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ABSTRACT: This study evaluates the feasibility, efficiency, and cost-effectiveness of a Hybrid Energy 

Storage System (HESS) for a 30KW Microgrid. The research analyses various storage configurations 

incorporating batteries and supercapacitors, considering factors such as cost, reliability, and 

performance. While conventional Battery Energy Storage Systems (BESS) offer lower initial costs, they 

suffer from long-term reliability issues due to frequent replacements. In contrast, a HESS configuration, 

where supercapacitors handle transient changes and batteries manage low-frequency variations, 

enhances system stability, extends battery life, and improves overall efficiency. The study reveals that 

supercapacitors should have a greater share in storage systems where transient disturbances are 

frequent, while stable environments can rely more on batteries to optimize costs. Despite a higher initial 

cost, HESS proves to be more cost-effective in the long run by reducing battery degradation and 

replacement expenses. Additionally, the integration of supercapacitors improves efficiency and system 

resilience by quickly responding to disturbances, ensuring uninterrupted operation. A closed-loop 

control strategy, incorporating a low-pass filter, effectively manages power distribution between 

supercapacitors and batteries, minimizing energy losses and enhancing load response. The findings 

indicate that HESS presents a sustainable and reliable solution for microgrids, especially in off-grid and 

renewable energy-based applications. 
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1. Introduction

Energy plays a crucial role in industrialized societies

and economic development. It is an essential factor in 

daily life, and effective energy management is critical for 

future economic prosperity. Historically, fossil fuels have 

been the primary sources of energy generation, as most 

power infrastructure relies on coal, oil, and gas. However, 

these sources are not environmentally friendly and are 

finite. Their depletion will contribute to pollution and 

global warming. Additionally, energy accessibility 

remains a challenge in many regions. Approximately 1.2 

billion people globally lack access to electricity, including 

over 635 million in Africa and 237 million in India 

alone[1]. The high costs of energy production and the 

distance between power generation and distribution 

centres are key factors behind this issue. To address these 

challenges, the transition to renewable energy sources 

such as solar, wind, hydroelectric, and geothermal power 

is necessary. Among these, solar energy and hydrogen 

fuel cells stand out due to their efficiency, reliability, 

environmental benefits, and high-power density[2]. Solar 

energy is particularly advantageous as it generates 

electricity without harmful by-products. Given the need 

for sustainable energy solutions, microgrid systems are 

emerging as a viable option. Although AC power 

transmission is standard, most household appliances—

including mobile chargers, laptop adapters, and 

televisions—internally operate on DC [3]. Studies indicate 

that many household appliances can function on DC with 

minimal or no modifications[4–7]. A DC distribution 

system offers higher efficiency and improved power 

quality. Devices such as LED lights, laptop chargers, 

mobile chargers, and domestic fans operate more 

efficiently on DC than on AC. DC microgrids are gaining 

popularity in modern electric grids as they facilitate the 

seamless integration of renewable energy sources (RES), 

energy storage systems (ESS), and electric loads [8]. Solar 

power is one of the most cost-effective, sustainable, and 

environmentally friendly renewable energy sources. 

Typically, solar power is stored in an energy storage 

system before being utilized. Among various ESS 

technologies, batteries are the most common. However, 

their low power density results in slower charge and 
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discharge cycles [9]. In recent years, supercapacitors (SCs)  

have emerged as an alternative energy storage solution. 

SCs provide high power density and respond rapidly to 

power fluctuations, enhancing system stability [10]. The 

combination of batteries and supercapacitors, known as a 

hybrid energy storage system (HESS), enhances overall 

system performance and extends battery life [11-12]. 

Several DC microgrid systems have been explored in the 

literature. Arun Kumar G et al. [13] proposed a DC 

microgrid system powered solely by solar PV, which 

connects multiple DC loads through point-on-load 

converters. However, this system lacks energy storage. 

Paras Loomba et al. [14] developed a solar microgrid with 

a 24V battery storage system, tested with LED loads. 

Ashok Jhunjhunwala et al. [15] investigated solar 

microgrid solutions for Indian homes, proposing different 

configurations, including a rooftop solar-powered DC 

microgrid, a solar-AC system with an inverter for AC 

homes, and a solar-AC system with an inverter-less setup 

for DC homes. D. Bhule et al. [16] designed a system 

incorporating solar PV as a source with battery storage. 

