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Abstract 
Supercapacitors are increasingly used as energy storage elements. Unlike batteries, their state 

of charge has a considerable influence on their voltage in normal operation, allowing them to 

work from zero to their maximum voltage. In this work, a theoretical and practical analysis is 

proposed of the energy efficiency of these devices according to their working voltages. To this 

end, several supercapacitors were subjected to charge and discharge cycles until the 

measurements of current and voltage stabilized. At this point their energy efficiency was 

calculated. These charge-discharge cycles were carried out: i) without rest between charging 

and discharging; and ii) with a rest of several minutes between the two stages. Using the 

information obtained from the tests, the energy efficiency is shown plotted against the 

minimum and maximum working voltages. By consulting the data and the graphs, the ideal 

working voltages to optimize the energy efficiency of these devices can be obtained. 

 

1.- Introduction 
Energy is a fundamental requirement to maintain the level of well-being that has been 

achieved by modern society. Currently, the primary source of energy comes from fossil fuels 

[1]. However, as is well-known, its growing use is exacerbating the greenhouse effect and, 

according to many studies, it is also driving climate change [2][3]. One way to mitigate this 

effect is to change from fossil fuels to renewable energies, such as wind and solar power. An 

example of their application can be seen in the electric sector. One of the main drawbacks of 

the greater integration of renewable energies is the problem of their storage [4][5][6][7][8]. 

While energy can be stored in many different ways, the use of electrical devices such as 

batteries and supercapacitors is gaining in popularity [9]. 

As the energy density of supercapacitors is approximately one-tenth that of batteries, they are 

not usually used as devices for storing energy [10]. However, the power density of 

supercapacitors is much higher than that of batteries, which makes them very useful in 

applications where the aim is to recover or deliver energy with high power peaks. A well-

known example is the KERS (kinetic energy recovery system) [11] ¡, which stores the energy 

when a vehicle, such as a Formula 1 car, brakes and recycles it as the vehicle accelerates again. 

Another very important use is in lifts where energy savings of up to 70% can be made [12]. 

That is, they can be used in systems that do not need a considerable energy storage, but that 

can take advantage of energy peaks and then return them back to the system. This 

characteristic also makes them complementary to other storage systems[NO10][NO12] [13] 

[14] [15]. 
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Another characteristic is that the temperature range of supercapacitors is also higher than that 

of batteries, and can range from -40 to 85°C. For this reason, they are widely used in starting 

systems for large engines and even for cars in very cold climates because at temperatures 

below 0°C the performance of batteries drops considerably and can render them inoperative. 

Supercapacitors, on the other hand, work at full capacity at temperatures down to -40°C and 

therefore guarantee that engines and cars will start at those temperatures [16]. 

Typically, the energy stored in a battery has very little influence on its voltage [17]. In contrast, 

the voltage on a supercapacitor is C times its charge, where C is its capacitance, and its stored 

energy is proportional to the square of that voltage. In ideal conditions, the supercapacitor 

could work from 0V to its maximum voltage [18]. However, a minimum working voltage is set 

in a real scenario as the currents required to supply a specific power may be very high at very 

low voltages. 

Nevertheless, setting such a minimum voltage limits the use of the available energy in the 

device. For instance, if a supercapacitor works in a voltage range of 70% to 100% of its 

maximum voltage, it will only handle 50% of the device's maximum energy. Likewise, if it 

works from 50% to 100%, it will handle 75% of it. This implies a trade-off between the 

minimum working voltage and other factors such as energy availability and efficiency. 

The literature on supercapacitors and the data sheets supplied by the manufacturers provide a 

great deal of information about the specific energy, specific power, and ageing of these 

devices [19]. However, very little has been published on the efficiency of these devices in 

relation to operating voltages. With this in mind, in this work, a study of supercapacitor energy 

efficiency is carried out considering different combinations of operating voltages. Firstly, a 

theoretical analysis of the efficiency is presented, which will subsequently be verified with 

experimental data. 

