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Abstract : A supercapacitor, also called an ultracapacitor or an electrochemical capacitor, stores electrochemical energy by
the adsorption/desorption of electrolytic ions or a fast and reversible redox reaction at the electrode surface, which is distinct
from the chemical reaction of a battery. A supercapacitor features high specific power, high capacitance, almost infinite
cyclability (~ 100,000 cycle), short charging time, good stability, low maintenance cost, and fast frequency response.
Supercapacitors have been used in electronic devices to meet the requirements of rapid charging/discharging, such as for memory
back-up, and uninterruptible power supply (UPS). Also, their use is being extended to transportation and large industry
applications that require high power/energy density, such as for electric vehicles and power quality systems of smart grids. In
power generation using intermittent power sources such as solar and wind, a supercapacitor is configured in the energy storage
system together with a battery to compensate for the relatively slow charging/discharging time of the battery, to contribute to
extending the lifecycle of the battery, and to improve the system power quality. This article provides a concise overview of the
principles, mechanisms, and classification of energy storage of supercapacitors in accordance with the electrode materials. Also,

* To whom correspondence should be addressed.
E-mail: jhryu@dongguk.ac.kr; Tel: +82-54-770-2859; Fax: +82-54-770-2874
o] =72 Faricta 231 wad o WS 71dste] R E sy
doi: 10.7464/ksct.2021.27.4.277 pISSN 1598-9712 elSSN 2288-0690

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licences/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

277



278 &w% - 5E%

oftl

it provides a review of the status of recent research and patent, product, and market trends in supercapacitor technology. There are
many challenges to be solved to meet industrial demands such as for high voltage module technologies, high efficiency charging,

safety, performance improvement, and competitive prices.

Keywords : Supercapacitor, Energy storage system, Electric energy storage, Electrochemical capacitor, Ultracapacitor
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Figure 1. Classification of energy storage and conversion
technologies [1,6,7].



Table 1. Comparison of properties of storage technologies [5,8]
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Technology Energy deﬁsity Power de_rllsity Dis.charge R0.11nd trip Cyclil.lg . Life Suitable §torage
[Whkg'] [Wkg'] time efficiency [%] capacity time [yr] duration
PHS 0.5~1.5 1 ~24 ht+ 65 ~ 80 20,000 ~ 50,000 40 ~60 h~mo
CAES 30 ~ 60 1 ~24ht+ 70 ~ 89 10,000 ~ 30,000 20 ~40 h~mo
CES 150 ~250 10~30 1~8h 40 ~ 50 20 ~40 min ~ d
HTES 80 ~200 1 ~24h+ 5~15 min ~ mo
NaS 150 ~240 150 ~230 s~h 70 ~90 2,500 10~15 s~h
VRB 10~30 s~h 60 ~ 85 12,000+ 5~10 h~mo
ZEBRA 100~ 120 150 ~ 200 s~h 85~90 2,500+ 10~ 14 s~h
ZnBr 30~60 s~10h 60 ~ 85 2,000+ 5~10 h~mo
Ni-Cd 50~75 150 ~ 300 s~h 72 2,000 ~ 2,500 10~20 min ~d
Lead-Acid 30~ 50 75 ~300 s~h 70 ~90 500 ~ 1,000 5~15 min ~ d
Li-ion 120 ~ 265 150 ~ 340 m~h 85~90 1,000 ~ 10,000+ 5~15 min ~ d
Fuel cells 800 ~ 10,000 500+ s~24 h+ 1,000+ 5~15 h~mo
Metal-Air 150 ~ 3,000 s~24 ht+ <50 100 ~ 300 h~mo
SMES 0.5~5 500 ~ 2,000 ms~8s ~97 100,000+ 20+ min~h
FES 10~30 400 ~ 1,500 ms ~ 15 min 80 ~ 95 20,000+ ~15 S ~ min
SCES 2.5~15 500 ~ 10,000 ms ~ 60 min 75~ 80 100,000+ 20+ s~h
CS 0.05~5 ~ 100,000 ms ~ 60 min 60 ~90 50,000+ ~5 s~h
24 (pumped hydro storage, PHS), ¥ <7 X](Lead-Acid, PbS) 107
= s st gAZ, EEF711H A A A (compressed-air 10
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Figure 2. Ragone plot for different energy storage devices [10].
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Table 2. Comparison of the performance for electrochemical different energy storage system [11]

