
S
e

H
S

a

A
R
R
A
A

K
S
S
W

1

n
m
h
s
g
f
p
r

h
h
a
c
c
t
c
i
c
e
p
r
r

0
d

Journal of Power Sources 196 (2011) 8866– 8873

Contents lists available at ScienceDirect

Journal  of  Power  Sources

jou rna l h omepa g e: www.elsev ier .com/ locate / jpowsour

elf-discharge  analysis  and  characterization  of  supercapacitors  for
nvironmentally  powered  wireless  sensor  network  applications

engzhao  Yang,  Ying  Zhang ∗

chool of Electrical and Computer Engineering, Georgia Institute of Technology, Atlanta, GA 30332, USA

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 29 April 2011
eceived in revised form 11 June 2011
ccepted 11 June 2011

a  b  s  t  r  a  c  t

A  new  approach  is presented  to  characterize  the  variable  leakage  resistance,  a  parameter  in the  variable
leakage  resistance  model  we  developed  to  model  supercapacitors  used  in environmentally  powered  wire-
less  sensor  network  applications.  Based  on  an  analysis  of  the  supercapacitor  terminal  behavior  during
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the  self-discharge,  the  variable  leakage  resistance  is  modeled  as  a function  of the supercapacitor  termi-
nal voltage  instead  of the  self-discharge  time,  which  is  more  practical  for  an  environmentally  powered
wireless  sensor  node.  The  new  characterization  approach  is implemented  and  validated  using  MATLAB
Simulink  with  a 10 F  supercapacitor  as  an  example.  In addition,  effects  of  initial  voltages  and  tempera-
tures  on  the  supercapacitor  self-discharge  rate  and  the  variable  leakage  resistance  value  are  explored.
. Introduction

Wireless sensor networks have been evolving into a key tech-
ology for applications such as military surveillance [1] and habitat
onitoring [2].  The sensor nodes used in these applications often

ave low power consumption, low cost and small size. To ensure
ustainability, various environmental energy harvesting technolo-
ies, such as solar energy [3],  mechanical vibration [4],  radio
requency energy [5],  and wind energy [6],  have been proposed to
ower wireless sensor nodes. These energy harvesting technologies
equire storage devices to buffer the harvested energy.

Various rechargeable batteries such as NiMH [7] and Li-ion [8]
ave been used as energy buffers. While rechargeable batteries
ave high capacity and low leakage rate, the cycle life of recharge-
ble batteries limit the lifetime of wireless sensor nodes [9].  The
ycle life of a rechargeable battery is defined as the number of
harge–discharge cycles before its capacity falls below 80% of its ini-
ial rated capacity. The aging process during the charge–discharge
ycles results in a gradual reduction in capacity and an increase in
nternal resistance over time [10]. By the end of the cycle life, the
apacity of a rechargeable battery is reduced by 20% and the useful
nergy drops to 50% because the higher internal resistance causes
remature end of life [9].  Because of the limited cycle life, typically

anging from 100 to 1000 cycles [11], a wireless sensor node will
equire battery replacement after one to two years [9].
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On the other hand, supercapacitors have certain advantages
over rechargeable batteries: a much longer cycle life (can be more
than 1,000,000 cycles), higher charge–discharge efficiency, and fast
charge–discharge characteristic [12]. The problem with superca-
pacitors is their relatively high leakage rate [12]. Several systems
have been proposed to either use supercapacitors alone [9,12,13]
to store the harvested energy or use supercapacitors in combina-
tion with rechargeable batteries to leverage the complementary
strengths of these two  energy buffers [14,15]. Due to wide range of
potential applications of environmentally powered wireless sen-
sor networks, considerable research efforts have been made to
develop efficient power storage systems [9],  power management
algorithms [16] and communication protocols [17]. A supercapac-
itor model is an important tool to evaluate these researches using
analytical methods or simulations before they are demonstrated in
practical deployments.

