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Abstract 
With the global energy transition, renewable energy development has attracted 
significant attention. However, its intermittency and instability necessitate ef-
ficient energy storage technologies. This study focuses on hybrid energy stor-
age technology combining supercapacitors and batteries in parallel, providing 
an in-depth analysis of their performance characteristics. Batteries suffer from 
drawbacks such as poor low-temperature performance, low energy density, 
and low charge-discharge efficiency, whereas supercapacitors offer advantages 
like high capacitance, long charge-discharge lifespan, wide operating temper-
ature range, and rapid charge-discharge capability. When connected in paral-
lel, these two technologies complement each other in terms of power charac-
teristics and temperature adaptability, optimizing the performance of the hy-
brid energy storage system. Through modeling of the hybrid energy storage 
system, the study theoretically demonstrates its ability to enhance battery per-
formance. In practical applications, such as hybrid electric vehicles, this tech-
nology has shown advantages like improved energy recovery efficiency and 
extended driving range. However, challenges remain, including the high cost 
of supercapacitors, the need for optimized control strategies, and the require-
ment to expand temperature ranges and energy density. In the future, with 
technological advancements, this hybrid energy storage technology is expected 
to see widespread application, promoting efficient and sustainable energy de-
velopment.  
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1. Introduction 

In the current era of evolving global energy landscapes, sustainable energy supply 
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and efficient utilization have become core issues for future human development. 
With the increasing depletion of traditional fossil fuels and the environmental pol-
lution and climate change caused by their excessive use, countries worldwide are 
turning their attention to the development and utilization of renewable energy. A 
wave of transition to clean energy is sweeping the globe. Solar and wind energy, 
among other renewable sources, are inexhaustible and naturally advantageous, with 
their share in the energy supply system growing annually, making them the main 
drivers of energy structure adjustment. These renewable energies not only help 
reduce greenhouse gas emissions and mitigate global warming but also foster new 
economic growth points and create more employment opportunities. Addition-
ally, as technology advances, the cost of renewable energy is gradually decreasing, 
making it more economically viable and attractive. Therefore, governments and en-
terprises are actively investing in renewable energy projects to secure a favorable 
position in the future energy market [1] [2] (Figure 1). 

 

 
Figure 1. Proportion of renewable energy in electricity generation in recent years. 

2. Performance Analysis of Supercapacitors and Batteries 
2.1. Performance Limitations of Batteries 

1) Deterioration in Low-Temperature Performance: In low-temperature envi-
ronments, battery performance significantly declines. As temperatures drop, the 
viscosity of the electrolyte inside the battery increases, slowing in diffusion rates. 
According to the Nernst equation (1): 

 0 ( / )E E RT nF Lna= +   (1) 

(where E is the battery’s electromotive force, E0 is the standard electromotive 
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force, R is the gas constant, T is the temperature, n is the number of electrons 
transferred in the reaction, F is Faraday’s constant, and a is the activity), both the 
electromotive force and reaction rate decrease, leading to reduced battery capac-
ity. For example, in cold winters, vehicle batteries may fail to provide sufficient 
starting current, making it difficult to start the engine. 

2) Limited Energy Density: Compared to some newer energy storage technolo-
gies, batteries have relatively low energy density. Energy density refers to the 
amount of energy stored per unit volume or mass of the battery. For hybrid elec-
tric vehicles, lower energy density means larger and heavier batteries are needed 
to meet range requirements. For instance, under the same range demand, batteries 
with low energy density may occupy more vehicle space and increase weight. Ac-
cording to Newton’s second law (2): 

 F ma=   (2) 

(where F is force, m is mass, and a is acceleration), increased vehicle weight re-
quires more energy to overcome gravity and inertia during acceleration or climb-
ing, reducing vehicle performance and energy efficiency. 

3) Low Charge-Discharge Efficiency: During charging, electrical energy under-
goes complex electrochemical reactions to convert into chemical energy for stor-
age. However, this process is not entirely reversible, resulting in energy loss. For 
example, some electrical energy is dissipated as heat within the battery during 
charging and cannot be stored effectively. According to the law of energy conser-
vation, the input of electrical energy equals the stored chemical energy plus the 
dissipated heat. The charge-discharge efficiency formula (3): 

 out inE / Eη =   (3) 

( outE  is the output energy and inE  is the input energy) is reduced because is 

outE  less than inE  due to heat dissipation [3] (Figure 2). 
 