Parameter Capacitor Supercapacitor Battery
Energy density (Wh kg™) <0.1 1~10(~1,091) 70 ~ 100 (~ 1,606)
Power density (W kg™") >10,000 1,000 ~ 2,000 (~ 196,000) 50 ~200 (< 1,000)
Charge time 10° ~10%s s to min 0.03~3h
Discharge time 10° ~107s s to min 1~5h
Coulombic efficiency (%) ~ 100 90 ~ 95 (up to 99) 70 ~ 85
Cycle Life (cycle) > 500,000 (~ infinite) >100,000 500 ~ 2,000
Charge storage determinants | Electrode area, dielectric | Microstructure of electrode and electrolyte | Thermodynamics and active mass
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Figure 3. Schematic cyclic voltammograms (a, b, d, €, g, h) and corresponding galvanostatic discharge curves (c, f, i) for various kinds of
energy-storage materials (1) electric double layer materials: (a), (¢) potential-independent capacitance and current, (2)
pseudocapacitive materials: (b) surface redox materials (d) intercalation-type materials, or (¢) intercalation-type materials showing
broad but electrochemically reversible redox (3) battery-like materials : (g ~ 1) [12].
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Figure 4. Schematic representation of (a) electrical double-layer capacitors (EDLCs), (b) pseudocapacitors (PCs) and (c¢) hybrid

supercapacitors (HCs) [17].
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Table 3. Material selection and performance characteristics of EDLC, PC and HC [1,13-16]

Characteristics EDLC

Pseudo capacitor (PC)

Hybrid capacitor (HC)

Carbon-based materials:
activated carbon, graphene,
CNT and polymeric carbons

Electrode material

MOs: MnO,, NiO, RuO,
CPs: PANI, PT and PPY

Combination of ELD material and
pseudo-capacitive material

Electrolyte Aqueous (> 1)
(Working Volatage) Nonaqueous (> 3.3)

Aqueous (> 1)
Nonaqueous (> 3)

Aqueous (> 1)
Nonaqueous (> 4.2)

Energy density (Wh kg™) 6.8~12<52~6.2>

167 ~223 <9.1>

132 ~231<6.2~37>

Power density (kW kg™ 98,000 ~ 165 <5.8 ~ 6.6>

21,000 ~ 220 <1.4>

2,800 ~57<0.9 ~3.5>

Specific capacitance (F g™) 200 ~300<5.2 ~6.1>

200 ~ 1,340 <12.5>

50 ~1,893 <8.5 ~44.4>

Cyclability (cycles) 100,000 <5E5 ~ 1E6> 5,000 <1E5> 12,000 <2.5E4>
Capacitance retention (%) 60 ~ 100 52~96 80~95
Charee storage mechanism Physical: (non-faradaic) Chemical (faradaic): Physical + Chemical:
& € ELD (electrosorption) Redox reactions EDL, Redox, intercalation

Low Ejy, low Cs, good rate

Summary capability, good cyclic stability

High Eg, high Cs, high Py,
low rate capability

High E4 & Py, good cyclability,
polymer/C composite: moderate cost & stability,
Li/C capacitor: high cost

<>: Universal values of commercialized products - Maxwell (BCAP3000, BCAP0310, PCAP0300), Vinatech (VEC 2R7 308 HG-W, VHC

2R3 807 QG), YUNASKO (3000 F E-cell, 1.3 Ah cell) [16]

Table 4. Comparison of carbon and its composite as supercapacitor electrodes [15]