Supercapacitors can be modeled using the electrochemical
impedance spectroscopy (EIS) technique, which is a general
approach to characterize energy storage devices by measuring their
complex impedances [18]. The nature of impedances in various
frequency ranges can be determined by analyzing the frequency
dependencies of the real part and the imaginary part [19]. Various
equivalent circuit models [20,21] have been developed that use the
porous electrode theory [22–26] to interpret the impedance spec-
trum of a supercapacitor. With the assumption of homogeneous
electrode pore size, a general porous impedance model consists

of three impedances linking to electrode, electrolyte and elec-
trode/electrolyte interface, respectively [24,25].  The general model
can be modified if interface roughness [27] or random pore size [28]
is considered. The impedance spectrum can be modeled by N inter-
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http://www.sciencedirect.com/science/journal/03787753
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During the redistribution phase, part of the charge stored in the
first branch will be redistributed to the second branch [31]. If the
time constant of the second branch �2 = R2C2 is fixed, we can assume
the voltages of both branches are same at time 3�2. Once the time

0.0

0.5

1.0

1.5

2.0

2.5

V
ol

ta
ge

 (V
)

P1(t 1,V1)

P2(t 2,V2)
H. Yang, Y. Zhang / Journal of P

eaved resistance–capacitance (RC) circuits which would require
 calculation of 2N parameters [18]. However, it is usually very
ifficult to determine more than five or six independent param-
ters efficiently considering their strong influences on each other
18].

Alternatively, supercapacitors can be characterized in time
omain by conducting various experiments such as constant power
ests and constant current tests [19]. In power electronics applica-
ions, this approach is often used to develop an equivalent circuit to

odel the terminal behavior of a supercapacitor [29,30].  As a super-
apacitor is usually constructed with two porous carbon electrodes
mpregnated with electrolyte and separated by a porous insulating

embrane, the interface electrochemistry suggests that a complex
etwork of non-linear capacitances connected by resistances can
escribe the terminal behavior of a supercapacitor [29]. In this
etwork, resistances represent the resistances of carbon particles
nd capacitances describe the capacitances between electrodes and
lectrolyte [30]. In practical applications, simplified versions are
equired to enable model implementation [29–32].

For wireless sensor network applications, most adopted super-
apacitor models are developed based on the supercapacitor
eakage power profiles [12,14,33].  These models assume the capac-
tance of a supercapacitor is constant, and use a leakage power
rofile to determine the remaining energy stored in the superca-
acitor [12]. However, the supercapacitor physics suggests that its
apacitance depends on its terminal voltage and the supercapacitor
sually experiences internal charge redistribution [30].

In our previous work on supercapacitor modeling and character-
zation [34], an equivalent circuit model called the variable leakage
esistance (VLR) model was developed to describe the supercapac-
tor terminal behavior, which uses two RC branches with different
ime constants to characterize the charging-redistribution process,
nd a variable leakage resistance to characterize the self-discharge
rocess. The variable leakage resistance is determined by fitting the
upercapacitor self-discharge with multiple exponential functions.
he VLR model was demonstrated to be a more accurate model for
nvironmentally powered wireless sensor network applications.

In our original variable leakage resistance model, the leakage
esistance was characterized as a function of the self-discharge
ime. In practice, it is preferred to have model parameters that
epend on the supercapacitor terminal voltage, which can be mea-
ured on a real time basis, instead of the self-discharge time, which
equires recording and tracking the past states of the superca-
acitor. In this paper, a new parameter determination process
or the variable leakage resistance is proposed. Additionally, the
ffects of supercapacitor initial voltages and temperatures on the
elf-discharge rate and the variable leakage resistance value are
xamined, which provide some insights into the significance of
odel parameter variations.

. The variable leakage resistance (VLR) model

The variable leakage resistance (VLR) model [34] is shown in
ig. 1. The first branch which includes R1 and C1 is the main branch.
he differential capacitance C1 is the sum of a constant capac-
tance C0 and a voltage dependent capacitance KV * V. The main
ranch, also called the immediate branch, dominates the immedi-
te behavior of a supercapacitor in response to a charging process
nd captures the linear dependence of the capacitance on the ter-
inal voltage in the practical voltage range of the device [30,31].

his branch determines the short-term voltage evolution during

harge and discharge cycles. The second branch including R2 and
2 is the delayed branch, which represents the medium and long
erm charge redistribution [30,31]. The voltage relaxation is the
esult of charge redistribution [35]. The variable leakage resistance
Fig. 1. The variable leakage resistance (VLR) model [34].