This paper is organized as follows: Section 2 provides a brief review of supercapacitor 

efficiency calculation methods and gives the efficiency equations using charge-discharge 

cycles. Section 3 focuses on the tests that were carried out using various supercapacitors, 

while Section 4 discusses the results obtained. Finally, in section 5, the conclusions are drawn. 

 

2.- Energy efficiency of supercapacitors 
There are several procedures for calculating the characteristics of supercapacitors based on 

standards issued by different organizations [20] [21]. To calculate their efficiency as energy 

storage devices, [21] subjects the supercapacitor to charge-discharge cycles, while the IEC 

standard also includes rest times [20]. For this paper, approach [21] was chosen, although 

slightly modified. 

The method proposed in this work is to subject the supercapacitor to constant current charge 

and discharge cycles. First, the current for the tests had to be defined. In [21], the current is 

calculated based on the capacitance of the supercapacitor, while in [20] the calculation is 

calculated based on the internal resistance and with the aim of achieving an efficiency of 95%. 

Because the objective in this paper is to compare efficiencies, the test currents were calculated 
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based on [20] as they give a similar efficiency in all the devices. Since the temperature of the 

supercapacitor varied only very slightly, the stable state was defined when the electrical 

variables stabilized. 

Once the current is defined, all the combinations of minimum and maximum voltages are 

defined for the tests. The supercapacitor is subjected to a certain number of charge-discharge 

cycles from minimum voltage to maximum voltage for each combination. This number of 

cycles will be defined in section 3.1. The test for each combination is performed three times on 

each supercapacitor. The data taken from each test are: the supplied and extracted current; 

the voltage at terminals; and the time. In this way, it is possible to work out the charge, the 

energy supplied and extracted in each cycle, and the energy efficiency of the supercapacitor. 

Another factor to take into account is the quantification of current losses due to internal 

reorganization and leakage. In the tests [20], after reaching the maximum voltage, the 

supercapacitor is left charging at constant voltage for a time to partially neutralize the previous 

currents. In this work, our approach is quite different. Firstly, the efficiency is calculated in 

cycles in which there is no rest between charging and discharging, and secondly it is calculated 

when there is a rest period. By comparing these efficiencies it is possible to observe the effect 

of these phenomena. 

 

 

Figure 1.- Diagram of energies and losses in the supercapacitor. 

The diagram in Figure 1 shows a visual representation of the energy efficiency calculations. The 

meanings of the symbols are as follows: Ei denotes the energy supplied to the supercapacitor; 

EJi is the energy dissipated in the charge stage because of the series resistance; Eint is the 

energy lost due to having the energy stored for a specific time; EJo is the energy lost because 

of the serial resistance when discharging; and Eo is the energy supplied to an external load.  

The energy efficiency, 𝜂, can be defined as the ratio between the energy supplied by the 

supercapacitor to an external load and the energy supplied to it in each cycle:  

𝜂 =
𝐸𝑜

𝐸𝑖
 (1) 

The supercapacitor model of a resistor in series with an ideal capacitor [16] [21] is used to 

obtain the equation of energy efficiency. An ideal capacitor implies that both the charge and 
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discharge curves at constant current are straight lines in the plots. To identify the value of the 

internal series resistance, the method is based on the voltage drop in the supercapacitor when 

the input current is abruptly cut [21]. The value of this resistance can then be calculated as a 

quotient between the voltage jump and the current. 

 

2.1.- Energy efficiency in a cycle without rest 
Figure 2 shows a real charge-discharge cycle in a supercapacitor. The beginning and end of the 

cycle are highlighted with circles. According to the basic model, the jumps ab, cd, de, and fa 

represent the voltage drop in the series resistor at charging and discharging. In this particular 

cycle, the charge stage starts at tcs and ends at tce. This process is carried out at a constant 

current, ic, and ends when the supercapacitor reaches the maximum voltage set, vM. The 

discharge stage starts at tds and ends at tde. It is also carried out at the same constant current, 

ic, and ends when the supercapacitor reaches the minimum programmed voltage vm. 

 

 

Figure 2.- Charge-discharge cycle without rest. 