 
Figure 2. Percentage decline in battery capacity at different temperatures. 
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2.2. Performance Advantages of Supercapacitors 

1) High Capacitance: Supercapacitors use activated carbon powder and acti-
vated carbon fibers as polarizable electrodes, significantly increasing the contact 
area with the electrolyte. According to the capacitance formula (4): 

 C S / dε=   (4) 

(where C is capacitance, ε is the dielectric constant, S is the plate area, and d is the 
plate spacing), larger plate areas result in higher capacitance. Thus, the capaci-
tance of double-layer capacitors can easily exceed 1F, with the maximum capaci-
tance of a single supercapacitor currently reaching 5,000F, surpassing conven-
tional capacitors by 3 - 4 orders of magnitude. This high capacitance is advanta-
geous in applications requiring large energy storage, such as energy recovery sys-
tems in electric vehicles, where it can store braking energy quickly and provide 
support for subsequent acceleration or high-power demands. 

2) Long Charge-Discharge Lifespan and High Discharge Current: Supercapac-
itors can endure up to 500,000 charge-discharge cycles or 90,000 hours, whereas 
batteries rarely exceed 1,000 cycles. For example, in urban buses with frequent 
starts and stops, supercapacitors can maintain performance over long-term cy-
cling. They can also provide high discharge currents, such as 950A for a 2,700F 
supercapacitor, with peak currents reaching 1,680A. In contrast, batteries would 
suffer shortened lifespans under such high currents. Supercapacitors meet high-
power demands in applications like electromagnetic catapult systems or rapid ac-
celeration in electric vehicles. 

3) Wide Operating Temperature Range and Material Safety: Supercapacitors 
operate between −40˚C and +70˚C, performing stably across a broad temperature 
range. Batteries struggle in extreme temperatures, especially in cold environments. 
Supercapacitors are also made from safe, non-toxic materials, unlike traditional 
batteries like lead-acid or nickel-cadmium, which pose environmental and health 
risks during use and disposal. This makes supercapacitors ideal for environmen-
tally sensitive applications like indoor electronics or medical devices. 

4) Rapid Charge-Discharge Capability: Supercapacitors can charge in seconds to 
minutes, whereas batteries would be dangerous or impractical to charge so quickly. 
This makes supercapacitors excellent for energy recovery and rapid energy replen-
ishment. For example, in hybrid vehicles, they quickly absorb braking energy, im-
proving recovery efficiency. In devices requiring frequent charge-discharge cycles, 
like laser pulse systems, supercapacitors can charge rapidly and deliver high-en-
ergy pulses [4]-[6]. 

2.3. Feasibility Analysis of Supercapacitors and Batteries in Parallel 

1) Power Characteristic Complementarity: Hybrid vehicles face complex oper-
ating conditions. During acceleration or climbing, power demand spikes accord-
ing to the formula (5): 

 P Fv=   (5) 
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where greater traction force F is needed to increase speed or overcome resistance. 
Batteries, limited by electrode materials and electrochemical reactions, struggle to 
deliver high currents instantly, as shown by the high-rate discharge formula (6): 

 dqI nF
dt

=   (6) 

Supercapacitors, with their large plate area S and high capacitance C, can release 
large charges quickly per and, providing high currents for power demands. For ex-
ample, during sudden acceleration, supercapacitors supplement power instantly. 
During braking, they absorb energy rapidly, compensating for slow battery charg-
ing. This parallel configuration ensures stable operation across varying condi-
tions, enhancing performance [7]. 

2) Temperature Adaptability Synergy: Battery performance is highly tempera-
ture dependent. According to the Arrhenius equation (7): 

 
Ea
RTK Ae

−
=   (7) 

Low temperatures reduce the reaction rate constant k, increasing internal re-
sistance and reducing capacity, while high temperatures accelerate material deg-
radation. Supercapacitors, with their wide operating range (−40˚C to +70˚C), re-
main stable. In cold environments, they support power output, easing battery load; 
in heat, they maintain functionality, ensuring system reliability in diverse condi-
tions [8] [9]. 

3. Hybrid Energy Storage System Design 
3.1. Basic Structure of Hybrid Energy Storage 

The key components of the system include a battery bank, supercapacitor bank, 
and bidirectional DC/DC converter (Table 1). In the system architecture, the su-
percapacitor bank and battery bank are first connected to a bidirectional Buck/Boost 
converter before being connected to the DC busbar [10]. 

 
Table 1. Core modules of the hybrid energy storage system and their functions. 

