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ABSTRACT
The  strategic  deployment  of  electrical  energy  storage  technologies  enables  a

new  power  system  with  higher  renewable  energy  integration  and  further

empowers  the  whole  society’s  transition  to  a  green,  sustainable,  and  techno-

logically  advanced  energy  economy.  Here  we  review  the  shifting  landscape  of

electrical  energy  storage  technologies  in  China,  commenting  on  the

technological  advantages,  breakthroughs,  bottlenecks,  and future directions of

technologies  from  ultrashort-term  options  like  flywheels  to  ultralong-term

solutions  like  hydrogen  storage.  Levelized  cost  of  those  technologies  are

key  in  predicting  their  future  deployment,  while  diversified  local  energy

storage  solutions  are  necessary  to  accommodate  local  energy  resources

and  consumption.  To  promote  deployment  of  electrical  energy  storage

technologies,  multi-sectoral  policies  encompassing  innovation  policy,

regulatory  policy,  financial  incentives,  workforce  training,  as  well  as  locally

tailored planning are needed.
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Shifting technology landscape of electrical energy storage toward carbon neutrality in China.
China’s  commitment  to  achieving  carbon  neutrality  by  2060  necessitates  a  radical
transformation of  its  energy infrastructure,  with a strategic emphasis  on the implementation of
diverse electrical energy storage technologies. This perspective presents a detailed overview for
advancing energy storage from ultrashort-term solutions to ultralong-term options, tackling the
intermittency  of  renewable  energy  sources  and  guiding  policy  with  cost  assessments  and
geographic considerations.
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1.  Introduction
As  the  leading  emitter  of  greenhouse  gases
globally, China’s pathway to carbon neutrality is
a  complex  and  ambitious  endeavor,  requiring
concerted  efforts  across  all  sectors  of  the
economy1.  A  key  change  to  behold  is  a  pro-
found  transformation  in  power  systems.
According  to  the  International  Energy  Agency
(IEA),  the  share  of  electricity  in  final  energy
consumption  is  expected  to  jump  from  20%
today to over 50% by 20502, which is mainly due
to accelerated electrification of end-uses.  In the
pursuit  of  carbon  neutrality,  it  implies  the
imperative  to  generate  as  much  electricity  as
possible  from  renewable  sources.  Solar  and
wind  power,  especially,  are  at  the  forefront  of
China’s  renewable  energy  expansion  due  to
their  scalability  and  increasingly  favorable
economics3. However, the intermittent nature of
these  resources  induces  unique  challenges  as
wind  and  solar  output  varies  with  weather
conditions and time of day. For instance, unlike
traditional  systems  predominantly  powered  by
fossil  fuels  where  output  can  adjust  to  meet
varying  demands,  solar  and  wind  power  lacks
the flexibility to increase production on demand
due  to  its  intermittency,  thus  threatening  grid
stability  and  reliability4.  The  variability  of
renewable energy can also lead to price volatility
in electricity markets. Innovative approaches are
therefore  needed  to  overcome  these
impediments  and  significantly  boost  the
proportion  of  renewable  sources  in  the  power
generation mix.

Current electricity system flexibility is ensured
by  fossil  fuel  plants,  through  enhancing  the
adaptability  of  existing  generation  assets5,  forti-
fying  transmission  and  distribution  networks6,
and  increasing  storage  capabilities7.  To  replace
these  plants  cost-effectively,  alternative  flexib-
ility sources with unique profiles are required to
fulfill a broad range of service demands. Energy
storage,  capable  of  enhancing  the  efficiency,
reliability,  and  flexibility  across  various
segments,  serves as the key solution in modern
electrical  power  systems.  According  to  data
from  the  IEA,  by 2 060,  energy  storage  in  the

form  of  batteries  and  pumped  hydro  will
constitute 40% of  peak capacity  reserves due to
their flexibility values, while dispatchable plants
will primarily fulfill the longer-duration ramping
needs8. Hence, understanding the role of energy
storage  is  pivotal  to  facilitating  power  system
transformation in China.

A growing number of studies have focused on
technological  and  economic  developments  of
energy  storage.  For  instance,  Zhang  and  co-
workers9 developed  a  sequential  investment
decision  model  for  energy  storage  projects
based  on  real  options,  while  Pompei  et  al.10

proposed systematic comparison of  the current
performance  and  costs  of  specific  thermal
energy  storage.  These  attempts  provided  the
initial  realistic  economic  decision  frameworks
and  manifest  the  potential  of  energy  storage  in
modern  power  systems.  Yet,  currently  the
development  of  energy  storage  technologies
faces  a  variety  of  challenges  across  various
application  scenarios,  such  as  low  utilization
rates,  high  installation  costs,  inefficiencies  in
dispersed  systems,  and  a  lack  of  scientific
validation for optimal configuration. A compre-
hensive  overview  of  energy  storage  is  therefore
needed,  in  terms  of  its  development  status,
economic  analysis,  quantitative  projection,  and
pathways that consider the vast geographic and
economic  diversity  across  the  nation.  In  this
perspective,  the  multifaceted  functions  of
energy  storage  as  well  as  relevant  technologies
are  analyzed,  and  a  detailed  pathway  towards
2030  and 2 060 is  presented  for  future  energy
storage  with  time-dependent  and  geographical
projections.  Policy  recommendations  are  also
provided  to  support  the  expansion  and  evolu-
tion of energy storage in China. This perspective
highlights the significance of energy storage and
suggests  pathways  to  support  the  transition
to  a  green,  sustainable,  and  technologically
advanced energy economy.

