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I. Introduction 

Electrical energy uses is growing and so is the generation of energy sources being added to the electrical power 
system. The urban areas get power from larger grid but for most of the developing countries the rural communities 
get electrical energy from their local energy sources. Diesel plants or renewable energy sources like wind turbines, 
photovoltaic system, micro-hydro power plants or biogas power plants, are being used to fulfill the rural electrical 
requirements. The increasing need of electrical energy in the rural communities have led to the interconnection of 
these local sources to form local grids also commonly called microgrids or minigrids.   
Interconnection of renewable energy sources like wind turbines and photovoltaic systems are more common in 
microgrids and thus there is an increase in the intermittency of supply. The presences of plug and play type of 
electrical load are also increasing in rural communities and so are the irregularities in electrical demand going 
high. Thus to cope with the sudden change in the demand or supply, energy storage systems (ESS) are being 
deployed. The presence of ESS ensures reliability, stability and quality of supply in an electrical power system 
[1,2,3,4,5,6]. ESS also helps to maintain energy balance between the intermittent sources and loads. There are 
many types of ESS being used nowadays and the most common ones are batteries, fuel cells, flywheels, 
supercapacitors and water reservoirs [1,2,3,4,5,6]. Supercapacitors are new storage devices being introduced to 
electrical power system [1,2,3,4,5,6,7,8]. 
Supercapacitors also called ultracapacitors are energy storage devices with capacitance in the range of several 
thousands of farads. Supercapacitors offer very high capacitances in a small package. Supercapacitors are 
categorized as electrochemical double layer (ECDL), pseudocapacitors or hybrid capacitors depending on the 
material used to manufacture the electrodes. ECDL supercapacitor is the most common type and is least expensive 

[1,2,3,4,5,6,7,8]. The ECDL supercapacitors have a double-layer construction consisting of carbon-based 
electrodes immersed in a liquid electrolyte with separator [1,2,3,4,5,6,7,8]. The electrode material commonly used 
is aluminum foils, upon which a nonporous material, typically activated carbon, is deposited in order to realize a 
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Figure1: Discharge profile of a supercapacitor [7,8] 
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high equivalent conductive surface [1,2,4,3,5,6,7,8]. Carbon aerogels and carbon nanotubes are also being used 
as electrode materials nowadays. The electrolyte is either organic or aqueous. The common organic electrolyte is 
acetonitrile which allows nominal voltage of up to 3V, while the aqueous electrolytes used are either acids 
(H2SO4) or bases (KOH) with a limitation of nominal voltage to 1V[3,4,8]. The discharge profile of a 
supercapacitor is shown in Figure 1. The voltage profile has a capacitive and resistive component. Energy 
efficiency is very high, ranging from 85% up to 98% [2,3,6,8].  

 
When comparing supercapacitors with batteries the main difference is in energy and power density. 
Supercapacitors have a significantly lower energy density than the batteries but on the other hand they have a 
higher power density compared with batteries. Table I depicts the comparison of a battery and supercapacitors 
characteristics. A supercapacitor generally has a better performance characteristics compared to battery, apart 
from the cost and energy density. Supercapacitors are highly expensive compared to battery and has a limitation 
of energy storage. Supercapacitors can supply more power for short duration but cannot store more energy for 
longer discharge hours [1,2,3,4,5,6,7]. 
There are different accepted model for supercapacitors to be used for simulation and analysis. The network 
presented in Figure 2 represents the first order model for a supercapacitor. The network model consists of a 
capacitor C, a series resistor Rs, a parallel resistor Rp, and a series inductor L. Rs contributes to energy loss during 
capacitor charging and discharging and is called the equivalent series resistance (ESR). Rp is called the leakage 
current resistance and represents the energy loss due to capacitor self-discharge. The inductor L results primarily 
from the physical construction of the capacitor and is usually small. The resistor Rp is much higher than Rs in 
practical capacitors and thus can be neglected for high power applications. 
 
Supercapacitors exhibit non-ideal behavior as a result of the porous material used to form the electrodes, and this 
causes the resistance and capacitance to be distributed to represent an electrical power transmission line model as 
depicted in Figure 3. The model represents a more realistic equivalent circuit of a supercapacitor which provides 
more appropriate electrical response. 