Electrode material Pore size Specific surface aREA Capacitance | Rate capability | Stability | Cost

Carbon Pore size can be designed Low High Good Low

Metal oxides Difficult to tailor High Low Poor High
Carbon-MOs composite| Pore size can be tailored | Controlled by the carbon material High Good Good | Moderate
AT U GO YPOR T > glol of A Bl & EHL MYstr] BrHel TG Shed), B ol B,
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V;0s, Co304 “5*’] ;ﬂo]%‘%‘ﬂﬁ]ﬁ(Mos)gl Aol 24 %’S’JE, A
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Table 5. Different Capacitor electrode materials [10]
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Classification Electrode materials Electrolyte Capacitance (F g'')
AC Aqueous (NaOH / KOH) 200 ~ 400
Templated carbon Aqueous (NaOH / KOH) 120 ~ 350
CNT Aqueous (NaOH / KOH) 20 ~ 180
Carbide-driven carbon Tonic liquids (KCI/ NaCl) 100 ~ 150
EDLC electrode Carbon black Aqueous (NaOH / KOH) <300
materials Carbon Aerogels / xerogels Aqueous (NaOH / KOH) 40 ~200
Graphite and reduced Graphene oxide (rGO) B trzglr;i}gg?ﬁ;ﬁ;gh) 10 ~150
Mesoporous carbon KOH 180
AC fibers KOH 180~210
RuO; H,SO, 650 ~ 735
MnO, K>SO, 261
Ni(OH), KOH 578
MnFeO, PF; (Hexafluorophosphate) 126
TiN KOH 238
V205 KCl 262
. Aqueous 120 ~ 1,530
Polyanaline (PANI)
Pscudocapacitive Non-aqueous 100 ~ 670
electrode materials Polypyrrole (PPY) Aqueous 40~ 588
Non-aqueous 20 ~ 355
Polythiophene (PTh) Non-aqueous 1.5~6
. Non-aqueous 20 ~220
Poly (3-methyl thiophene) (PMT) —
Ionic liquid 15 ~225
Aqueous 100 ~ 250
Poly (3,4-ethylenedioxythiophene) (PEDOT) Non-aqueous 121
Tonic liquid 130
Poly (4-flourophenyl-3-thiophene) (PFPT) Non-aqueous 10 ~48
Carbon / rGO Na,SO4 175 ~430
RuO, / MWCNT H,S0, 169.4 mF cm’!
MnO, / MWCNT NaSO4 141
) ) MnO, / CNTA* Na,SO4 144
g G0/ “
PAN? / Carbon nanofibers KOH 134
PANI/ MWCNT H>SO, 360
PPY /MWCNT* H,SO, 200
PANI nanotubes / Titanium nanotubes H,SO, 740

*MWCNT ~ Multiwalled carbon nanotubes, CNTA ~ carbon nanotube arrays, PAN ~ Polyacrylonitrile.
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Figure 5. The number of reported research articles including
keywords both supercapacitor and energy storage
(Analyzed with Scopus data in Oct. 26th 2021).
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Figure &. Trend of the number of research projects and funding by
government (Analyzed with NTIS data in Nov. 2021).
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Table 6. Current status of major research organizations [30]
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Organization Research project description
Incheon National Low-cost, High Performance, Green Supercapacitors via 2-Dimensional Transition Metal Sulphide /CNT
University Heterostructure and Its Application Toward Monolithic lIoT Flexible Module Platform
UNIST Development of film-type flexible supercapacitors with microstructured electrodes based on nanomaterials
KIER Development of Meta Metal-Organic Frameworks and Its Energy Storage
KAIST On-demand high efficiency battery and supercapacitor for energy cloud system
KIST Synthesis of Edge-Rich Graphene Coated on Highly Ordered Multi-Block Nanotubes for Anode in Lithium Ion
Battery and Supercapacitors
KERI Development of high-efficiency H,Ti 2025 / graphene composites and hybrid supercapacitors
KICET Unuse woody biomass derived activated carbons for supercapacitors
POSCO Chemical Development of manufac.turlng technology independence of advanced activated carbons and application for high
performance supercapacitor
. -1 e .. .
Samwha Capacitor The.development of battery ca.pacnor (58 Wh L") composed of graphene and lithium transition metal oxide based
flexible electrode for [oT device
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Figure 7. Patent application trend of supercapacitor (2009 ~2018) [27].
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223 ESS A1 E+= 20199 11.1 GWhollA 2020 19.9
GWho. SHEgla(Table 7), FF ST ABTF 36% o4
78 20259 942 GWh SeE Zole ojAelel, v
ESSAIZ TR 20199 3.7 GWha 20189 5.6 GWhETH
33.9% A239.08, REC 8% 7129 Sek 0 24 o)+, )
HY(]AHA)) =5 BLHY, 36 FA B 52 Yl E &
“th28,29].