R3 determines the self-discharge rate and has a value that varies
with the self-discharge time [34].

The parameters of the main branch and the delayed branch can
be identified by performing a two-step experiment: charging and
redistribution [31]. The VLR model has been verified for superca-
pacitors from different manufacturers. These supercapacitors have
different rated capacitances and voltages. In this paper, a 10 F super-
capacitor from Panasonic with the rated voltage of 2.3 V is used as
an example. As shown in Fig. 2, the 10 F supercapacitor is charged
with a constant current of 100 mA to 2.3 V in 280 s during the charg-
ing phase. Once the supercapacitor is charged to its rated voltage,
the charging current is turned off and the supercapacitor experi-
ences internal charge redistribution for the following 600 s.

Assuming all the charging current is injected to the main branch
in the charging phase, the resistance R1 can be determined by the
ratio of the initial voltage change �V  to the charging current IC:

R1 = �V

IC
(1)

As the R1 value identified using this approach is very close to the
internal resistance value provided in the supercapacitor datasheet
[36], it is reasonable to use this datasheet value for R1. Based on
the analysis of the time–voltage relationship during the charging
phase, the main branch capacitances can be determined using the
following equations given two  data points P1(t1,V1) and P2(t2,V2)
in the charging curve [31]:⎧⎪⎪⎪⎨
⎪⎪⎪⎩

C0 =
[

t1

V1
− V1t2 − t1V2

V2
2 − V1V2

]
IC

KV = 2

[
V1t2 − t1V2

V1V2
2 − V2

1 V2

]
IC

(2)
0 10 0 200 30 0 40 0 50 0 60 0 70 0 80 0 900

Time (s)

Fig. 2. Charging-redistribution of a 10 F supercapacitor.
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Table 1
Model parameters of a 10 F supercapacitor.
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3.2. Self-discharge analysis
Fig. 3. Self-discharge of a 10 F supercapacitor.

onstant of the second branch is determined, the voltage of the
upercapacitor at time 3�2, V2f, during the redistribution process
an be measured. At this point, assuming all the charge is stored
n the supercapacitor, C2 can be determined from the following
quation [31]:

tot = ICTC = C2V2f +
(

C0 + KV

2
V2f

)
V2f (3)

here TC is the duration of the charging phase. The value of resis-
ance R2 is then calculated as follows:

2 = �2

C2
(4)

The values of model parameters in the first and second branches
f the 10 F supercapacitor VLR model are listed in Table 1.

. Self-discharge analysis and characterization

A charged supercapacitor is in a state of higher Gibbs energy
han in its discharged state [37]. Therefore a thermodynamic “driv-
ng force” results in spontaneous decline of Gibbs energy [37]. This
ecline manifested as decay in supercapacitor voltage is the self-
ischarge. The rate of self-discharge, which is usually diminishing
ith time, actually determines the shelf-life of supercapacitors

38]. Fig. 3 shows the self-discharge of the 10 F supercapacitor. The
pen circuit voltage of the supercapacitor is measured for 12 h after
t is fully charged to its rated voltage 2.3 V with a constant voltage
ource.

.1. Self-discharge mechanisms

Open-circuit self-discharge of supercapacitors must take place
hrough coupled anodic and cathodic processes to pass parasitic
urrents at one or both individual electrodes since there is no
xternal circuit through which discharge can pass [37]. The self-
ischarge can be ascribed to three mechanisms [37–39]:
1) A Faradaic charge-transfer reaction can occur if the voltage
across an electrolyte–carbon interface exceeds the decompo-
sition potential limit of the electrolyte. This process will result
Time (s)

Fig. 4. Fitting self-discharge using exponential functions.

in a self-discharge process having a voltage-dependent Faradaic
resistance.

(2) A diffusion-controlled Faradaic process involving depolariza-
tion by impurity reactions, which appears to dominate the
self-discharge in the first few hours. Accumulation of an excess
ionic concentration can occur near the carbon–electrolyte
interface if the supercapacitor is charged to a threshold voltage.
When the supercapacitor is disconnected from the charging
power source, part of the charge will undergo self-discharge
because of the presence of impurities. The self-discharge redox
process is diffusion-controlled if low concentrations of impu-
rities are present. The Faradaic redox reactions build up a
concentration of an ionic species in the electrolyte near the
carbon surfaces. A simplified relationship of the supercapaci-
tor self-discharge voltage and the initial voltage is represented
by the following equation:

V = V0 − m
√

t (5)

where V is the supercapacitor voltage during the self-discharge,
V0 is the initial voltage, m is the diffusion parameter, and t  is the
self-discharge time.