2.  Electrical  energy  storage:
functions and types
As  the  power  grid  moves  away  from  fossil  fuel
plants,  a  diversity  of  energy technologies  fills  in

the void to maintain secure electricity supply, of
which  energy  storage  has  an  important  role  to
play  (Fig.  1)11.  According  to  the  IEA,  by 2 060
energy  storage  will  provide  11%  of  ramping
flexibility  to  meet  supply  or  demand  changes,
and  29%  of  peak  capacity  to  meet  peak
demand11.

2.1  Functions of electrical energy storage
Specifically,  energy  storage  functions  distinc-
tively  on  the  power  supply,  transmission  and
distribution, and user sides (Fig. 2).

Power supply side
On  the  power  supply  side,  energy  storage  is

instrumental  in  harmonizing  the  supply  of
electricity  with  fluctuating  demand  and
production levels12. For instance, the system can
provide  ancillary  services  such  as  frequency
regulation  and  peak  shaving.  It  allows  for  the
accumulation of excess energy generated during
peak  production  periods,  which  can  be
discharged  during  times  of  low  production  or
high  demand.  Moreover,  the  economic
performance of  traditional power plants can be
enhanced by enabling what is known as “energy
arbitrage”.

Power transmission and distribution side
In  the  realm  of  power  transmission  and

distribution,  managing  the  flow  of  energy
becomes  increasingly  challenging  as  electrical
grids  grow  more  complex  and  interconnected.
Energy  storage  deployed  within  the  trans-
mission  network  can  mitigate  congestion,
enhance  line  capacity  during  peak  loads,  and
stabilize  voltage  levels  across  long  distances13.
This  not  only  helps  in  reducing  transmission
losses, but also delays and negates the need for
expensive  infrastructure  upgrades  and  capacity
expansion14.

User side
At  the  user  level,  energy  storage  transforms

the  way  that  consumers  interact  with  the  grid
from  passive  to  active  participation,  offering
increased  independence  and  reliability  while
potentially lowering energy costs with electricity
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Fig. 1.  Energy  technologies  to  maintain  secure  electricity  supply  in  China11. Note:  Energy  supply,  peak  capacity  (to  meet  peak  demand),  ramping  flexibility  (to
respond to changes in supply or demand), and stability (to control disturbances) are provided. Produced from data released by the IEA from Ref. 11.
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trade15.  Additionally,  for  users  with  installed
renewable energy systems, such as rooftop solar
panels, energy storage is indispensable. It allows
for  the  storage  of  surplus  energy  generated
during the day, which can then be used at night
or  during  cloudy  and  windless  periods,
maximizing  the  use  of  generated  renewable
energy  and  reducing  reliance  on  the  grid16,17.
This self-sufficiency is particularly appealing for
commercial  entities  looking  to  reduce  their
carbon  footprint  and  for  residential  areas  in
remote  locations,  where  grid  access  may  be
unreliable or unavailable.

2.2  Types  of  electrical  energy  storage
technologies
The  spectrum  of  energy  storage  technologies
spans  across  multiple  storage  time  scales,  and
they serve different  functional  needs within the
power  system  (Fig.  3)18–24.  (Note:  the  storage
time  or  storage  duration  for  an  energy  storage

technology  refers  to  the  length  of  time  that  the
system  can  sustain  power  output  at  its
maximum discharge or output rate.)

2.2.1  Ultrashort-term technologies
At  one  end  of  the  spectrum  with  the  shortest
storage  time  of  less  than  half  an  hour  are
ultrashort-term  energy  storage  technologies
such  as  flywheels  and  supercapacitors25.  These
technologies  excel  in  providing  rapid  response
to  immediate  fluctuations  in  the  grid,  offering
services like frequency regulation and ramp-rate
control.

Flywheel
In  flywheel  energy  storage,  motors  facilitate

the  rapid  spinning  of  the  flywheel,  converting
electricity  into  kinetic  energy  for  storage.  When
power  is  required,  the  flywheel  activates  a
generator26.  The  main  challenges  for  flywheel
energy  storage  include  high  manufacturing
costs and issues related to material strength and

durability.  Internationally,  countries  like  the
United  States  and  Germany  lead  in  flywheel
technology,  especially  in  high-speed  systems,
focusing  on  improving  energy  density  and
efficiency,  while  the  research  of  flywheels  in
China  began  in  the  1980s27.  In  recent  years,
significant advancements have been achieved in
China  in  terms  of  the  technology  break-
through  of  a  large-capacity  magnetic  levitation
flywheel driven by axial-flux permanent magnet.
The  demonstration  breakthroughs  in  2024
include  the  22  MW/4.5  MWh  flywheel  energy
storage station in Ningxia, and the 100 MW/0.83
MWh flywheel storage station in Hubei28,29.