 

Figure 1: DC Microgrid with solar PV source [13] 

 

Figure 2: DC Microgrid with solar PV and battery storage [16]. 

 

P. van Duijsen et al. [17] analysed the power 

electronics requirements for operating kitchen appliances 

on both DC and AC. Their findings suggest that most 

appliances designed to accept a wide voltage range can 

function directly on DC. By eliminating the AC-DC 

conversion step, efficiency can be improved in DC-

powered systems. A microgrid system integrating solar 

PV as a power source with a hybrid storage system 

consisting of batteries and supercapacitors has been 

explored in various studies [18-19]. Several works in the 

literature have discussed microgrids and their storage 

techniques, with the most conventional and widely used 

method being the Battery Energy Storage System (BESS). 

This study aims to conduct a cost analysis and 

comparison between BESS and the hybrid energy storage 

system (HESS), which combines batteries and 

supercapacitors for improved performance and 

efficiency. 

2. Battery & Supercapacitor based Hybrid Storage 

system configuration. 

Hybrid energy storage with a combination of battery 

and supercapacitor has been gaining a lot of interest 

lately. There have been developments in the area of 

research for different applications but mainly 

concentrating on off-grid solar applications. To develop a 

hybrid energy storage system (HESS) project, Duke 

Energy has partnered with Aquion Energy, Maxwell 

Technologies, and other parties. When solar power is on 

and the grid varies due to cloud cover or other weather 

conditions, the hybrid system makes advantage of 

Maxwell's supercapacitors to help control solar 

smoothing events in real-time. The solar load is shifted 

with the help of the Aquion batteries to a period when the 

utility is more benefitted. It was implemented for a 1MW 

peak load. The hybrid energy storage system integrates 

patented energy management algorithms. While the 

battery bank provides long-duration power, the 

ultracapacitors handle short, intermittent duties. For 

example, when a cloud passes in front of the PV array, the 

ultracapacitors can quickly stabilize the power. When 

supply exceeds demand briefly, the ultracapacitor will 

absorb the additional energy [20-21].  

Figure 3: Hybrid Energy storage system (HESS) 

 

Figure 4: Hybrid energy storage system at Duke Energy [20] 
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Figure 5: (a) Supercapacitor banks [21] 

 

Figure 5: (b) Izu Oshima Island [21] 

 The development of hybrid battery energy storage 

technologies has been a focus for Hitachi Ltd. By 

combining lead-acid batteries, which offer great capacity, 

safety, and affordability, with lithium-ion capacitors, 

which have the power to react quickly to fluctuations with 

fast charge-discharge cycles, the company has created a 

hybrid battery energy storage system. Together with 

Shin-Kobe Electric Machinery Co. Ltd., the company has 

co-developed a 1.5 MW hybrid battery energy storage 

system. Hitachi has been implementing a hybrid battery 

energy storage system demonstration project on Izu 

Oshima Island, south of Tokyo, in collaboration with 

TEPCO* Power Grid, Inc. Because of its autonomous 

electrical grid, this island was chosen. The project has 

been supported by NEDO (The New Energy and 

Industrial Technology Development Organization). 

 There have been developments in battery-

supercapacitor storage systems for Electric vehicle 

applications as well. The Tata Hybrid Magic car [22], 

created by the Automotive Research Association of India 

(ARAI) and Indian Space Research Organization (ISRO), 

includes a novel hybrid energy storage system that 

combines a normal battery pack with supercapacitors 

provided by ISRO. At Auto Expo 2020, it was on display 

on the Tata Ace platform. When fully charged, the Tata 

Magic hybrid prototype can travel between 120 and 150 

km. This is because 40% of the vehicle's energy needs are 

met by the smaller supercapacitor. As a result, there is a 

decrease in weight and expense and an increase in battery 

life. IIT Jammu & the Queensland University of 

Technology have developed a hybrid supercapacitor 

storage system for Electric vehicles. 

3. Cost Analysis 

Energy Density: In comparison to supercapacitors, 

battery storage has a higher energy density, which allows 

it to store more energy per unit of volume or weight. 

Supercapacitors and batteries with high energy densities 

are combined in hybrid storage. 

Power Density: Compared to batteries, supercapacitors 

have a higher power density, which allows them to 

release and absorb energy more quickly. While batteries 

provide a steady energy supply, hybrid storage systems 

make use of the high-power density of supercapacitors to 

handle peak power demand. 