 

The energy efficiency can be calculated, in each cycle, as the relationship between the energy 

supplied to the supercapacitor, 𝐸𝑖, and the energy delivered to an external load, 𝐸𝑜. Assuming 

a general case where the charging and discharging currents are constant and equal, the energy 

efficiency is deduced as follows: 

𝜂 =
𝐸𝑜

𝐸𝑖
=

∫ 𝑣𝑜𝑖𝑐𝑑𝑡
𝑡𝑑𝑒

𝑡𝑑𝑠

∫ 𝑣𝑖𝑖𝑐𝑑𝑡
𝑡𝑐𝑒

𝑡𝑐𝑠

 (2) 
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To solve the integrals, the data and curves of Figure 2 are used. In each cycle there are four 

different periods, shown in (3): 

𝑃𝑒𝑟𝑖𝑜𝑑 1: 𝑡𝑑𝑒 < 𝑡 < 𝑡𝑐𝑠 ⇒ 𝑖 = 0; 𝑣 = 𝑣𝑎  

𝑃𝑒𝑟𝑖𝑜𝑑 2: 𝑡𝑐𝑠 < 𝑡 < 𝑡𝑐𝑒 ⇒ 𝑖 = 𝑖𝑐 

𝑃𝑒𝑟𝑖𝑜𝑑 3: 𝑡𝑐𝑒 < 𝑡 < 𝑡𝑑𝑠 ⇒ 𝑖 = 0; 𝑣 = 𝑣𝑑 

𝑃𝑒𝑟𝑖𝑜𝑑 4: 𝑡𝑑𝑠 < 𝑡 < 𝑡𝑑𝑒 ⇒ 𝑖 = −𝑖𝑐 

(3) 

In periods 1 and 3, the energy transferred is zero. In period 2 the energy is supplied to the 

supercapacitor, and in period 4 the energy is extracted from it. To calculate the energy 

supplied in period 2, first we calculate the equation of the voltage and then the energy. As the 

behaviour of a supercapacitor is similar to that of a capacitor, the voltage on its terminals 

depends on the current, the capacitance and the internal resistance and, according to Figure 2, 

is: 

𝑣𝑖 = 𝑣𝑎 + 𝑖𝑐𝑅 + ∫
𝑖𝑐

𝐶
𝑑𝑡

𝑡

𝑡𝑐𝑠

= 𝑣𝑎 + 𝑖𝑐𝑅 +
𝑖𝑐

𝐶
(𝑡 − 𝑡𝑐𝑠) (4) 

From Figure 2 it is observed that: 

𝑣𝑎 = 𝑣𝑚 + 𝑖𝑐𝑅 (5) 

Replacing the value of 𝑣𝑎 in equation (4), we have: 

𝑣𝑖 = 𝑣𝑚 + 2𝑖𝑐𝑅 +
𝑖𝑐

𝐶
(𝑡 − 𝑡𝑐𝑠) (6) 

From Figure 2, if 𝑡 = 𝑡𝑐𝑒 then 𝑣𝑐 = 𝑣𝑀. Applied to equation (6), the following equality is 

obtained: 

𝑣𝑀 = 𝑣𝑚 + 2𝑖𝑐𝑅 +
𝑖𝑐

𝐶
(𝑡𝑐𝑒 − 𝑡𝑐𝑠) (7) 

calculating the energy 

𝐸𝑖 = ∫ 𝑣𝑖𝑖𝑐𝑑𝑡
𝑡𝑐𝑒

𝑡𝑐𝑠

=  𝑖𝑐 ∫ (𝑣𝑚 + 2𝑖𝑐𝑅 +
𝑖𝑐

𝐶
(𝑡 − 𝑡𝑐𝑠)) 𝑑𝑡

𝑡𝑐𝑒

𝑡𝑐𝑠

= 𝑖𝑐 [(𝑣𝑚 + 2𝑖𝑐𝑅)(𝑡𝑐𝑒 − 𝑡𝑐𝑠) +
𝑖𝑐

2𝐶
(𝑡𝑐𝑒

2 − 𝑡𝑐𝑠
2 ) −

𝑖𝑐

𝐶
𝑡𝑐𝑠(𝑡𝑐𝑒 − 𝑡𝑐𝑠)] 