QHH, 22 FHATAE APEZ 20189 529 oA &
oA ABEJEE(CAGR) 28.5%% Jg5to] 2474 1719
AT o] =gd Aoy 2 % 4 oYX, 4, 7Hd
ARF AJF 2ok A EHE, WA 7FA7171, &, A
P& oA ZofollA FEAog FA4star 3oH 189 12
67621 FEOoA CAGR 13.7%=2 A7As5to] 249 2% 3,071Y
Hoj| o]F Aolzt A5t AF] Al HA| 53 &2
F& oA 15.6%2 & ABH YFES HolH, FF &
tEH|E &oko] Al 7t 7] EEH30].

FAHA 7| FH o A= LDA (Latent Dirichlet Allocation) £

Table 7. Global ESS market size [28]

(GWh) 2019 | 2020 | 2021 2022 | 2025
Global 11.1 19.9 29.5 43 94.2
North America 3.6 8.4 12.7 18 36.9
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Table 8. Roadmap of supercapacitor technologies by Ministry of SMEs and Startups [30]

Technologies Key indicators Target (~ 23”) Requirements description
High temperature stability, highly conductive material, thin film
Current collector e 1 . . . .
Leakage current (mA) 50 processability, light weight, corrosion resistance and potential
(electrode) o1
stability
Activated C (electrode) Ca[();cgl?.)nce 35 High capacity, high density, and high conductivity
Electric binder . . . . -
Q
(electrode) Resistance (m{2) 3 Good cohesion, low resistance, potential stability
Electrolytes Voltage (V) 35 Potential .Ste}blll'[y, high ionic conductivity, suitable temperature
characteristics
Hybrid SC module Resistance (m ) 20 The operatlf)n of bala.rllcmg circuit, ovc?woltage, module. voltage
drops, efficiencies of inverter conversion and module discharge
EDLC module Power density (KW kg™) 20 Lar'ge capacity, high voltage, insulation, light weight, internal
resistance
Electrochemical Corrosion resistance, high temperature stability
SC housing characteristics within the | -40C ~+100C | (Electrochemical characteristics by vapor pressure and operating
operating temperature temperatures)
Capacitor management Standardization | overcharging, overtemperature, and voltage monitoring (design
P & Cell to cell voltage deviation | of evaluation | of control module, analysis and standardization of evaluation
system
technology technology)

Table 9. SWOT analysis of detailed component technologies [32]

[S] ©demand growth prospect
O Variety of applications.