Efficiency: While batteries lose some energy throughout 

the charging and discharging cycles, supercapacitors are 

more efficient in these operations. The application and 

design specifics have an impact on a hybrid system's 

overall efficiency. 

Cost: Although supercapacitors are typically more 

expensive than batteries, hybrid storage systems can offer 

cost-effective solutions by fusing the two technologies for 

maximum efficiency. 

Lifespan: Compared to batteries, supercapacitors can 

withstand more charging cycles and have a longer 

lifespan. Hybrid storage solutions, on the other hand, can 

increase the battery life by lowering the quantity of 

charge-discharge cycles needed. 

 Considering the 30 KW Micro Grid system (i.e peak 

load of 30 KW) and considering the backup time to be 

provided by the storage system to be 14 Hrs.  

 Therefore, the total energy requirement on the 

storage system is 420 KWH, considering the worst-case 

scenario. The production by solar PV heavily depends on 

the temperature and location of the installation as the 

level of irradiation varies with location. Fig 6 shows the 

solar  

 Irradiation variation throughout a day at one on 

TATA Power co Ltd’s Solar site.  Hence design of the 

hybrid storage system depends on the multiple factors 

like the application, stability, temperature, and location. 

Where there are more chances of disturbances/ transient 

changes to the system, A configuration where 

supercapacitor contributing to the most of KWH 

requirement must be chosen since supercapacitor can 

respond quickly to changes as it releases large amount of 

energy in a short time. Similarly, the system where there 

are less chances of transient disturbances, a configuration 

with less contribution from supercapacitor can be chosen.  

 However, choosing either only supercapacitor or 

only battery storage systems have their own 

disadvantages. i.e., Using only supercapacitor for 

http://www.jenrs.com/


www.jenrs.com Journal of Engineering Research and Sciences, 4(4): 1-7, 2025 4 

 

 

R. Kotana et al. Cost & Efficiency analysis of Battery & SC based Hybrid Energy 

delivering the complete requirement will be very costly 

and not ideal. Similarly, using only battery storage 

implies that the system now cannot respond to any 

disturbances.  It can be observed from the Table.2 that the 

cost of the storage system is the least when only battery 

storage is used & the cost is highest if only supercapacitor 

is used. This implies that both battery & supercapacitors 

if used alone, have their disadvantages & advantages. To 

address their disadvantages by merging their advantages, 

HESS can be a right choice by choosing the correct 

configuration depending on the application.  

Table 1: Characteristics of Li-ion Battery and Supercapacitors [23-29] 

Characteristics Super 

Capacitors 

Li-ion 

Battery 

Specified energy density 

(Wh/ kg) 

1-10 150-200 

Specified power density 

(W/ kg) 

<10000 <2000 

Charging duration 0.3 to 30s 0.5 to 3h 

Discharging Duration 0.3 to 30s 0.5 to 3h 

Life cycles < 50000 5000 

Operating 

Temperature(◦C) 

-45 to 85 -30 to 60 

Eco-Friendliness Moderate Low 

Cost per KWH (in Rs) 31000 17000 

Efficiency 95% 85-95 % 

Table 2: Cost comparison for different configurations  of storage systems. 

Storage 

configuration 

Cost 

(Lakhs

) 

KWH by 

Battery 

KWH by 

Supercapacito

r 

Only Battery 71.4 420 0 

Only 

Supercapacito

r 130.2 0 420 

BAT:80% 

& 

SC:20% 83.16 336 84 

BAT:70% 

& 

SC:30% 89.04 294 126 

BAT:60% 

& 

SC:40% 94.92 252 168 

 

Figure 6: Variation in Solar Irradiation during a day. 

 The primary source PV in the proposed system is 

not always reliable because power output is affected by a 

variety of parameters such as temperature, time, season, 

and other unknowns. Power management between 

battery and supercapacitor are controlled through a 

closed loop control in such a way that the supercapacitor 

reacts to transient, fast changes while the battery reacts to 

low frequency changes. The HESS control loop is depicted 

in Figure 7. 

 

Figure 7: Closed Loop control for power management between 

battery & supercapacitor [30-31] 

 As it can be observed, total current is fed into a Low-

pass filter and the high frequency part was given to the 

supercapacitor and the low frequency part to the battery. 