Module name Function description 

Supercapacitor Bank Responds to high-frequency, short-term power fluctuations (such as 
sudden load changes or instantaneous charge/discharge demands) 

Battery Bank Provides sustained energy support for low-frequency, long-duration 
discharge scenarios (such as nighttime or low irradiance conditions) 

Bidirectional DC/DC 
Converter 

Enables bidirectional energy flow between storage units and the 
DC bus, regulating voltage and power distribution 

Energy Management 
System (EMS) 

Dynamically coordinates power allocation between batteries and 
supercapacitors, optimizing system efficiency and lifespan 

 
This design has significant advantages. On the one hand, it fully leverages the 

high-power density of supercapacitors, allowing them to respond rapidly to high-
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power demand scenarios and efficiently provide or absorb energy. On the other 
hand, by increasing the capacity of the energy storage unit (the battery pack), the 
hybrid energy storage system is ensured to have stronger energy storage capabili-
ties, thereby ensuring the entire system operates flexibly and controllably. Whether 
under steady-state or dynamically changing conditions, it can work stably and re-
liably [11]. 

3.2. Capacity Ratio of Supercapacitors and Batteries 

Supercapacitor capacity critically impacts system performance. If they are too 
small, they fail to meet high-power demands; if they are too large, they occupy 
excessive space and increase costs. Research suggests an optimal ratio is 10 - 20 
times the battery capacity relative to the supercapacitor. This balance ensures rapid 
response from supercapacitors and sustained energy supply from batteries, opti-
mizing performance, space, and cost [12]. 

3.3. Simulation of Hybrid Energy Storage with Supercapacitors 
and Batteries in Parallel 

In standalone photovoltaic systems (Figure 3), hybrid energy storage with super-
capacitors and batteries effectively suppresses power fluctuations using low-pass 
filters, ensuring precise energy management. The system employs single-loop con-
stant-current control to regulate batteries and supercapacitors, maintaining stable 
operation [13] [14]. 

 

 
Figure 3. Application of hybrid energy storage system in grid energy storage. 

 
SOC (State of Charge) zoning management divides supercapacitor operation 

into discharge limit, discharge warning, normal operation, charge warning, and 
charge limit zones. This approach adapts charging and discharging strategies to 
prolong system lifespan and optimize performance. 

Using Advisor software simulation, a comparative analysis of battery SOC 
changes was conducted under mixed energy storage and single energy storage 
conditions in the same classic scenario. As shown in Figure 4, it can be seen that 
under single energy storage, the battery’s SOC decreases rapidly, while under 
mixed energy storage, the decrease in battery SOC is significantly slower, outper-
forming single energy storage. This is because in mixed energy storage, the addi-
tion of supercapacitors can effectively share the discharge burden of the battery, 
reducing the discharge pressure on the battery [15]-[17]. 
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Figure 4. Comparison of battery SOC between mixed energy storage and single energy 
storage. 

 
To more intuitively demonstrate the protective effect of mixed energy storage 

on batteries, a further comparisor was made of the battery current curves in mixed 
energy storage and single energy storage. Figure 5 shows the battery current curves 
in mixed energy storage and single energy storage. It can be seen that the battery 
current in mixed energy storage is basically around 50 A, while the current in 
single energy storage is significantly highel. High-rate currents inevitably have a 
greater impact on the lifespan of batteries in single energy storage, potentially pos-
ing safety hazards. In contrast, in mixed energy storage systems, supercapacitors 
can undertake the task of high-rate current charge and discharge, thereby reduc-
ing the charge and discharge current of the battery, effectively extending its lifespan, 
and improving the overall power system’s safety [18][19]. 

 

 
Figure 5. Comparison of current between mixed energy storage and single energy storage. 

 
The system uses three-phase inverter technology to convert DC to AC for grid 

integration. Voltage and current dual-loop PI (Proportional Integral) control en-
sures stable, high-quality AC output. PWM (Pulse Width Modulation) drives the 
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inverter’s power switches, enabling precise regulation and seamless grid connec-
tion [20]. 

4. Conclusion 

The parallel hybrid energy storage of supercapacitors and batteries holds signifi-
cant value in renewable energy development. Theoretically, their complementary 
power, charge-discharge, and temperature adaptability characteristics are evident. 
Supercapacitors’ high power and rapid response compensate for battery short-
comings, while batteries’ higher energy density ensures endurance. In practice, 
this hybrid system excels, such as in hybrid vehicles, where supercapacitors enhance 
energy recovery and reduce losses during urban driving. However, challenges like 
high supercapacitor costs, control strategy optimization, and performance im-
provements remain. Despite these hurdles, the technology’s future is promising. 
With advancements, costs may decrease, and performance will rise, enabling wide-
spread application across fields and contributing to efficient, sustainable energy 
development. 
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