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Battery  energy  storage  systems  (BESS)  are  a  cornerstone  of  net-zero
energy systems, yet their safety, performance, and lifetime are fundamentally
constrained by thermal management. Existing approaches primarily focus on
internal cooling strategies such as air, liquid, and immersion cooling, while the
thermal  interactions  between  BESS  and  the  broader  energy  system  remain
insufficiently explored.  Here,  we classify  current  thermal  management  tech-
nologies and discuss the emerging role of artificial intelligence in simulation,
optimization,  sensing,  and  control.  We  further  argue  that  the  substantial
waste heat generated by large-scale BESS represents an underutilized energy
resource. Integrating intelligent thermal management with waste heat recov-
ery  offers  pathways  toward  safer,  more  efficient,  and  more  sustainable
deployment of BESS in future energy systems.

 THERMAL MANAGEMENT
BESS are  expected  to  play  a  dominant  role  among  future  energy  storage

technologies owing to their high operational flexibility and strong geographic
adaptability.  Batteries  are  highly  sensitive  to  operating  temperature.  For
commonly used lithium-ion batteries (LIBs), temperatures between 0 oC and
40 oC  are  generally  acceptable,  while  a  narrower  range  of  15-35 oC  is
preferred,  with  temperature  uniformity  maintained  within  5 oC.  Operating
outside this range may adversely affect battery lifespan, efficiency, and ther-
mal  safety.  During  the  operation,  a  portion  of  the  input  energy  is  inevitably
converted into heat. The energy efficiency of LIBs typically ranges from 85%
to  95%.  For  a  1  MWh  battery  energy  storage  system,  assuming  5%  of  the
input  energy  is  dissipated  as  heat,  charging  and  discharging  generate
approximately  10-50 kW of  thermal  power,  underscoring  the  need  for  dedi-
cated thermal management systems (TMS).

The  TMS  of  BESS  must  fulfill  multiple  functions,  including  cooling,  pre-
heating, temperature homogenization, and the suppression of heat propaga-
tion  during  thermal  runaway  events.  TMS  consists  of  two  interacting  parts:
the  internal  thermal  organization  surrounding  the  batteries  and  the  external
heating  and cooling  sources  (Figure  1).  The internal  component  focuses on
creating  efficient  thermal  pathways  to  facilitate  heat  transfer  between  the
batteries  and  carriers,  while  the  external  sources  aim  to  reduce  energy
consumption and enhance system reliability.

 INTERNAL ORGANIZATION
Heat transfer fundamentally occurs via conduction, convection, and radia-

tion,  with  convection  typically  dominating  the  overall  heat  transfer  within
BESS. Common convective thermal carriers include air,  single-phase liquids,
and two-phase refrigerants, whose heat transfer coefficients increase in that
order due to their intrinsic properties. Thermal carrier selection is governed by
physical  properties  such  as  thermal  conductivity,  heat  capacity,  viscosity,
electrical conductivity, dielectric constant, flammability, material compatibility,
and cost,  which collectively determine system efficiency, safety,  and reliabil-
ity.  The  organization  of  the  thermal  carrier  further  determines  the  thermal
management  strategy.  Direct  contact  with  the  battery,  either  air  or  liquid,
corresponds to air and immersion cooling, respectively, while separation by a
cold plate with single-phase liquids or two-phase refrigerants corresponds to
liquid  and  direct  cooling.1 Among  these  approaches,  immersion  cooling  is
emerging  as  a  promising  solution  for  large-capacity BESS,  providing  excel-
lent  temperature  uniformity  while  inherently  reducing  the  risks  of  thermal
runaway and fire.

Besides, several promising technologies are also under exploration, includ-
ing phase-change materials (PCMs), heat pipes, internal-current heating, and

advanced thermal conduction or insulation materials.1 A key thermal charac-
teristic  of  BESS  is  that  battery  heat  flux  is  moderate  due  to  relatively  low
charging and  discharging  rates,  while  requirements  for  temperature  unifor-
mity  and  safety  remain  high.  Transient  thermal  behavior  from  dynamic
charging and  discharging  necessitates  a  rapid  response  from  TMS.  Conse-
quently,  a  primary  challenge  for  BESS  is  to  temporally  and  spatially  adjust
thermal  pathways  to  maintain  uniform  temperature.  For  example,  in  typical
cubic battery packs,  internal  cells  naturally  exhibit  higher  thermal  resistance
than external ones, which can be compensated by adjusting thermal conduc-
tivity or coolant flow. Furthermore, the performance of technologies such as
immersion cooling and PCMs depends strongly on material properties, high-
lighting the  critical  role  of  material  innovation.  These  considerations  under-
score  the  importance  of  co-design  across  materials,  devices,  and  systems,
with appropriate placement of multiple technologies to achieve efficient BESS
thermal management.

 HEATING AND COOLING SOURCE
Internal  thermal  organization  technologies  primarily  facilitate  the  transfer

of  heat  generated  by  batteries  to  an  appropriate  thermal  carrier,  whereas
external heating and cooling sources must be integrated and coordinated to
ensure  the  continuous  and  reliable  operation  of  the  TMS.  Conventional
research on battery TMS has primarily focused on internal thermal organiza-
tion.  However,  given  the  relatively  moderate  heat  flux  of  batteries  (102−
103 W/m2)  compared  with  other  electronic  devices  (up  to  107 W/m2),  the
primary bottleneck of  TMS may not  lie  in  internal  heat  transfer.  Instead,  the
design of external heating and cooling sources is likely to dominate the over-
all  energy  efficiency  of  the  TMS,  yet  this  aspect  remains  insufficiently
explored.