Supercapacitor
In addition to flywheel energy storage, super-

capacitors  represent  another type of  ultrashort-
term energy storage device. They operate based
on  electric  double-layer  adsorption,  surface
redox  reactions,  and  the  rapid  insertion  and
removal  of  ions  to  store  energy30.  Its  com-
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Fig. 3.  Comparison  of  electrical  energy  storage  technologies18–24. Note:  Duration,  capacity  cost,  and  system  power  ratings  are  listed  for  various  energy  storage
technologies. The yellow, red, grey, and green oval shades on the left of the figure represent ultrashort-term, short-term, long-term, and ultralong-term energy storage
technologies,  respectively.  Reproduced  with  permission  from  Ref. 18,  ©  The  author(s)  2014,  for  flywheel;  Ref. 19,  ©  the  Royal  Society  of  Chemistry  2016,  for
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mercial  uses  in  military  applications  and
electronics  are  well-developed.  Companies
from  Japan  (Nichicon  Corporation),  the  United
States  (Nesscap  Energy  Inc.),  and  Korea  of
Republic  (LG  Chem)  are  leaders  in  this  field,
currently  dominating  much  of  the  global
market31,32.

2.2.2  Short-term technologies
For  slightly  longer  durations,  ranging  from  half
an hour to four hours, short-term energy storage
technologies  like  various  types  of  batteries
(lithium-ion  battery33,34,  sodium-ion  battery35,
lead–acid battery36, lead–carbon battery37,38, and
sodium–sulfur  battery39)  become
representative. These batteries are instrumental
for daily load leveling, helping to bridge the gap
between  daytime  energy  generation  peaks  and
consumption  peaks,  and  are  also  critical  for
renewable  integration  where  they  mitigate  the
effects  of  transient  clouds  or  reduced  wind
speeds on power output.

Lithium-ion battery
According to the statistics from China Energy

Storage  Alliance,  the  cumulative  installed
energy  storage  capacity  reached  86.5  gigawatts
(GW) by the end of 202340. Notably, installations
of  new  types  of  energy  storage,  primarily
represented  by  batteries,  surpassed  30  GW  for
the  first  time,  reaching  34.5  GW/74.5  GW·h.
Lithium-ion  batteries  accounted  for  appro-
ximately  97.3%  of  this  capacity.  Furthermore,
data  released  by  the  Ministry  of  Industry
and  Information  Technology  of  China  indicate
that in 2023, the total production of lithium-ion
batteries  nationwide  exceeded  940  GW·h,  of
which  the  application  in  energy  storage
contributed 185 GW·h.

The dominance of lithium-ion batteries in the
market  underscores  their  high  efficiency,
declined  costs,  and  suitability  for  a  range  of
applications,  from  small-scale  residential  to
large-scale  industrial  uses41,42.  For  instance,  in
early  2024,  the  National  Energy  Administration
officially  announced  a  list  of  56  new  types  of
energy  storage  demonstrations  covering  the
main  technological  routes  discussed  above.
Among these, 17 projects are related to lithium-
ion  battery  while  two  projects  are  related  to
sodium-ion  battery.  The  Three  Gorges–
Ulanqab  next-generation  grid-friendly  green
power  station  demonstration  project,  the  first
renewable  energy  station  in  China  with  an
energy  storage  capacity  reaching  gigawatt-hour
scale,  is  equipped  with  0.55  GW  of  storage
capacity and a duration of 2 hours with lithium-
ion  battery.  This  allows  it  to  store  the  energy
generated  by  110  5-MW  wind  turbines  opera-
ting  at  full  capacity  for  2  hours.  However,  the
market’s  heavy  reliance  on  lithium-ion
technology  highlights  the  need  for  diversifying
energy storage solutions.

Alternative batteries
Alternative  battery  chemistries,  such  as

sodium-ion  battery,  lead–acid  battery,  lead–

carbon  battery,  and  sodium–sulfur  battery  will
offer  various  benefits  including  lower  costs,
resource  availability,  or  thermal  stability,  which
are  crucial  for  specific  applications  or  different
climatic conditions43–46.

2.2.3  Long-term technologies
Long-term  storage  technologies,  including
pumped  hydro  storage,  compressed  air  energy
storage,  flow  batteries,  gravity  energy  storage,
and  thermal  energy  storage,  are  designed  for
storing energy  for  more than four  hours.  These
systems  are  vital  for  balancing  energy  over
longer periods, such as across different weather
conditions and between hours when renewable
energy availability may vary significantly.

Pumped hydro
Pumped  hydro  storage  is  the  most

established  form  of  energy  storage  in  China,
which  is  used  on  a  large  scale  and  involves
storing  energy  in  the  form  of  water  in  an
elevated  reservoir  pumped  from  a  lower
reservoir  when  energy  demand  is  low.  At
demand peaks, water flows back from the upper
to  the  lower  reservoir  via  turbines,  producing
electricity47,48.  Pumped hydro storage is capable
of  storing  large  amounts  of  energy
economically,  which  makes  it  a  backbone
for  load  balancing  over  longer  durations
and  during  periods  of  seasonal  demand
variations49,50. China’s pumped storage industry
started  relatively  late  but  has  since  made
significant strides. After years of development, it
has established a complete industrial chain and
has reached advanced global standards in areas
such  as  equipment  design  and  power  station
operation.