(3) A leakage current can arise through the double-layer at the
electrolyte–carbon interface if the supercapacitor has inter-
nal ohmic leakage pathways. The characteristic self-discharge
behavior of this mechanism is modeled as follows:

V = V0 exp
(

− t

RLC

)
(6)

where RL is a constant leakage resistance and C is the capaci-
tance of the supercapacitor.

Under the normal operation conditions, the first self-discharge
mechanism does not need to be modeled. The second self-discharge
mechanism, the diffusion-controlled process, dominates the self-
discharge in the first few hours, where the self-discharge cannot
be modeled using an exponential function. Then the internal ohmic
leakage becomes the dominant factor, which causes the superca-
pacitor voltage to decay exponentially [39]. As shown in Fig. 4, a
single exponential function (the dashed curve) does not match the
overall experimental data during the 12-h self-discharge. However,
after 18,000 s (5 h), the supercapacitor voltage can be fitted well
using an exponential function with a fixed time constant (the dot-
ted curve). When this function is extended to the first 5 h of the
self-discharge, the predicted values deviate significantly from the
experimental data. Therefore, it is reasonable to adopt the vari-
able leakage resistance in the first few hours of the self-discharge.
Afterwards, the leakage resistance can be treated as a constant.
The fully charged supercapacitor experiences self-discharge
through the variable leakage resistance after the constant voltage
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Fig. 6. Simulink implementation of variable leakage resistance determination pro-
cess.
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Fig. 5. Circuit for self-discharge analysis.

ource is removed. The circuit used to analyze the supercapacitor
erminal behavior during the self-discharge is shown in Fig. 5.

The relationship of the three branch currents can be described
sing the Kirchhoff’s current law:

3 = −I1 − I2 (7)

If we can determine the current I3, together with the mea-
ured supercapacitor voltage profile V3 during the self-discharge,
he resistance R3 can be calculated by the Ohm’s Law:

3 = V3

I3
(8)

The main branch current I1 is also the current through the capac-
tance C1:

1 = d(C1V1)
dt

= d((C0 + KV V1)V1)
dt

=  (C0 + 2KV V1)
dV1

dt
(9)

The voltage V1 across the capacitance C1 is related to V3 by the
ollowing equation:

1 = V3 − I1R1 (10)

Similarly, the current and voltage relationships for the delayed
ranch are:

2 = d(C2V2)
dt

= C2
dV2

dt
(11)

2 = V3 − I2R2 (12)

As voltages and currents of all the circuit elements are tangled,
t is very difficult to derive the closed-form analytical solutions for
3 and R3. A numerical approach can be used to solve this system
omposed of Eqs. (7)–(12).

.3. Determination of variable leakage resistance

The system composed of Eqs. (7)–(12) is implemented using
ATLAB. The Simulink model is shown in Fig. 6. The input is

he supercapacitor voltage profile V3 measured during the self-
ischarge. The output is the variable leakage resistance R3. The
locks representing the model parameters are annotated. For
xample, the constant capacitance C0 is represented by the block
Step 1”.

The leakage resistance value varies with the self-discharge time
s shown in Fig. 7. As expected, during the 12-h self-discharge,
he resistance value increases from 2500 � to 32,093 � in the
rst 5 h (0–18,000 s), and finally to 35,877 � at the end of this
elf-discharge (at 43,200 s). The increase in the resistance value
uring the first 5 h is the result of combined self-discharge mecha-

isms, including the diffusion-controlled Faradaic process and the

nternal ohmic leakage. The diffusion-controlled Faradaic process
ominates. Consistent with the self-discharge shown in Fig. 4, after

 h, the internal ohmic leakage takes over and a constant leakage
Fig. 7. Variable leakage resistance versus self-discharge time.

resistance accounts for the exponential decay of the supercapacitor
voltage.

