. Capacitance retention at a certain 

temperature and given cycle number can be predicted by 
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where dTref is the degradation rate constant at temperature Tref. 

Note that any tested temperatures can be chosen as Tref, and dTref 

is determined from (4). This equation can be yielded by 

substituting (7) into (4). An estimated cycle life, NEoL, can be 

yielded by rewriting (8), as 
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where CEoL is the capacitance retention at the end of life that is 

usually defined as 80% of initial capacitance. The procedure of 

the cycle life prediction is summarized in Appendix. 

B. Cycle Life Prediction for Tested LIC Cells 

To apply the cycle life prediction model of (8), the values of 

dTref were determined using highest tested temperatures of 40, 

50, and 60°C for cells from Manufacturers A, B, and C, 

respectively. The parameters used to predict cycle life are listed 

in Table II. 

The predicted capacitance retention trends are shown in Fig. 

9. Experimental capacitance retention trends, except for some 

deviant cell results, are also illustrated as reference data. 

Experimental and predicted capacitance retention trends 

matched satisfactorily, verifying that the cycle life prediction 

model of (8), which had been established for EDLCs, could also 

be applied to LICs as an alternative to rechargeable batteries. 

Similar to the previous study [49], the highest possible 

operation temperatures for LICs to fulfill the spacecraft’s typical 

cycle life requirement of 30,000 cycles were also determined 

using (8). The predicted capacitance retention trends at the 

highest possible operation temperatures are illustrated as solid 

lines in Fig. 9. Based on the predicted trends, temperatures of 

LICs from Manufacturers A, B, and C need to be maintained at 

least less than 45, 44.5, and 52.5°C, respectively, to meet the 

cycle life requirement of 30,000 cycles. 

The values used in this study were determined and calculated 

using the experimental capacitance retention up until 10,000 or 

5,000 cycles, which are equivalent to approximately 700 and 

350 days, respectively. Parameters obtained from longer life 

testing and more data points would enable more accurate and 

reliable cycle life prediction. 

Based on (9), the cycle lives of NEoL for CEoL = 80% as a 

function of temperature are predicted in the temperature range 

of 0–60°C, as shown in Fig. 10, in which a predicted cycle life 

of EDLCs [49] and experimentally-measured cycle lives of 

LIBs [58] are also shown as references—cycling conditions 

used in [49] and [58] are also to emulate low-Earth-orbit 

spacecraft conditions, similar to those in this study. Each LIC 

manufacturer showed different temperature-dependent cycle 

life trends. Manufacturer B cells were the most 

temperature-dependent, reflecting the highest value of Ea 

TABLE II. PARAMETERS USED FOR CYCLE LIFE PREDICTIONS. 

Manufacture A Manufacture B Manufacture C

E
a

35 kJ/mol 48 kJ/mol 21 kJ/mol

R

α 1.64 2.26 1.45

T
ref

40°C 50°C 60°C

d
Tref

0.09 0.18 0.15

C
EoL

8.314

80%
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(approximately 48 kJ/mol) among the three manufacturers. 

These temperature-dependent predicted cycle lives suggest that 

LIC cells should be properly chosen considering temperature 

dependency on life performance as well as the operational 

temperature ranges in target applications. Cells from 

Manufacturers B and C, for example, are expected to operate 

about 8 × 106 and 1 × 106 cycles at 10°C, respectively, whereas 

at the high temperature of 50°C, the predicted cycle lives are 1 × 

104 and 4 ×104 cycles respectively. Based on the comparison of 

the three manufacturers from the cycle life perspective, cells 

from Manufacturer B are considered optimal for temperatures 

lower than approximately 37°C. For higher temperature 

applications, conversely, Manufacturer C cells would be 

advantageous in terms of cycle life. Needless to say, other 

important characteristics including specific energy, energy 

density, power capability, etc., should be taken into 

consideration to select the optimal for given applications. 

In comparison with other energy storage sources from the 

cycle life point of view, LICs are greatly superior to LIBs, even 

though the LIBs were cycled at a shallow DoD (DAh = 20%)—in 

general, the shallower the DoD, the longer will be the cycle life 

of LIBs. Meanwhile, EDLCs are comparable to LICs, and its 

predicted cycle life is less temperature-dependent. From the 

comparison, in the temperature range lower than about 40°C, 

LICs offer longer cycle life performance than do EDLCs, 

suggesting that LICs can be a lighter energy storage source with 

longer service life than EDLCs. However, similar to the 

discussion above, proper comparisons in terms of not only the 

cycle life but also other factors, such as specific energy, cost, 

and technical maturity, need to be performed according to 

applications—for example, in [28], an LIC and LIB targeting 

for spacecraft power systems are compared from the view point 

of both cycle life and system weight.  

VI. CONCLUSIONS 

Cycle life performances of LIC cells as an alternative to 

rechargeable batteries were evaluated in this study. LIC cells 

were procured from three different manufacturers and were 

cycled at various DoDs, charge voltages, and temperatures for 

up to 10,000 cycles or approximately 700 days. The capacitance 

retention trends of LIC cells were chiefly dependent on 

temperatures; the higher the temperature, the more the LICs 

deteriorated, implying that aging can be accelerated by 

elevating temperatures. 

The activation energy values of the degradation ratio of LIC 

cells were calculated using the Arrhenius equation, and were 

found to be nearly constant and independent of either cycle 

numbers, DoD, or charge voltage, except for some deviant cells. 

Based on the calculated activation energies, aging acceleration 

factors (α) were determined. The determined α values varied 

depending on manufacturers, suggesting that α should be 

determined from cycle life testing rather than simply applying 

the commonly-accepted rule of thumb of α = 2, which had been 

used for traditional rechargeable batteries and EDLCs. 

The cycle life prediction model established for EDLCs in the 

previous work was applied to LICs, with the determined α 

values. The experimental and predicted cycle life trends 

correlated effectively, verifying that the cycle lives of LICs as 

an alternative to rechargeable batteries could be predicted in a 

manner similar to EDLCs. α values determined from a longer 

cycle life testing and more data points would enable more 

accurate and reliable cycle life prediction. 
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Fig. 9. Cycle life predictions for LICs from Manufacturers (a) A, (b) B, and 

(c) C. 
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VII. APPENDIX—PROCEDURE OF CYCLE LIFE PREDICTION 

In Fig. 11, the procedure of the cycle life prediction is 

summarized in the form of flowchart. First of all, cycle life 

testing is performed at various temperatures (at least two but 

desirably more than three temperatures). From the experimental 

results of capacitance retention trends, DT and dT are obtained 

from (4), followed by determination of Ea by substituting DT 

into the Arrhenius equation (6) using the least squares 

regression analysis. To determine α, Tref needs to be selected 

from test temperatures (e.g., one of 0°C, 25°C, and 40°C can be 

Tref for Manufacture A cells as shown in Table I). Substitution of 

Ea and Tref into (7) yields α. At the same time, the degradation 

rate constant at Tref, dTref, can be determined from (4). Finally, 

CT and NEoL can be predicted by applying α and dTref into (8) and 

(9), respectively. 

It is noteworthy that α slightly varies depending on which test 

temperature is applied to Tref and T into (7), slightly influencing 

the predicted capacitance retention trends of CT and NEoL. It is 

advised that Tref and T are selected so that experimental and 

predicted capacitance retention trends are in good agreement. 
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