Compressed air energy storage
In compressed air energy storage systems, air

is  compressed  using  electricity  during  low  grid
demand  and  stored  under  high  pressure  in
locations  such  as  abandoned  mines,  under-
water tanks,  caves,  and purpose-built  gas wells.
During  periods  of  peak  grid  demand,  the
compressed  air  is  released  to  power  steam
turbines  and  generate  electricity51.  China’s
research  into  compressed  air  energy  storage
systems  commenced  comparatively  late,  with
foundational studies launching in 200352.  In the
years  since,  the  nation  has  aggressively
championed  the  advancement  of  compressed
air  energy  storage  technology,  enacting  a  suite
of  policies  designed  to  foster  innovation53–55.
Key demonstrations showcasing compressed air
energy  storage  in  China  include  the  validation
platform in Guizhou that  manifest  its  industrial
potential  for  load  leveling,  the  national
demonstration  situated  in  the  salt  caverns  of
Jiangsu  that  highlights  the  localization  of
corresponding  equipment  and  the  initial
attempt  to  utilizing  salt  caverns  for  energy
storage,  and  the  national  demonstration  in
Shandong  that  set  a  significant  milestone  with
the  highest  efficiency,  the  largest  capacity,  and
the  lowest  construction  cost56.  These  initiatives

are  pivotal  in  demonstrating  the  practical
applications  and  potential  of  compressed  air
energy  storage  technology,  setting  industry
standards,  and  providing  critical  data  and
insights  that  will  guide  the  future  trajectory  of
long-term  energy  storage  solutions  across
China.

Flow battery
Flow batteries represent another crucial long-

term  energy  storage  technology,  operating  on
the  principle  of  electrochemical  conversion.
They store energy in liquid electrolyte solutions
housed in external tanks, which flow through an
electrochemical  cell  that  converts  the  stored
energy  into  electricity57.  Flow  batteries  are
especially advantageous for their scalability and
the  ability  to  quickly  ramp  up  their  output  or
recharge58.  In 2022, with the technical expertise
of  the  Dalian  Institute  of  Chemical  Physics,
Chinese  Academy  of  Sciences,  the  world’s
largest flow battery energy storage power station
was  officially  connected  to  the  grid  and  began
operation,  which  is  the  world’s  largest  both  in
capacity  and  power  output  and  capable  of
generating hundreds of megawatts.

Gravity energy storage
In  addition  to  the  above  two  emerging

technologies,  gravity  energy  storage  is  another
innovative  technology  that  leverages  the
potential  energy  of  heavy  objects  to  store  and
release  energy59.  The  basic  principle  involves
using  excess  electricity  during  periods  of  low
demand  to  lift  heavy  weights,  such  as  large
concrete  blocks  or  steel  containers,  to  a  higher
elevation.  When  energy  demand  increases,  the
weights  are  lowered,  and  the  gravitational
potential  energy  is  converted  back  into
electricity  through  generators60,61.  A  key
demonstration  in  China  is  the  Energy  Vault
gravity  energy  storage  system  in  Jiangsu.  The
main structure of  the system, the gravity  tower,
measures  122  meters  in  length,  110  meters  in
width,  and  148  meters  in  height.  It  utilizes
12,600  individual  gravity  blocks,  each  weighing
25 tons. The combined weight of the tower and
the  gravity  blocks  exceeds  800,000  tons,
approaching  the  weight  of  China’s  tallest
building, the Shanghai Tower. Once completed,
the system will  have an energy storage capacity
of  100  MW·h  and  25  MW,  representing  the
world’s  first  commercial,  utility-scale,  non-
pumped  hydro  gravity  energy  storage  system.
However,  gravity  energy  storage  faces
challenges  such  as  the  need  for  large-scale
infrastructure,  which  can  be  expensive  and
requires  significant  space.  Additionally,  the
efficiency  of  energy  conversion  and  the  wear
and tear  on mechanical  components  over  time
are  areas  that  need  ongoing  research  and
development.

Thermal energy storage
In  addition  to  storing  energy  in  the  form  of

electricity,  thermal  energy  storage  stores  excess
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energy by converting it  into heat,  which can be
stored in various materials such as molten salts,
rocks,  or  water,  and  later  converted  back  into
electricity  or  used  for  direct  heating62,63.  A
prominent  demonstration  is  the  Dunhuang
molten  salt  tower  thermal  energy  storage  pro-
ject in Gansu. This project utilizes concentrated
solar  power  technology,  where  mirrors  focus
sunlight onto a central tower to heat molten salt
to  high  temperatures.  The  Dunhuang  project
has  a  storage  capacity  of  100  MW,  providing  a
continuous  power  supply  for  up  to  11  hours,
significantly  enhancing  the  reliability  of  solar
power.