The input (terminal voltage profile) and output (variable leak-
age resistance) relationship demonstrated by the Simulink model
shows the dependence of leakage resistance values on superca-
pacitor terminal voltages, as shown in Fig. 8. The resistance value
increases rapidly from 2500 � to 32,093 � when the superca-
pacitor voltage decreases from 2.3080 V to 2.0892 V. This period
corresponds to the self-discharge time of the first 5 h (0–18,000 s).
The resistance value increases very slowly from 32,093 � to
35,877 � when the supercapacitor voltage decreases from 2.0892 V
to 1.9934 V at the end of the 12-h self-discharge.
Although the variable leakage resistance can be related either to
the self-discharge time or to the supercapacitor voltage, the latter
relationship is preferred since the terminal voltage can be easily
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Fig. 11. Circuit for charging-redistribution analysis.
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profile as the input. The output, the supercapacitor terminal voltage
ig. 9. Comparison between calculated and fitted variable leakage resistance.

easured. To mathematically describe the relationship between
he variable leakage resistance and the supercapacitor voltage,
iecewise linear approximation can be adopted. The start and end
oints of line segments are determined by the turning points where
he resistance-voltage curve has considerable slope change. Since
he resistance value only shows a very slow increase after the super-
apacitor voltage is below 2.0892 V, a constant value instead of a
inear function is used for this voltage range. The constant resis-
ance value of 35,500 � is calculated as the average of the values for
he voltage range of 1.9934–2.0892 V. The piecewise linear approxi-

ation is then only applied to the voltage range of 2.0892–2.3080 V
Eq. (13)). The piecewise linear model matches the empirical data
ell as shown in Fig. 9.

3 =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(−3.716V3 + 8.084) × 105, V3 = (2.0892, 2.1053)
(−2.044V3 + 4.564) × 105, V3 = (2.1053, 2.1333)
(−2.659V3 + 5.876) × 105, V3 = (2.1333, 2.1676)
(−1.126V3 + 2.553) × 105, V3 = (2.1676, 2.2310)
(−2.216V3 + 5.353) × 104, V3 = (2.2310, 2.3080

⎫⎪⎪⎪⎬
⎪⎪⎪⎭

(13)

. Model validation

.1. Model validation for self-discharge

The circuit model shown in Fig. 5 is used to predict the super-
apacitor voltage profile during the self-discharge. The model
arameters of the 10 F supercapacitor are listed in Table 1 and Eq.
13). For the self-discharge process, all capacitances in the model
re fully charged to the supercapacitor rated voltage initially. A
alue of 2.3080 V is used as the initial voltage for the Simulink
odel which is the measured initial voltage of the self-discharge
xperiment. The supercapacitor voltage profile predicted by the
LR model is shown in Fig. 10 for 12 h, which matches the experi-
ental data very well.
Time  (s )

Fig. 12. Comparison between measured and simulated charging-redistribution.

4.2. Model validation for charging-redistribution

The VLR model is also validated for the charging-redistribution
process. The circuit shown in Fig. 11 is used to develop the cir-
cuit element voltage and current relationships. The supercapacitor
is initially discharged and all the capacitances have zero voltages.
In the charging phase, the current source IC provides a constant
current of 100 mA for 280 s. Then the current source is removed
and the supercapacitor experiences internal charge redistribu-
tion.

The charging current and the three branch currents are related
by the following equation:

IC = I1 + I2 + I3 (14)

Combining Eqs. (8)–(12) and (14), a slightly different MATLAB
Simulink model can be implemented with the charging current (IC)
profile V3, is predicted using the VLR model and compared with
the measured data in Fig. 12.  Again, the simulation results follow
the measurements closely, which demonstrates that the piecewise
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initial voltages. For example, the measured and the simulated self-
discharge with an initial voltage of 2.0 V are shown in Fig. 16.

The mean absolute percentage error (MAPE) defined as follows
is used to quantify the average deviation of the VLR model, which
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Fig. 13. Self-discharge measurements for different initial voltages.

inear approximation accurately represents the resistance–voltage
elationship.