(8) 

operating and rearranging 

𝐸𝑖 = 𝑖𝑐 (𝑣𝑚 + 2𝑖𝑐𝑅 +
𝑖𝑐

2𝐶
𝑡𝑐𝑠(𝑡𝑐𝑒 − 𝑡𝑐𝑠)) (𝑡𝑐𝑒 − 𝑡𝑐𝑠) (9) 
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combining this equation with (7) gives: 

𝐸𝑖 = 𝑖𝑐

𝑣𝑀 + 𝑣𝑚 + 2𝑖𝑐𝑅

2
(𝑡𝑐𝑒 − 𝑡𝑐𝑠) (10) 

and operating in a similar way with the numerator: 

𝐸𝑜 = ∫ 𝑣𝑜𝑖𝑐𝑑𝑡
𝑡𝑑𝑒

𝑡𝑑𝑠

= 𝑖𝑐

𝑣𝑚 + 𝑣𝑀 − 2𝑅𝑖𝑐

2
(𝑡𝑑𝑒 − 𝑡𝑑𝑠) (11) 

 

gives the energy efficiency: 

𝜂 =
𝐸𝑜

𝐸𝑖
=

(𝑣𝑚 + 𝑣𝑀 − 2𝑅𝑖𝑐)

(𝑣𝑚 + 𝑣𝑀 + 2𝑅𝑖𝑐)

(𝑡𝑑𝑒 − 𝑡𝑑𝑠)

(𝑡𝑐𝑒 − 𝑡𝑐𝑠)
 (12) 

When the steady-state is reached in these devices, the charge supplied to the device at the 

charge stage is practically equal to the charge delivered at the discharge stage [21]. As a result, 

if the charging and discharging currents are equal, their respective times will also be equal, 

leaving the energy efficiency equation in the form: 

𝜂 =
𝑣𝑀 + 𝑣𝑚 − 2𝑖𝑐𝑅

𝑣𝑀 + 𝑣𝑚 + 2𝑖𝑐𝑅
= 1 −

4𝑖𝑐𝑅

𝑣𝑀 + 𝑣𝑚 + 2𝑖𝑐𝑅
 (13) 

 

It is observed that the factors that make the efficiency decrease are the working current and 

series resistance, and those that make it increase are the rise in the maximum and minimum 

working voltages. 

 

2.2.- Energy efficiency in a cycle with rest 
Figure 3 shows this type of cycle, with the beginning and end marked by circles. In this cycle, 

there are four stages. The first stage consists of charging at a constant current between points 

a and d; the second stage is the rest period between points d and e; the third is a discharge 

stage at a constant current between points e and h, and the final stage is another rest time 

between points h and a. 
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Figure 3.- Charge-discharge cycle with rest. 

 

It should be noted that, when the supercapacitor's terminals are disconnected after the charge 

or discharge stage, the voltage measured in their terminals changes after a period of rest. 

Specifically, when the device is charged and its terminals are disconnected, the voltage drops. 

This phenomenon is known as self-discharge and is denoted as 𝑣𝑠𝑑 [18]. Similarly, once the 

supercapacitor is discharged and its terminals are disconnected, the voltage at its terminals 

after a period of rest increases [22]. By analogy with self-discharge, in this paper we call this 

phenomenon self-charge and denote it as 𝑣𝑠𝑐. 