Likewise,  cool  thermal  energy  storage  is  a
similar method for storing thermal energy in the
form of cold64. This technology is primarily used
to  manage  cooling  demands  in  buildings  and
industrial  processes  by  shifting  energy
consumption to off-peak hours, thus enhancing
energy  efficiency  and  reducing  costs65.  One
notable demonstration is  the Suzhou Industrial
Park  cool  thermal  energy  storage  system.  This
large-scale  chilled  water  storage  system  is
designed  to  meet  the  cooling  demands  of  the
extensive industrial and commercial facilities in
the park. Such a system has a storage capacity of
150  MWh,  offering  substantial  energy  savings
and operational efficiency and serves as a model
for other large-scale applications of cool thermal
energy storage technology.

2.2.4  Ultralong-term technologies
At  the  other  end  of  the  energy  storage  techno-
logy  spectrum  are  ultralong-term  storage  tech-
nologies  like  hydrogen  storage.  Hydrogen  can
be  produced  during  periods  of  excess  rene-
wable energy via electrolysis, stored indefinitely,
and then used either to regenerate electricity or
as  a  fuel  for  various  applications66,67.  This
technology  is  particularly  promising  for  its
potential to handle seasonal storage needs with
the  time  scale  of  more  than  100  hours,
effectively  decoupling  the  time  of  energy
production  from  its  use  and  facilitating  a
transition to a fully renewable energy grid.

As  China continues  its  relentless  pursuit  of  a
carbon-neutral  future,  it  is  crucial  to  under-

stand  and  deploy  these  diverse  energy  storage
technologies in a strategic, coordinated manner.
Each  technology  offers  unique  benefits  and  is
suited  to  specific  tasks  within  the  broader
energy  system,  from  immediate  grid
stabilization  to  seasonal  energy  management
(Table 1). Also, the integration and optimization
of these diverse technologies within the national
grid  are  paramount.  This  requires  not  only
technological  innovation  but  also  regulatory,
financial,  and  policy  frameworks  that  promote
the adoption and integration of energy storage.

3.  Electrical  energy  storage
roadmap:  techno-economics  and
temporal-spatial distribution
As  China  ambitiously  steers  towards  its  carbon
neutrality goal by 2 060, the roadmap for energy
storage  becomes  critical.  Central  to  this
roadmap  are  two  main  trends  that  will  shape
the evolution of energy storage: the competition
and  selection  of  energy  storage  technologies
based on techno-economics, and the temporal-
spatial distribution of energy storage capacity.

3.1  Techno-economics of technologies
The levelized cost of energy storage (LCOS) is an
important tool and frequently used to assess the
market  share  of  different  electrical  energy
storage  technologies,  which  measures  the
discounted cost per unit of discharged electricity
for  a  specific  storage  technology  and
application.

In  a  pioneering  study  that  examines  grid
energy  storage  across  durations  and
frequencies,  Schmidt  and  co-workers68

calculated  the  LCOS  projections  for  seven
technologies  across  twelve  power  system
applications  from  2015  to  2050,  including
supercapacitor,  flywheel,  battery,  flow  battery,
pumped  hydro,  compressed  air,  and  hydrogen
(Fig. 4)68,69. They found that: a) flywheel, battery,
flow  battery,  and  hydrogen  energy  storage  are
able to meet diversified storage demands; b) the
LCOS will decrease by one-third by 2030 and by
half  by  2050  across  the  applications;  and
c)  lithium-ion  batteries  are  expected  to  be  the

most  cost-effective  for  almost  all  stationary
applications from 2030. The study indicates that
investing  in  alternative  technologies  could  be
unproductive  unless  they  achieve  significant
performance  enhancements  to  remain
competitive with lithium-ion batteries.

Another  study  by  Li  et  al.70 found  that  the
electrochemical  technology  (primarily,  batt-
eries)  and  hydrogen  storage  technology  display
cost-effectiveness  in  short-term  storage  and
long-term  storage,  respectively.  Specifically,  by
2025,  lithium-ion  batteries  will  hold  a  compe-
titive edge in most scenarios where the duration
is under 4 hours, whereas hydrogen will be cost-
effective  in  scenarios  exceeding  100  hours.
While  pumped  hydro  is  expected  to  dominate
the  electrical  energy  storage  market  for
durations  ranging  from  4  to  48  hours,  by  2035
the  cost  benefits  of  lithium-ion  batteries  and
hydrogen  storage  are  projected  to  extend  to
durations  of  10  hours  and  48  hours,  respe-
ctively,  due  to  rapid  advancements  in  battery
and hydrogen technologies.

The  above  progress  emphasizes  the
importance of  LCOS in predicting market shifts
and  directing  policy  and  investment  of  various
technologies.  It  indicates  that  with  cost
reduction,  lithium-ion  batteries  are  extending
their  dominance  into  short-term  durations
while  hydrogen  and  flywheel  emerge  as  viable
options  for  ultralong-term  and  ultrashort-term
storage.

3.2  Temporal-spatial  distribution  of
electrical energy storage
The temporal  and spatial  distribution of  energy
storage  capacity  are  important  considerations
for  planning  of  the  energy  storage  roadmap,  as
they  would  affect  policy-making  for  different
time and different locales.