. Initial voltage dependence of self-discharge rate

To investigate the dependence of the self-discharge rate on the
nitial voltage across the supercapacitor, the self-discharge of the
0 F supercapacitor is measured for initial voltages of 2.3, 2.0, 1.7,
nd 1.4 V, respectively (Fig. 13). The self-discharge measurements
re recorded only for the first 5 h because the resistance value
aries greatly with the supercapacitor voltage during this period of
ime. After a 5-h self-discharge, the supercapacitor voltage drops
y 0.2188, 0.1528, 0.1121, and 0.0767 V for initial voltages of 2.3,
.0, 1.7, and 1.4 V, respectively. A higher initial voltage results in a
aster self-discharge rate.

This dependence can be explained by the effect of the initial
oltage on the diffusion parameter [39]. The diffusion parame-
er increases strongly with the increasing initial voltage above a
hreshold of about 1 V. The dependence of the diffusion parameter
n the initial voltage is originated from a strong dependence of the
nitial excess concentration of ionic species on the initial voltage.
he 10 F supercapacitor is constructed using carbon electrodes and
rganic electrolytes [40] which are the typical materials for most
f the current supercapacitors [41]. For supercapacitors built with
hese materials, excess ionic concentration accumulates near the
arbon surface when the initial voltage is above the threshold and
evelops a concentration gradient in the electrolyte [39]. As a larger

nitial voltage leads to higher excess ionic concentration, the diffu-
ion parameter is also increased. As a result, a faster voltage drop
ate is expected based on Eq. (5).

The variable leakage resistance values are calculated for dif-
erent initial voltages. To examine the effect of the initial voltage
n the leakage resistance value, both the resistance–time and
esistance–voltage relationships for the four initial voltages are
lotted in Figs. 14 and 15,  respectively. Two major observations
an be made. First, for any specific self-discharge with an initial
oltage above 1 V but lower than the rated voltage of 2.3 V, the
esistance–time and resistance–voltage relationships are similar
o those of the self-discharge with the rated voltage as the ini-
ial voltage. Specifically, the leakage resistance value increases as
he self-discharge time increases, or equivalently, the leakage resis-
ance value increases as the supercapacitor voltage decreases. The
elf-discharge rate decreases as the self-discharge time elapses
hich leads to an increase of the resistance value. Second, it is
learly shown in Fig. 14 that the leakage resistance value increases
hen the initial voltage decreases for a specific self-discharge time.

or example, the resistance values are 32,093, 47,792, 56,141, and
0,673 � at the end of the 5-h experiments for self-discharges with
Fig. 15. Variable leakage resistance versus supercapacitor voltage for different ini-
tial voltages.

initial voltages of 2.3, 2.0, 1.7, and 1.4 V, respectively. This phe-
nomenon can be also observed in Fig. 15.  For a fixed self-discharge
time, different initial voltages lead to different voltage drops: the
lower the initial voltage, the smaller the voltage drop, and the
higher the leakage resistance value.

As the leakage resistance increases with the decrease of the
initial voltage, the VLR model developed from a fully charged
supercapacitor will overestimate the self-discharge rate for lower
0 500 0 1000 0 1500 0 200 00

Time ( s)

Fig. 16. Comparison between measured and simulated self-discharge for 2.0 V.
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Fig. 18. Charging-redistribution measurements at different temperatures.

Table 2
Model parameters at different temperatures.

Temperature (◦C)

50 25 0 −10 −20

R1 (�) 0.10 0.10 0.11 0.12 0.14
C0 (F) 9.50 8.70 8.20 7.60 6.95
KV (F·V−1) 1.00 1.05 1.07 1.10 1.12
R2 (�) 100 110 120 85 75
C2 (F) 2.40 2.50 2.65 3.40 3.75
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Fig. 19. Variable leakage resistance versus self-discharge time for different temper-
atures.
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Fig. 17. Self-discharge measurements at different temperatures.

s developed from a fully charged supercapacitor, in the first 5-h
elf-discharge period for different initial voltages:

APE = 1
N

N∑
i=1

∣∣∣VS(i) − VM(i)
VM(i)

∣∣∣ × 100% (15)

here VS(i) and VM(i) are the simulated and measured supercapac-
tor voltages during the self-discharge, N is the number of samples.
or self-discharges with initial voltages of 2.0, 1.7, and 1.4 V, the
APE is 1.77%, 2.84%, and 4.11%, respectively. The MAPE increases
hen the initial voltage decreases as a result of the increased

esistance variation. Depending on specific applications, it is up to
esigners to determine if this resistance variation is critical. Since
he VLR model developed from the fully charged supercapacitor
lightly overestimates the self-discharge rate for lower initial volt-
ges, it provides a safety margin that prevents failure of a wireless
ensor node.