Taking into account the profile of the cycle in the steady-state shown in Figure 3, and 

operating as in the previous section, the energy supplied is given by: 

𝐸𝑖 = ∫ 𝑣𝑖𝑖𝑐𝑑𝑡
𝑡𝑐𝑒

𝑡𝑐𝑠

= 𝑖𝑐 ∫ 𝑣𝑖𝑑𝑡
𝑡𝑐𝑒

𝑡𝑐𝑠

= 𝑖𝑐

𝑣𝑚 + 𝑣𝑀 + 2𝑅𝑖𝑐 + 𝑣𝑠𝑐

2
(𝑡𝑐𝑒 − 𝑡𝑐𝑠) (14) 

and the energy delivered by: 

𝐸𝑜 = ∫ 𝑣𝑜𝑖𝑐𝑑𝑡
𝑡𝑑𝑒

𝑡𝑑𝑠

= 𝑖𝑐

𝑣𝑚 + 𝑣𝑀 − 2𝑅𝑖𝑐 − 𝑣𝑠𝑑

2
(𝑡𝑑𝑒 − 𝑡𝑑𝑠) (15) 

Considering that, as in the previous case, the charge supplied and extracted in each charge-

discharge cycle is practically the same, this implies that if the charge and discharge currents 

are equal, their times will also be equal. Therefore, operating as in the previous section, the 

efficiency of the supercapacitor is as follows: 

𝜂𝑅 =
𝐸𝑜

𝐸𝑖
=

𝑣𝑀 + 𝑣𝑚 − 𝑣𝑠𝑑 − 2𝑖𝑐𝑅

𝑣𝑀 + 𝑣𝑚 + 𝑣𝑠𝑐 + 2𝑖𝑐𝑅
= 1 −

4𝑖𝑐𝑅 + 𝑣𝑠𝑐 + 𝑣𝑠𝑑

𝑣𝑀 + 𝑣𝑚 + 𝑣𝑠𝑐 + 2𝑖𝑐𝑅
 (16) 

 

It can be deduced that the efficiency increases with the working voltages and decreases as the 

device's internal resistance, the working current, and the self-discharge voltage increase. 
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3. Experimental data 
Three 10F, 50F, and 100F Maxwell brand supercapacitors were all subjected to charge-

discharge cycles. The charge and discharge currents for each supercapacitor were calculated in 

accordance with [20] as a function of their internal resistance. For the energy efficiency tests 

at variable voltages, these currents are 1.13A, 3.95A, and 4.7A for the 10F, 50F, and 100F 

capacitors, respectively. 

As the supercapacitor has a maximum voltage of 2.7V, in the energy efficiency tests at 

different voltages all the voltages are referred to as this voltage in per-unit values. In this way, 

the minimum voltage is given by Vm and the maximum by VM. The voltages in per-unit values 

used for the tests were 0, 0.25, 0.50, 0.70, 0.90, and 1.0. Based on the different combinations 

of minimum and maximum voltages, the energy efficiency was calculated for each of the 

supercapacitors, both with and without rest. The tests were performed three times for each 

supercapacitor and the three supercapacitors were used for each capacitance. Therefore, nine 

samples were taken for each voltage combination and capacitance. The data used were the 

mean of these nine samples. 

For data collection, in this work a programmable 10A current source was used to carry out the 

tests with the supercapacitors. The equipment allows the supercapacitor to be charged and 

discharged at constant current, leaving it with its terminals disconnected and short-circuited. 

Its simplified electrical circuit is shown in Figure 4. Data acquisition (current and voltage) was 

performed with a period of 0.1s and a resolution of ± 0.093 mV for voltage and ± 0.93 mA for 

current. 

 

 

Figure 4.- Test equipment diagram. 
 

3.1. Analysis of charge-discharge cycles 
An analysis was undertaken of whether some parameters stabilize when the supercapacitor is 

subjected to charge-discharge cycles, both with and without rest. The parameters analysed 

were the cycle, charging and discharging times, the energy supplied and extracted, the charge 

supplied and extracted, and the energy efficiency. For this, the 10F supercapacitor was 

subjected to several charge-discharge cycles to analyse its behaviour and extrapolate it to the 

50F and 100F supercapacitors. This test was performed at a current of 0.4A and between a 

minimum voltage of 0.5V and a maximum of 2.5V. 
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The first parameter analysed was the charge and discharge time in each period (Fig. 5). It can 

be seen that both times stabilize before the first ten cycles. It can be deduced from Figure 5 

that the charge time is equal to the discharge time at the steady-state. Assuming that the 

charge current is equal to the discharge current, the charge supplied in the charge period is 

practically equal to the charge recovered in the discharge period. In [21], it is reported that 

when the difference between the amount supplied and extracted in a cycle is less than 1%, it 

can be assumed that the conditions are stable. 