3.2.1  Temporal  distribution  of  electrical  energy
storage
Several  reports  have  offered  different  estimates
of energy storage capacity from 2020 to 2060. In
terms  of  total  capacity  (Fig.  5(a)40,71–77),  during
the  carbon  peaking  period  up  to  2030,  energy
storage capacity is expected to reach 410 GW to

 

Table 1.  Comparison of response, duration, efficiency, and lifetime for various electrical energy storage technologies.

Technology Response Duration Efficiency (%) Lifetime (year)

Ultrashort-term
Flywheel ms–min ms–min 93–95 >15

Supercapacitor ms ms–min 90–95 >20

Short-term

Lead battery ms–min <4 h 75–90 5–10

Sodium-ion battery min <4 h 90–95 5–15

Lithium-ion battery min <4 h 95–98 5–15

Long-term

Pumped hydro min 4–100 h 75–85 40–60

Compressed air min 4–100 h 70–85 20–40

Thermal min 4–100 h 50–60 20–30

Gravity min 4–100 h 80–90 20–30

Flow battery min 4–100 h 60–85 5–10

Ultralong-term Hydrogen storage ms–min >100 h / 10–20
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700 GW; by 2050, storage capacity is expected to
reach 1,090 GW to 1,830 GW; by 2 060 as carbon
neutrality is achieved, storage capacity may rise
to 1,250 GW to 2,000 GW.

In  terms  of  energy  storage  capacity  of
different  technologies  (Fig.  5(b)71),  ultrashort-
term  energy  storage  technologies,  primarily
comprising  flywheel  and  supercapacitor,
occupy  a  smaller  proportion  of  the  market  and
are  expected  to  grow  from  21  GW  in  2030  to
62  GW  by 2 060,  mainly  serving  applications
like auxiliary frequency regulation with thermal
plants.  Short-term  energy  storage  technologies,
dominated  by  batteries  and  especially  lithium-
ion  batteries,  are  used  extensively  for  peak
shaving  and  are  projected  to  expand
significantly,  from  138  GW  in  2030  to  950  GW
by 2060. Long-term energy storage technologies,
catering  to  extended  periods  of  energy
retention, will  see accelerated growth especially
in  emerging  technologies  such  as  compressed
air  and flow batteries,  growing from 373 GW in

2030 to 481 GW by 2 060 in aggregate. Ultralong-
term  energy  storage  technologies,  crucial  for
smoothing  seasonal  power  fluctuations  and
enhancing renewable energy output and mainly
involving  chemical  storage  solutions  like  green
hydrogen,  are  anticipated  to  increase  from  21
GW in 2030 to 130 GW by 2060.

3.2.2  Spatial  distribution  of  electrical  energy
storage
The spatial distribution of future energy storage
is  affected  by  local  endowments  of  renewable
energy  sources  and  local  economic
characteristics (Fig. 5(c))71,78-81.

Northeast China region
In  the  Northeast  region,  including  major

provinces  like  Heilongjiang,  Jilin,  and Liaoning,
cogeneration  energy  storage  systems  are
suitable.  The  colder  average  temperature  and
extended  winter  hinder  the  operation  of
electrochemical  battery  systems  but  create  a
significant  demand  for  thermal  energy,  making

cogeneration  storage  system  a  flexible  energy
supply  solution  and  a  small  increasement  in
ultralong-term energy storage.

North China region
The  North  China  region  serves  as  the

economic  hub  of  the  north,  including  Beijing,
Tianjin,  Hebei,  Shanxi,  and  Inner  Mongolia.
This  area  has  a  high  energy  demand,  hence  a
significant  need  for  energy  storage,  particularly
in frequency regulation. Inner Mongolia, with its
substantial  energy  reserves  and  potential  for
wind and solar power, is poised to see increased
demand for energy storage on the power supply
and  transmission  sides,  and  therefore  the
hydrogen  storage  is  typically  selected  with
increased capacity.

Central China region
Central  China,  with its  well-developed hydro

network including provinces like Henan, Hubei,
and  Hunan,  benefits  from  the  abundant
hydropower  resources  of  the  Yellow  and
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Yangtze  River  basins.  Energy  storage  via
pumped hydro is feasible herein, and the strong
capability  on  the  power  supply  side  can
adequately  meet  the  hydroelectric  needs  of
North  and  Central  China,  thereby  reducing  the
demand for other types of power storage.

East China region
East  China,  another  economic  center

including  Shanghai,  Jiangsu,  Zhejiang,  Anhui,
Fujian,  Jiangxi,  Shandong,  and  Taiwan,
experiences  high  electricity  demand  and  load,
necessitating  substantial  transmission-side  and
(ultra)short-term energy storage. The economic
prosperity also spells vast potential for user-side
energy  storage,  providing  major  regulation
capabilities for the grid.

South China region
The  South  region  includes  Guangdong,

Guangxi,  Hainan,  and  the  Hong  Kong  and
Macao  areas.  Economically  advanced  areas
exhibit  high  electricity  demands,  while  the
electrochemical  battery  industry  in  Guangdong
provides  economic  advantages,  promoting  the

adoption  of  batteries  and  (ultra)short-term
energy storage technologies.