. Temperature dependence of self-discharge rate

The supercapacitor self-discharge rate is also temperature
ependent [39]. To examine the temperature dependence of the
elf-discharge rate, five self-discharge experiments are conducted
t temperatures of 50, 25, 0, −10, and −20 ◦C for the same initial
oltage of 2.3 V. As shown in Fig. 17,  the self-discharge rate is faster
or higher temperature. Over the 5-h self-discharge, the voltage
rops for temperatures of 50, 25, 0, −10, and −20 ◦C are 0.3352,
.2188, 0.1925, 0.1595, and 0.1489 V, respectively.

The self-discharge rate is dependent on the ionic transport rate
39]. An increase in the temperature accelerates this transport pro-
ess, which causes excess ionic concentrations near the electrodes
f the supercapacitor. As a result, the diffusion parameter increases
s the temperature increases which leads to a higher self-discharge
ate.

In addition to the self-discharge rate, other supercapacitor
odel parameters also vary with temperature. For example, the

upercapacitor global capacitance depends on the electrolyte
ielectric constant and the thickness of the double-layer that vary
ith temperature [41]. To determine the variable leakage resis-

ance values at different temperatures, we need to first perform
harging-redistribution experiments to identify the parameters of
he main branch and the delayed branch. The measurements are
hown in Fig. 18.  The identified parameters at different tempera-
ures are listed in Table 2.
The variable leakage resistance values are calculated for differ-
nt temperatures. As shown in Figs. 19 and 20,  the variable leakage
esistance varies with the self-discharge time or the supercapac-
tor voltage in similar manners for different temperatures. When

Voltage (V)

Fig. 20. Variable leakage resistance versus supercapacitor voltage for different tem-
peratures.
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he temperature decreases, the leakage resistance value increases
or a specific self-discharge time (Fig. 19)  or a fixed supercapacitor
oltage (Fig. 20).

Using the VLR model developed at 25 ◦C to predict the self-
ischarge of the supercapacitor at 50, 0, −10, and −20 ◦C, the MAPE
or the first 5 h is 3.65%, 0.86%, 1.97%, and 2.26%, respectively. As
emperature also affects the parameters of the main branch and
he delayed branch, the MAPE for the charging-redistribution is
lso calculated. For the charging-redistribution at temperatures of
0, 0, −10, and −20 ◦C, the MAPE is 3.52%, 2.81%, 4.13%, and 5.35%,
espectively. If the variations fall within the error tolerances of
he targeted applications, the model parameters identified through
xperiments at room temperature can be used for a relatively wide
emperature range.

. Conclusions

Based on the variable leakage resistance model we developed for
upercapacitors targeting environmentally powered wireless sen-
or network applications, the supercapacitor self-discharge voltage
rofile is analyzed. As the variable leakage resistance is very dif-
cult to solve analytically, a numerical approach is adopted and

mplemented using MATLAB Simulink. The calculated numerical
esults of the leakage resistance values are related to either the self-
ischarge time or the supercapacitor terminal voltages. A piecewise

inear approximation model is used to calculate the variable leak-
ge resistance values from the supercapacitor terminal voltages,
hich makes the VLR model more practical.

The dependences of the self-discharge rate and the variable
eakage resistance on initial voltages and temperatures are also
nvestigated. For all initial voltage values, the leakage resistance
ncreases with the increase of the self-leakage time or the decrease
f the supercapacitor terminal voltage. For a specific self-discharge
ime or terminal voltage, a higher initial voltage results in a higher
elf-discharge rate, therefore a lower leakage resistance value. For
ifferent temperatures, a higher temperature leads to a higher dif-
usion parameter. As a result, with increasing temperature, the
elf-discharge rate increases and the variable leakage resistance
alue decreases.
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