[W] ©small domestic market
O Lack of source technology and infrastructure

Active carbon
[O] ©Expansion of applications (HEV, EV)
© Expanded range of use of high-power ESS

[T] ©Relatively high cost compared to batteries
© Japanese monopoly
© Chinese price competitiveness

[S] ©Increased demand for large-sized SCs

[W] ©Lack of original technology for various electrolytes

Electrolyte | [O] © .Quantitati.ve & qualitative increase [T] © Lack of source technology
in domestic cell manufacturer © Lack of industrial property rights
© The growth of global demand
[S] ©demand growth [W] ©small domestic market
0 customer-tailored quality improvement 0 Lack of source technology and infrastructure
Collector

[O] ©The growth of global demand

[T] ©Japanese technology and market monopoly
© a narrow market

[S] Strength, [W] Weakness, [O] Opertunities [T] Threats

HAEY 7|9 ENRdyE $95t, 559 £ 1PC
71EA A 715kt 8 47|e BALZ ARVt HEE AA
34l 7]&E Table 83t o] £/t EF 2023 D714
A=) AAA, 4%, vile 9 A4, 123 2E -5k
d-e 7le 59 £ ¥4 7le Bopd 94 5xE 4
gstod AAlst, 71e JEHA S FRSFATH30]. 2L
71&=9 42 diH] YT oF 80%9] V&, 71E
A% 19908 FrtEH, 71&A3} &As B=(95.4%), S
(88.8%), EU (81.3%), 3H(79.9%)& & o7} glout 8

A=Al EAderS YE O Kuraray Chemical?} Osaka Gas
Chemicalo ] T3 goteha Qo0 A olo] e
ol fEstar Qo] &A1 =4keE BRAJo] o3| ol
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Table 10. Global supercapacitor manufacturing company

Company Description
MAXWELL Research and production parts in San Diego
TECHNOLOGIES | Produced small products in Taiwan and large ones in Europe
(USA) Products lineup of various Eq & P4 (3 ~3,400F,2.7~3V),

Engine start module (U.S.) for heavy-duty truck, start-stop system for vehicles in 2014, regenerative braking system
of Lamborghini’s Sidn in 2019 (for weight and recharge time), Mounted on over 1 million EVs
M&A by TESLA in 2019, and sold to UCAP power™ in 2021

Yageo Corporation
(Taiwan)
-KEMET (U.S.)
- TOKIN (JPN)

KEMET (U.S.) complete acquisition of NEC TOKIN in 2017

In 2020, KEMET corporation was acquired by Yageo of Taiwan

TOKIN corporation; Having thin film EDLC with low ESR for initial and long-term use. Product 20 Wh kg™' class

KEMET: Ceramic, tantalum, Al electrolytic capacitors, and supercapacitors (SMD can / radial pin 0.047 ~ 1 F, radial
molded 0.047 ~ 0.1 F, radial 1 ~ 50 F, snap-in 100 & 200 F) for low voltage & DC hold-up applications.

Yageo: company specializes in passive devices (global 3™ in 2020) - chip resistors, capacitors (No. 1 in tantalum
capacitor, No. 3 in multilayer ceramic capacitor) and inductors.

NIPPON
CHEMI-CON
CORPORATION
(JPN)

Manufacturer capacitors and electronics components, having two subsidiaries: United Chemi-Con (in U.S.) and Europe
Chemi-Con (in Germany)

The Expansion ELDC business for automotive in 2014

Supplied to capacitor-powered start-stop system of Honda.

Product: DLCAP™ DXE/DXF/DXG/DKA series and modules 7.5 V 133 F & 466 F (HAY 3 2> #al2iit)

EPRI (USA)

Development a distributed power system combining 3 kW-PEMFC and EDLC with subsidiaries (NREL ORNL) in
2001.

Target: Grid-related hybrid fuel cell system with high speed response and high load adaptability.

kWh ~ 1 MWh class of ESS combining FC and SCs by 2009.

To evaluate a series of capacitor-based energy-saving devices for utilities and end-use customers in 2021.

INMATECH (USA)

Application for smart mobility and smart grid, by reinventing SC technology
Several supercapacitor projects for hybrid electric vehicles.
Aqueous electrolyte product, safe and economical price

I0XUS (JPN)

The only company in North America with fully integrated SC design and manufacturing facilities

1S09001:2015, UL certified

Products : iCAP supercapacitor, iMOD modules, THINCAP cell

Power Systems Co., Ltd was acquired by IOXUS in 2012.