Southwest China region
The  Southwest  region,  mainly  including

Sichuan,  Chongqing,  Guizhou,  Yunnan,  and
Xizang,  has  rich  potential  for  hydropower
generation  and  storage  with  the  high  terrain,
which diminishes the demand for other types of
energy storage.

Northwest China region
The  Northwest  region,  comprising  Xinjiang,

Qinghai, Gansu, Ningxia, and Shaanxi, is rich in
wind  and  solar  resources,  necessitating
substantial  energy  storage  installations  to
balance  both  power  supply  and  transmission
sides. This area is also a major domestic lithium
resource  region,  which  supports  the
establishment  of  electrochemical  storage
industries  to  enhance  both  (ultra)short-term
and (ultra)long-term energy storage.

Such  diverse  geographic  and  climatic
conditions  across  the  regions  necessitate
tailored  approaches  to  energy  storage  that

consider both local renewable energy potentials
and  specific  economic  needs.  As  illustrated  in
the  above  assessments  and  forecast,  the
demand  for  energy  storage  will  significantly
increase by 2 060, including in both (ultra)short-
term  and  (ultra)long-term  storage  capacities.
These  projections  align  with  the  goals  of
enhancing  grid  stability,  integrating  a  higher
share  of  renewable  energy,  and  providing
reliable  power  supply  across  varied  demand
scenarios.  Furthermore,  the  development  of
regional  energy  storage  solutions,  such  as  the
adaptation  of  cogeneration  systems  in  colder
climates  and  the  exploitation  of  hydropower  in
mountainous  areas,  underscores  the
importance  of  a  nuanced  approach  that
leverages  local  strengths.  The  integration  of
advanced technologies like lithium-ion batteries
and  green  hydrogen  not  only  supports  the
energy  transition  but  also  catalyzes  regional
economic  development,  thus  forming  a
cornerstone  of  China’s  strategy  to  balance
energy  security,  economic  stability,  and
environmental sustainability.

 

400

a

c

b
3,500

3,000

2,500

2,000

1,500

1,000

500

E
n
e
rg

y
 s

to
ra

g
e
 c

a
p
a
c
it
y
 (

G
W

)

E
n
e
rg

y
 s

to
ra

g
e
 c

a
p
a
c
it
y
 (

G
W

)

2021

0 40 80 120

Energy storage capacity (GW)

0 150 300 450 600

2023

Optimistic projection

Conservative projection

CNESA

APCO

CIAPS

CSEE 2023

GEIDCO

DNV

CESA

2025

Calendar year

2030 2040 2050 2060

300

200

100

Northwest

Southwest

South

East

Central

North

Northeast

0

300

0
2030

Calendar year

Year 2060

Pumped hydro

(Ultra)Short-term

(Ultra)Long-term

Year 2030

2050 2060

600

900

1,200

1,500

1,800

2,100
Ultrashort-term

Short-term

Long-term

Ultralong-term

Fig. 5.  Projections for energy storage capacity toward 2030 and 2 060 40,71–77. (a) Optimistic (red) and conservative (blue) projections for energy storage capacity in
2030,  2040,  2050,  and  2060  according  to  the  listed  reports  (the  red  coloured  zone) 40,71–77.  The  projections  are  made  based  on  the  estimated  capacity  of  renewable
energy sources and the cost as well as durations of future energy storage. (b) Projections for ultrashort-term, short-term, long-term, and ultralong-term energy storage
in  2030,  2050,  and 2 06071. (c) Geographical  energy  storage  distribution  in  2030  and  2060.  Seven  typical  districts,  including  northeast,  north,  central,  east,  south,
southwest, and northwest of the nation are projected71.

Review https://www.sciopen.com/journal/3007-6544

Liu, J. N. et al. Technol Rev Carbon Neutrality, 2025, 1: 9550004 DOI: 10.26599/TRCN.2025.9550004 7 of  10
 

https://www.sciopen.com/journal/3007-6544/
https://www.sciopen.com/journal/3007-6544/
https://www.sciopen.com/journal/3007-6544/
https://doi.org/10.26599/TRCN.2025.9550004


4.  Multi-sectoral  policy  recom-
mendations
Looking towards 2 060,  electrical  energy storage
in China will embark upon profound changes to
support  the  country’s  ambitious  carbon
neutrality  goals.  These changes  will  encompass
a  wide  array  of  technologies  and  applications,
each playing a strategic role in the power grid’s
evolution.  As  renewable  energy  sources  like
solar  and  wind  continue  to  scale  up,  the
demand for innovative energy storage solutions
to  address  their  intermittency  will  significantly
increase.  Based  on  the  comprehensive  analysis
presented  in  the  previous  sections,  which
outlines the challenges and opportunities of the
energy  storage  technology  landscape,  the
following  policy  recommendations  are
proposed  to  bolster  the  development  and
implementation  of  energy  storage  solutions.
These  recommendations  aim  to  address  the
technical, economic, and regulatory aspects that
will support the expansion and evolution of the
energy storage toward carbon neutrality.