 

 
Figure 5.- Charging and discharging times in each cycle. 

 

Another way of analyzing the relationship between the supplied charge, Qin, and the extracted 

charge, Qout, can be seen in Figure 6, which shows the ratio of these charges in each charge-

discharge cycle with rest. Despite the rest, it can also be seen that there is almost no 

difference between the supplied and the extracted charge. 

 
Figure 6.- Ratio of charge supplied and extracted in a supercapacitor in a charge-discharge 

cycle with a 10-minute rest time. 
 

The following parameters analyzed were the energies in each cycle. Figure 7 shows the energy 

supplied to and recovered from the supercapacitor and the energy efficiency. 
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Figure 7.- Energy supplied, energy delivered and energy efficiency in each cycle. 

 

As in the previous case, it can be seen that the parameters stabilize before the tenth cycle. It 

was therefore decided to use the mean values of the data collected between cycles 17 and 20 

to carry out the energy efficiency studies for the calculations. 

Equations (13) and (16) show that energy efficiency is related to the supercapacitor charging 

current, and that as it increases energy efficiency decreases. Table 1 shows experimental 

supercapacitor energy efficiencies at different charging currents when the minimum and 

maximum cycle voltages are 0.5V and 2.5V, respectively. It can be seen that the efficiency 

drops considerably when high currents are applied. 

 

Table 1.- Energy efficiencies as a function of the current. 

10F supercapacitor 

Current (A) Energy Efficiency (%) 

0.4 95.2 

0.5 94.5 

0.75 92.9 

2 84.1 

4 76 
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3.2. Energy efficiency in cycles without rest 
The energy efficiency η was calculated for each of the supercapacitors analyzed and for each 

pair of minimum and maximum voltages. The data are shown in Table 2. 

 

To analyze these data, the energy efficiency of the supercapacitor was graphically represented 

as a function of the minimum and maximum voltages of the cycle. The minimum voltage is 

represented on the abscissa axis and the maximum on the ordinate axis in per-unit values. The 

energy efficiency values were calculated at the points marked x in the graphs, and with this 

information the plots of Figures 8 and 9 were generated. In Figure 8, the energy efficiency 

values are represented on the z-axis, while in Figure 9 the curves of equal energy efficiency are 

shown in a 2-D graph. 

 
 

Figure 8.- Energy efficiency for 100F 
supercapacitor without rest. 

Figure 9.- Energy efficiency for 100F 
supercapacitor without rest, in equal energy 

efficiency curves. 
 

Table 2.- Energy efficiency in cycles without rest. 

Vm 

(P.U.) 
VM 

(P.U.) 

10F 50F 100F 

η (%) η (%) η (%) 

0 0.25 56.1 63.5 62.3 

0 0.5 75.0 79.3 79.0 

0 0.7 81.0 84.3 84.9 

0 0.9 84.3 87.2 87.8 

0 1 85.4 88.1 89.1 

0.25 0.5 83.7 86.0 85.3 

0.25 0.7 86.3 88.5 88.6 

0.25 0.9 88.0 90.1 90.5 

0.25 1 88.5 90.7 91.2 

0.5 0.7 89.4 91.2 90.5 

0.5 0.9 90.4 92.2 92.1 

0.5 1 90.7 92.3 92.4 

0.7 0.9 91.4 92.9 92.8 

0.7 1 91.8 93.4 93.3 

0.9 1 94.4 94.1 94.1 
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For each minimum voltage, it can be seen that the maximum energy efficiency is obtained 

when the maximum voltage is the maximum voltage of the supercapacitor. It is also noted that 

energy efficiency increases when the maximum voltage is kept constant and the minimum 

voltage is increased. In contrast, energy efficiency decreases significantly when the 

supercapacitor is wholly discharged, i.e. when its minimum voltage is zero. 