II. Sizing of Supercapacitors for Microgrids 

Supercapacitors required for any application is sized depending on the requirements of the system. In general the 
following minimum parameters are to be defined for sizing the supercapacitors [9]: 

 Required power (W) or current (I) 

 Duration of discharge (td) 

 Maximum voltage of the supercapacitor (Vmax) 

 Minimum voltage of the supercapacitor (Vmin) 

Table I: Comparision of supercapacitor and lead acid battery [1,2,4,6] 

 
Performance Characteristics Lead Acid Battery Supercapacitor 

Discharge time 0.3-3hrs 1-30s 

Charge time 1-5hrs 1-30s 

Life cycle 103 times > 106 times 

Efficiency 70%-85% 90% – 95% 

Power density 50-200 W/kg 1000-2000 W/kg 

Energy density 20-100 Wh/kg 1-10 Wh/kg 

Operating temperature 0 to 60C -40C to 70C 

Typical life time 5 years 30 years 

 

 
Figure 3: Equivalent circuit of a practical supercapacitor [5,6,7]  
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Figure 2: First order circuit model of a supercapacitor [5,6,7]  
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The discharge cycle of a supercapacitor encounter two voltage drops, the drop in voltage due to internal resistance, 
and the drop in voltage due to capacitance. The drop in the in the equivalent series resistance (ESR) is given by 

dVESR= I  ESR          (1) 
The drop in the capacitance is given by 

dVcap= I  td/C         (2) 
The total voltage drop is  

dVTotal = I td/C + I  ESR        (3) 
Here dVTotal is the drop in voltage when the capacitor is discharged and is the difference between the Vmax and 
Vmin of the supercapacitor, and C is the capacitance of the supercapacitor.  By allowing the capacitor to drop to ½ 
Vmax, 75% of the capacitor energy is discharged [9]. Depending upon the requirements supercapacitors needs to 
be connected in series or parallel to form a stack. For capacitors in series the capacitance is additive at 1/C. For 
capacitors in parallel the capacitance is additive [9]. The total capacitance of the stack of supercapacitors is given 
by 

CTotal = Ccell  (no. of cells in parallel)      (4) 

And  CTotal = Ccell  (1/ no. of cells in series)      (5) 
If multiple cells are used the equivalent resistance is based on the number of capacitors in series or parallel. For 
supercapacitors in series the resistance is additive [9]. For supercapacitors in parallel the resistance is additive at 
1/ESR [9]. The total resistance of the stack of supercapacitor is given by 

ESRTotal = ESRcell  (no. of cells in series)      (6) 

And   ESRTotal = ESRcell  (1/no. of cells in parallel)     (7) 

 

III. Applications of Supercapacitors for rural Microgrids 

Supercapacitors can be used for various applications in a rural microgrid considering its limitation of short time 
storage. The followings are some of its common application in an electrical power system [1,2,3,5,6,7]: 
 
3.1 Short term power supply  
For the grid connected rural microgrid the total power in the local community is fed from the grid. On the 
occurrence of any fault at the grid side the mircogrid is to be disconnected from the grid and there will be shortfall 
of power for the local load connected to the microgrid.  Supercapacitors can be used in this case to supply power 
for short duration and help in the smooth operation of the islanded microgrid. 
 
 3.2 Fulfillment of peak load of power system 
The load of a rural microgrid changes throughout the day and also with seasons. Load shedding is to be done 
during peak hours, or additional generators are to be switched on in a microgrid. Supercapacitors can be solutions 
to microgrids, where it can save the excess power when the load is low and feedback the power to load during 
peak hours.   
 
3.3 Fulfillment of high starting current for motors 
Electrical loads as motors require high current during starting or when it takes up large load suddenly.  During 
this short period of time the power from a microgrid may not be sufficient and the system voltage would drop 
resulting in a system collapse. Using supercapacitors in these conditions would provide high current with small 
investments in a microgrid.  
 
3.4 Optimization of renewable energy sources 
Renewable energy sources like photovoltaic system and wind turbines deployed for microgrid provide intermittent 
output power. Supercapacitors can be connected to the minigrid and would help to provide almost uniform power 
output from the system.  
 
3.5 Power quality improvement 
Power quality issues like voltage sags and swells, frequency fluctuation, flickering and low voltage ride through 
can be controlled using supercapacitors. Supercapacitors and provide active as well as reactive power and thus 
can be used for these power quality issues. 
 
3.6 Hybrid energy storage systems 
Supercapacitors can be used with batteries to provide backup to a microgrid. The batteries in these cases supply 
power for longer duration and the supercapacitors provide the surge currents required for the operation of the 
electrical loads in the microgrid. 
 

IV. Rural Microgrid at Nawalparasi 

The rural microgrid was installed in 2011 at Dhauwadi village of Nawalparasi district of Nepal. The system 
consists of two wind turbines (WT) with rated capacity of 5kW each and a solar photovoltaic (PV) array of 
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2.16kWp. The system supplies power to 46 households with an estimated load of 33.6kWh per day. The system 
also has a battery bank which can store and supply 40kWh per day. The estimated energy consumption per day is 
11.1kWh for households, 4.9kWh for school, 11kWh for agro-processing mill, 4.2kWh for control purpose in the 
power house and 2.3 kWh for other purposes. The interconnection of the wind turbines, photovoltaic array, battery 
and load is as depicted in Figure 4. With intermittent energy sources, wind turbines and PV systems, batteries are 
being used as backup supply when the sources are not available. During the low power demand in the microgrid 
the batteries are charged and during the high power demand or unavailability of power from the sources the stored 
energy can be used to supply the load. Lead acid batteries are being used as electric energy storage devices to 
improve the reliability of the microgrid. Lead acid batteries have high energy density but very low power density. 
These batteries can be used to provide low value of current to the load for a longer period. When high current is 
required for even a short duration more number of such batteries are to be connected in parallel, which makes the 
system highly expensive.  Operation of agro-processing mill in the microgrid at Nawalparasi requires running an 
induction motor which draws high starting current. Using intermittent sources and lead acid battery, the agro-
processing mill at the hybrid microgrid of Nawalparasi has not been functional.  Thus, other energy storage along 
with lead acid battery is required, which can provide high current for short duration. 