EDLC module supplied for hybrid buses and wind power generation in China (2014).

A product designed to operate at > 1,000,000 cycles and > 70 C.

Application: pitch control of wind mills, vehicle subsystems, UPS, backup power supplies, small portable devices,
grid/power compensation and hybrid driving trains, ESS, etc.

Skeleton Technologies
(EU)

Started developing graphene-based SC in 2009

Manufacturing facility in Estonia (2014) and Germany (2018).

SkelGrid for grid scale power solution SkelMod modules

SkelCap graphene Cells: 5,000 F, 3.0 V, 0.2 mQ, 28.4 kW kg, 11.1 Wh kg ~2.85V, 300 F, 20 kW kg™, 5.4 Whkg™
ISO 9001:2014, 14001:2014, RoHS Compliant, UL certified.

General Electric (USA)

First developer (patent application) of EDLC in 1957 and Holds lots of patents.
For advanced energy storage technology in pickup trucks
Graphene SCs for vehicles in 2014

PANASONIC (JPN)

Matsushita Electric to changes name to Panasonic corporation in 2008,

worldwide leader in the development and manufacture of electronic products.

The module of automotive EDLC as a power storage element instead of batteries, and adopted as backup power supply
of a brake system in Aug. 2021

Discontinued small-sized ELDCs (gold capacitors): multilayer coin type (Jan. 2020) and wound type (Oct. 2021), and
to focus new products of Conductive polymer electrolytic capacitors, Al electrolytic capacitors, film capacitors.
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Table 11. Domestic supercapacitor manufacturing company

Company

Description

LS materials
(KOR)

Spin-off from LS Mtron in 2021, Started research in 2005, and began production in 2006.

Developed with a focus on high-capacity products and application for wind power, UPS, hybrid vehicles, and bus
applications.

Patents related to module and connection parts contact resistance

Supplied to Chinese commercialized bus.

A variety of products: cell LSUC (100 ~ 3,400 F), module LSUM (4.1 F 403.2 V 450 mQ~ 500 F 16.2 V 1.7 mQ2).
Applications: home appliances, SSD, windmill pitch control syste, robots, military, vehicles and trams, etc.

VINA tech (KOR)

Started research in 2004, and began mass production in 2005.

Construction of a production plant in Vietnam in 2018.

Now occupied 16% of the global market for medium-sized SCs.

On sales HyCap brand cell and modules (Cylindrical chip & coin types), Hybrid Li capacitor 3.8 V 30 ~ 250 F with
low leakage current

Applications: smart meter, battery auxiliary system, RTC and memory backup, blackbox, etc.

Samwha Electric
(KOR)

Hybrid capacitor development in Oct. 2013

Wide ranges of various products (100 ~ 7,500 F, EDLC, hybrid)

Green-cap (EDLC: single cell and module), Al E-cap (Aluminum Electrolyte capacitor: conductive polymer hybrid,
miniature, large, surface mount, conductive polymer), etc.

Application: IoT, medical devices, UPS, hybrid & FC vehicles, wind power pitch control, solar street lamp, railway
regenerative braking auxiliary power, subway and tram, hybrid bus.

KORCHIP (KOR)

a partner company of Samsung Electro-Mechanics

STARCAP (EDLC): Small coin type (3.3 ~6.3 V, 0.033 ~ 1.5 F), radial type (2.3 ~3.0 V, 1 ~ 120 F), module type (5.0
~7.5V,033~7.5F), Lugtype (2.5~2.7V, 100 ~ 360 F) for UPS.

Application: wind power generation, solar photovoltaic, and electric vehicles, mobile and small home appliances,
meters, GPS, etc.

VITZRO (KOR)

Subsidiary company of VITZRO Tech, Li batteries specialist.
EDLCs from 2013: VSCS (Lead and Lug type) and VSCM Series (2021)
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