a) Incentivize research and development in
emerging  technologies. Given  the  critical  role
of  electrical  energy  storage  in  achieving  carbon
neutrality,  the  government  should  provide
robust  funding  and  incentives  for  research  and
development  in  cutting-edge  storage
technologies,  including  but  not  limited  to
lithium-based  batteries,  hydrogen  storage,  flow
batteries,  and  compressed  air  energy  storage
systems. Such support should aim to reduce the
cost  of  these  technologies  and  improve  their
efficiency and scalability. Collaboration between
academia,  industry,  and  government  research
institutions  should  be  encouraged  to  foster
innovation  and  accelerate  the  transition  from
laboratory  to  market.  Additionally,  establishing
dedicated  innovation  hubs  and  technology
parks  can  facilitate  knowledge  sharing  and
attract relevant investment.

b)  Implement  regulatory  frameworks  to
support  grid  integration. Currently,  regulatory
inconsistencies  still  exist,  especially  with  regard
to compensation mechanisms for stored energy,
which  may  discourage  investment  in  storage
technologies.  A  comprehensive  regulatory
framework  that  specifically  addresses  the
integration  of  various  energy  storage
technologies  into  the  national  grid  is  essential.
This  framework  should  include  guidelines  for
grid  interconnection,  standards  for  safety  and
performance,  and  protocols  for  energy  trading,
particularly  for  stored  energy.  It  should  also
promote  the  decentralization  of  energy  storage
by  supporting  installations  in  both  urban  and
rural  areas,  thereby  enhancing  grid  resilience
and  reducing  transmission  losses.  Policies  that
mandate a certain percentage of energy storage
capacity  for  new  renewable  installations  can
also ensure that the growth in renewable energy
capacity  is  matched  by  adequate  storage
infrastructure.

c)  Establish  financial  incentives  for
electrical  energy  storage  deployment.
Financial  mechanisms  such  as  tax  credits,
subsidies,  and  low-interest  loans  can  be
instrumental  in  promoting  the  adoption  of
energy  storage  systems  across  residential,
commercial,  and  industrial  sectors.  For
example, the government can introduce feed-in
tariffs  for  the  energy  discharged  from  storage
systems  during  peak  demand  periods,  which
will  make  energy  storage  investments  more
attractive.  Additionally,  public-private
partnerships  can  be  leveraged  to  fund  large-
scale  storage  projects,  particularly  in  regions
where  energy  security  is  critical  or  where  grid
stability needs significant reinforcement.

d)  Enhance  technical  training  and
workforce  development. As  energy  storage
technologies become more prevalent, there will
be a growing need for skilled professionals who
can  install,  maintain,  and  manage  these
systems.  In  China,  several  provinces  have
already  launched  training  programs  in
partnership  with  universities  and  research
institutes  to  cultivate  expertise  in  battery
technology and energy management.  However,
there  is  still  a  need  for  more  standardized  and
comprehensive  training  initiatives  to  address
the  regional  skill  gaps  and  support  the  rapid
expansion of the sector. The government should
invest  in  technical  training  programs  at
universities,  vocational  schools,  and  through
online platforms to educate and certify workers
in  the  energy  storage  sector.  This  initiative
should  also  focus  on  current  energy  sector
employees,  providing  them  with  the  necessary
skills  to transition to roles in the energy storage
industry.  This  will  not  only  ensure  the
availability  of  a  skilled  workforce  but  also
support  job  creation  in  the  new  energy
economy.

e)  Promote  regional  energy  storage
solutions. Recognizing  the  geographical  and
climatic  diversity  of  China,  policies  should
encourage  the  development  of  region-specific
energy  storage  solutions  that  align  with  local
energy needs and renewable energy availability.
For  instance,  regions  with  abundant  hydro
resources  could  benefit  from  pumped  hydro
storage,  while  areas  with  geothermal  activity
might focus on thermal energy storage systems.
Local  governments  should  be  empowered
through grants and technical support to develop
and  implement  these  tailored  solutions.  This
localized  approach  will  ensure  that  energy
storage  systems  are  optimally  designed  and
utilized,  maximizing  their  impact  on  both
regional  and  national  energy  stability  and
sustainability.

5.  Conclusion
In  conclusion,  this  perspective  presents  a
comprehensive  overview  of  the  technologies
that  will  drive  the  future  of  electrical  energy
storage  in  China,  analyzing  their  importance,

types  and  functions,  techno-economics,  and
temporal-spatial  distribution projections, which
are  tailored  to  meet  the  dynamic  needs  of
evolving  energy  infrastructure.  Targeted  policy
recommendations  are  also  provided  to  foster
the expansion and evolution of electrical energy
storage  capabilities.  These  recommendations
aim  to  refine  regulatory  frameworks,  stimulate
investment  in  new  technologies,  and  facilitate
the  integration  of  energy  storage  solutions
across  sectors.  This  perspective  highlights  the
pivotal  role  of  electrical  energy  storage  in
supporting  China’s  transition  toward  a  green,
sustainable,  and  technologically  sophisticated
energy economy.
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