 

3.3. Energy efficiency in cycles with rest 
This section describes the study that was undertaken of how the resting state influences the 

energy efficiency of the supercapacitor. For this purpose, the supercapacitors were subjected 

to charge-discharge cycles and were left with their terminals disconnected after the charge 

and discharge stage, as shown in Figure 3.  

Influence of working voltages on resting voltage 

It can be seen in Figure 3 that, with the terminals of the supercapacitor disconnected, their 

voltage does not remain constant but instead falls and rises after the charge and discharge 

stage, respectively. This behavior is due to its internal structure. The supercapacitor is formed 

by two porous electrodes made with materials of a large specific surface area. These 

electrodes are immersed in a solvent with an ionic liquid that allows formation of a double 

layer depending on the voltage at their terminals. The two electrodes are separated by a 

separator that galvanically isolates them but allows the ions to pass through [18]. When the 

voltage at the terminals of the supercapacitor is modified, there is a movement of ions inside it 

which does not stop immediately after leaving the terminals disconnected. This explains some 

of its properties, such as self-discharge [18] [23] [24] [25] and the loss of energy when the 

device has just been disconnected [26] [27]. 

For each test, the self-charge Vsc and self-discharge Vsd voltages were measured. A correlation 

was observed between these voltages and the difference between the maximum and 

minimum working voltages in the cycle. Table 3, which is ordered on the basis of this voltage 

difference, shows, for a supercapacitor of 50F and with a rest time of 30 minutes after 

charging and discharging, the self-charge, self-discharge and working voltages of the cycle. 
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Table 3.- Self-discharge and self-charge voltages as a function of cycle 
voltages in a 50F supercapacitor. 

VM-Vm 
(V) 

Vm 
(V) 

VM 
(V) 

Vsd 
(mV) 

Vsc 
(mV) 

0.27 2.43 2.70 21 14 

0.54 1.35 1.89 40 28 

0.54 1.89 2.43 41 27 

0.68 0.00 0.68 51 55 

0.68 0.68 1.35 49 36 

0.81 1.89 2.70 60 43 

1.08 1.35 2.43 76 54 

1.22 0.68 1.89 82 61 

1.35 0.00 1.35 89 70 

1.35 1.35 2.70 90 68 

1.76 0.68 2.43 111 86 

1.89 0.00 1.89 114 94 

2.03 0.68 2.70 124 98 

2.43 0.00 2.43 143 118 

2.70 0.00 2.70 156 130 
 

 

An analysis of the data shows that both the self-discharge and the self-charge voltages 

increase as the difference in cycle voltages increases. This behaviour was observed in all the 

supercapacitors analysed. Therefore, in the cycles with rest, it was expected, based on 

equation (16), that energy efficiency would decrease as the difference between the maximum 

and minimum voltage increased. 

 

Energy efficiency in cycles with rest 

As can be deduced from equation (16), the energy efficiency of supercapacitors decreases not 

only because of the resistance and the working current but also because of the self-charge and 

self-discharge voltages. According to which, the energy efficiency of these devices will 

decrease if energy is stored in them. With this in mind, the tests in the previous section were 

repeated with a rest time of 30 minutes after the charge and discharge stages. The 

experimental results are shown in Table 4. 
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As in the previous section, the energy efficiency of the supercapacitor is graphically 

represented as a function of the minimum and maximum voltages of the cycle. 

 
Figure 10.- Energy efficiency in 100F supercapacitor with 

rest. 
 

It is observed, in comparison with the cycles without rest that, in all combinations and for the 

same supercapacitor, energy efficiency is lower when energy is stored during a time, as was 

deduced in equation (16). 

 

Table 4.- Energy efficiency with a rest time of 30 minutes. 

Vm 

(P.U.) 
VM 

(P.U.) 