 The following analysis is done for a 30KW 

Microgrid for a configuration where battery is 

contributing to the 60% & supercapacitor is contributing 

to 40 % of the total energy requirement respectively. The 

following analysis was done considering the peak load 

requirement. Whereas, practically, the energy 

requirement will always be less than 420 KWH. With the 

help of the Table.1, the cost per KWH of battery and 

supercapacitor are calculated for different cases.  

 Figure 8 depicts the initial cost of battery storage & 

Hybrid storage system. It implies that the hybrid storage 

system has 32 % more initial cost than the conventional 

battery systems. However, in a long run, the Hybrid 

storage system has various advantages over the battery 

storage system in terms of cost. 

 

Figure 8: Initial cost for Battery storage & Hybrid storage system 
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Figure 9: Cost comparison after a period. 

 It is clear that the initial cost of the battery storage 

system is less than the hybrid storage system. In the BESS, 

there is no supercapacitor cost and hence the total cost 

will be for the battery set/pack. But in HESS, there is 

inclusion of supercapacitor along with the battery.  

 Therefore, in hybrid storage, there will be cost 

towards the supercapacitor as well because now the 

energy is shared between the battery and supercapacitor. 

As the batteries have limited life cycles, they need to be 

replaced after certain period. For a BESS, the whole 

battery set needs to be replaced after a certain time 

making the replacement cost same as the initial cost. But 

in HESS, the replacement cost would be less because the 

energy contributed by the battery is less as compared to 

BESS thus resulting in the low replacement cost after a 

period. It is also important to notice that with the 

supercapacitor responding to the transient changes in the 

system, the stress on the battery is reduced thereby 

reducing the number of cycles, hence increasing the life of 

the battery i.e., the replacement period in HESS will be 

slightly more than the conventional BESS. 

Figure 10. Summarizes the cost & efficiency analysis 

between BESS & HESS. 

 

Figure 10: Initial cost for Battery storage & Hybrid storage system 

4. Conclusion 

This study analysed the feasibility and efficiency of a 

Hybrid Energy Storage System (HESS) for a 30KW 

Microgrid with a backup time of 14 hours, requiring a 

total storage capacity of 420 KWH. The analysis 

considered various factors such as cost, performance, and 

reliability of different storage configurations involving 

batteries and supercapacitors. The study demonstrated 

that while battery storage alone presents a lower initial 

cost, it suffers from long-term reliability concerns due to 

frequent replacements. On the other hand, HESS 

configuration, where the supercapacitor contributes to 

transient changes and the battery addresses low-

frequency variations, enhances the overall system stability 

and extends battery life by reducing stress cycles. The 

findings suggest that in scenarios with high transient 

disturbances, supercapacitors should have a greater share 

in the storage mix to enhance system responsiveness. 

Conversely, in relatively stable environments, the reliance 

on supercapacitors can be reduced to optimize costs. The 

cost analysis revealed that although HESS has a 32% 

higher initial investment than a traditional Battery Energy 

Storage System (BESS), it offers long-term economic 

advantages by reducing battery replacement costs and 

improving overall efficiency. Even though the work has 

mainly focussed on the cost perspective, the added 

advantage will be because of higher efficiency as well. 

Since the supercapacitor is having a higher efficiency than 

the battery, the efficiency of the combined system will be 

higher than the battery storage & less than the 

supercapacitor storage system. Another main added 

advantage is of the stability. With supercapacitor added 

in the system, if there are any transients/ disturbances 

during the day also, the supercapacitor will respond 

quickly to nullify the effect and will not allow the 

shutdown of the system thereby increasing the reliability 

of the complete system. Furthermore, the study highlights 

that HESS effectively mitigates the limitations of both 

battery and supercapacitor storage by leveraging their 

respective strengths. The implementation of a closed-loop 

control system, which intelligently distributes energy 

between the supercapacitor and battery using a low-pass 

filter, ensures optimal power management. This approach 

minimizes energy losses, enhances response time to load 

variations, and extends the operational lifespan of the 

storage components. In conclusion, the adoption of an 

appropriately configured HESS can provide a cost-

effective and sustainable solution for microgrid 

applications. Future work may focus on optimizing 

control algorithms and exploring alternative energy 

storage technologies to further enhance system efficiency 

and cost-effectiveness. The integration of renewable 

energy sources with an advanced HESS can significantly 

improve the reliability and sustainability of microgrids, 

making them a viable solution for remote and energy-

sensitive locations 
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