V. Hybrid Energy storage system for the rural microgrid at Nawalparasi 

Supercapacitors and flywheels are commonly used energy storage system to provide high current for short period 
of time. For smaller systems supercapacitors can preferred over flywheel. Supercapacitors have low energy 
density but higher power density, and can provide high current for short interval of time. Thus hybrid energy 
storage can be used for microgrids with intermittent sources like wind turbines and photovoltaic systems. Lead 
acid battery and supercapacitor can be combined to form hybrid energy storage and provide the energy as well as 
power demand of the load. A hybrid energy storage system as shown in Figure 5 can be connected to the hybrid 
microgrid and thus the system performance can be enhanced. Figure 6 shows the daily load curve of the hybrid 
microgrid and Figure 7 depicts the addition of motor load to the microgrid. The starting surges for the motor load 
is high should be contributed by the supercapacitor. 
 
Energy storage systems are required to supply power and energy to the load in a microgrid in the absence of 
sources or if the power supplied by the source is not sufficient as per the load demand. Energy storage devices 
have rated maximum energy and, maximum current or power it can supply. Depending on the microgrid 
requirements the energy storage devices are being used either to supply energy to the load or help the microgrid 
in power quality improvements. For energy supply requirements the ratio of energy to power of the energy storage 

device is more than unity and for power quality requirements the ratio of energy to power is less than unity. For 
most of the microgrids the power and energy requirements are to be determined considering the operating hours 
of the load. The discharge time of the energy storage system is to be determined depending upon the operating 

 
Figure 4: Hybrid Microgrid at Nawalparasi         Figure 5: Proposed Hybrid energy storage at Hybrid 

                                                                                                    Microgrid of Nawalparasi  
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time of the loads. The discharge time for power quality applications are in seconds and that in energy supply 
requirements are in hours.   
 
The hybrid microgrid at Nawalparasi has an energy storage system which supplies 40kWh of energy per day. The 
energy storage system in the hybrid microgrid is designed considering the energy need only. The instantaneous 
power requirements have not been considered. Lead acid battery bank is being used to meet the energy demand 
of the microgrid with a current limitation. Figure 8 presents the load power requirement and the power supplied 
by the battery. The proposed hybrid energy storage system is to be designed considering both power and energy 
requirements and thus supercapacitors are to be included in the existing energy storage system. The supercapacitor 
is to supply the surge current requirement of the induction to be used at the agro-processing mill. The power factor 
of the load is considered to be 0.8 in the microgrid. The lead acid battery supplies 40kWh of energy required by 
all the load of the community, thus additional energy storage is required for the starting of the three phase 400V 
induction motor of 5hp. The surge current requirement for the motor is considered to be 21A . The system voltage 
is 3-phase 400V and the discharge time of the supercapacitor assumed to be 10seconds considering the starting 
requirement of the motor. Using equation 2,4 and 5 the supercapacitor required for the microgrid will be of  2000F 
and to meet the three phase voltage of 400V, 85 numbers of such  supercapacitors are to be connected in each 
phase. Figure 9 depicts the load requirements and the instantaneous power supplied by the supercapacitor for 
motor load.  

VI. Conclusion 

There is a need of energy storage systems in rural microgrids for energy as well as power requirements. Lead acid 

battery is commonly used to fulfill the energy requirement. The instantaneous power requirement has not been 

considered in most of the microgrid. To meet the instantaneous power demand for induction motors oversizing of 

energy storage system is required which makes the overall cost of the microgrid very high. Thus devices with 

high current density and high energy density both are to be combined to meet the load requirements in the 

microgrid. Lead acid battery has high energy density but low power density whereas supercapacitors have high 

power density but low energy density. These two energy storage devices can be combined to form hybrid energy 

storage to meet the energy and power requirement of the rural microgrid. The rural microgrid at Nawalparasi, 

Nepal has a lead acid battery to supply energy to the load, but the instantaneous power demand by the agro-

processing mill cannot be met. Thus, connecting a supercapacitor to form a hybrid energy storage system helps to 

provide both power and energy required in the rural microgrid, Other power quality issues like voltage and 

frequency variations of the microgrid can also be controlled using supercapacitors.  
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