10F 50F 100F 

ηR (%) ηR (%) ηR (%) 

0 0.25 44.3 55.0 56.9 

0 0.5 59.3 69.6 72.0 

0 0.7 64.5 74.6 77.4 

0 0.9 67.5 77.5 80.3 

0 1 68.5 78.3 81.3 

0.25 0.5 76.6 82.2 83.2 

0.25 0.7 76.9 83.1 84.5 

0.25 0.9 77.1 83.9 85.5 

0.25 1 77.0 84.1 85.9 

0.5 0.7 86.0 88.6 89.2 

0.5 0.9 84.3 88.4 89.4 

0.5 1 83.6 88.1 89.3 

0.7 0.9 88.5 90.4 91.3 

0.7 1 87.9 90.7 91.5 

0.9 1 89.0 91.5 93.0 
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4. Discussion 
Equations (13) and (16) and the experimental data show that the energy efficiency of a 

supercapacitor is not constant and depends on several factors. One of the most important of 

these is series resistance. This parameter varies depending on the supercapacitor in question 

and is usually given in the datasheets provided by the manufacturer. As a general rule, a 

supercapacitor with as low a series resistance as possible should be chosen. 

Another critical factor is the working current. These devices have a nominal current that is 

primarily a function of their internal resistance and is typically calculated for the 

supercapacitor to provide 95% energy efficiency [20]. Since these devices usually work with 

currents much higher than their nominal current, it is important to note that in such a 

circumstance their energy efficiency will decrease considerably, as was shown in section 3.2. 

As for the working voltages, the experimental data and the generated curves show that, if the 

minimum voltage is fixed, the maximum energy efficiency is obtained when the supercapacitor 

works at its maximum voltage. 

It was also found that energy efficiency decreases when the maximum voltage is fixed and the 

minimum voltage is decreased, with energy efficiency dropping appreciably when the 

supercapacitor is fully discharged, i.e. when its minimum voltage is zero. This contrasts with 

the case of available energy, which is higher the lower the minimum operating voltage, and so 

a compromise between energy efficiency and available energy must be reached. 

On the other hand, when the supercapacitor is used to store energy for long periods, its 

energy efficiency is lower than when the energy is used immediately. It was observed that the 

self-discharge process also lowers energy efficiency and that this effect is more significant as 

the difference between minimum and maximum working voltage increases. 

 

5. Conclusion 
In this work, an analysis was undertaken of the energy efficiency of different supercapacitors 

used as energy storage devices according to their working voltages. This analysis was carried 

out in two situations: when the supercapacitor energy is used immediately and when it is used 

after a rest period. The procedure followed to measure energy efficiency in each voltage 

combination was to subject the supercapacitors to charge-discharge cycles until their 

measurements stabilized. 

Using the values of the steady-state cycle, an equation for energy efficiency was deduced 

which was a function of the maximum and minimum working voltages, the working current, 

and the internal resistance. In addition, in the cycles with rest, energy efficiency also depended 

on the self-discharge and self-charge voltages. 

The experimental data and the graphs confirm the deductions that were made from the 

energy efficiency equations that were obtained, namely that the energy efficiency of the 

supercapacitors decreases with increasing working current, and increases with decreasing 



16 
 

internal resistance . Regarding the working voltages, in cycles without rest, it was observed 

that if the supercapacitor works between 0.7 and the maximum voltage its energy efficiency is 

above 93%, while if it works between 0.5 and 1 it never drops below 90%. On the other hand, 

if there is an energy storage period of 30 minutes, in the first case energy efficiency is greater 

than 91%, and in the second it is greater than 88%. It was thus observed that energy storage 

reduces the energy efficiency of the device. 

Regarding the relationship between energy efficiency and working voltages, energy efficiency 

was represented as a function of the minimum and maximum working voltages. Firstly, it was 

observed that, in order to obtain the maximum energy efficiency from these devices, the 

maximum operating voltage must be the maximum supported by the device. Secondly, the 

device should not be fully discharged as its energy efficiency drops dramatically. Thirdly, when 

the minimum working voltage increases, so too does the energy efficiency, but at the cost of 

using less of its stored energy. 
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