The  source  component  connects  the  internal  thermal  organization  to  the
ambient  environment,  with  its  operation  influenced  by  ambient  parameters.
For  the  most  common  operating  parameter,  ambient  temperature,  BESS
cooling and heating are driven by temperature differences and achieved using
fans, chillers, and heat pumps. A typical chiller has a COP of approximately 4,
meaning  1  unit  of  electricity  generates  4  units  of  cooling  power.  Besides,
humidity can be used for cooling via technologies such as cooling towers and
evaporative cooling. Evaporative cooling can reach a COP of up to 30 under
certain  water  consumption,  with  performance  highest  in  low-humidity envi-
ronments.  Furthermore,  the TMS source can benefit  from thermal  radiation,
such  as  solar  thermal  pre-heating and  sky  radiative  cooling,  without  addi-
tional energy consumption.2

Beyond  the  thermal  management  of  the  batteries  themselves,  the  waste
heat  generated  by  BESS  can  play  a  significant  role  in  integrated  energy
systems  through  interactions  with  buildings  and  industrial  processes.  For
example,  coupling  a  BESS  with  buildings  not  only  facilitates  a  zero-carbon
electricity microgrid but also enables an interactive TMS. The overall  energy
efficiency of  such a combined TMS is further enhanced by scale effects:  as
the scale of the refrigeration system increases, the COP of chillers improves,
making  the  integrated  BESS-building  system  more  efficient  than  a  single-
container  BESS.  During  the  heating  season,  waste  heat  from  BESS  can  be
utilized  for  district  space  heating.  With  temperature  upgrading  via  heat
pumps, the 10-50 kW of heat generated by a hypothetical 1 MWh BESS could
potentially  meet  the  space-heating  demand  of  buildings  ranging  from  300-
1,500 m2.  Waste heat, with temperature upgrading via heat pumps, can also
be  integrated  into  various  industrial  processes,  including  thermoelectric
generation,  thermally  driven  cooling,  water  purification,  atmospheric  water
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harvesting,  and  carbon  capture.3 Consequently,  analyzing  the  feasibility,
revenue, thermodynamic performance, and emissions of these BESS-applied
technologies is essential to optimize system performance and benefits.

 AI-ASSISTED SOLUTION
Effective  TMS  design  for  BESS  requires  both  hardware  technologies  and

intelligent algorithms,  with  AI  supporting  thermal  simulation,  structural  opti-
mization, real-time thermal sensing, and system control. Thermal simulation
of BESS spans multiple scales,  from the cell  level (cm) to the pack level (m)
and up  to  container  systems  (10  m),  governed  by  partial  differential  equa-
tions  (PDEs)  describing  heat  transfer  and  fluid  dynamics.  Direct  numerical
solutions  of  these  full-field  equations  are  computationally  intensive,  so
conventional approaches typically rely on multi-scale simulations, where sub-
level components  are  solved  sequentially  and  coupled  via  boundary  condi-
tions. Emerging AI techniques can accelerate this process by learning coarse-
grained PDE approximations, constructing reduced-order ordinary differential
equation models,  and representing solution operators to enhance traditional
numerical  algorithms,  using  approaches  such  as  physics-informed  neural
networks  and  recurrent  sequence  models.4 Based  on  thermal  models,  the
structure  and  geometry  of  surrounding  heat  sinks  and  cold  plates  can  be
optimized to balance thermal resistance and carrier distribution and maintain
temperature  uniformity,  with  neural  operator-based  and  surrogate  learning
optimization algorithms accelerating the solution process.

Beyond  offline  thermal  design,  AI  algorithms  can  also  enhance  the  real-
time sensing and control of TMS, enabling optimal performance under tran-
sient workloads and varying ambient conditions. A key challenge for TMS in

BESS  is  maintaining  temperature  uniformity,
which  requires  accurate  knowledge  of  spatial
temperature distributions.  Conventional  strate-
gies rely on in-situ temperature sensors, yet the
optimal  number  and  placement  of  these
sensors  remain  largely  unresolved.  AI
approaches,  such  as  neural  network-based
strategies, offer  a  promising  pathway  for  opti-
mizing  sensor  deployment  and  reconstructing
full temperature  fields  from  limited  measure-
ments,  thereby  enabling  accurate  real-time
thermal  monitoring.5 Furthermore,  during  TMS
operation, control actions must be coordinated
across  multiple  components,  including  fans,
pumps,  compressors,  and  valves.  Leveraging
the aforementioned thermal model  as a surro-
gate, reinforcement learning and other AI algo-
rithms  can  derive  optimal  control  policies,
enabling  adaptive  and  energy-efficient  thermal
management under  dynamic  operating  condi-
tions.

In  summary,  effective  thermal  management
is essential  for  the safe and efficient  operation
of  BESS,  and  AI  algorithms  can  enhance  TMS
through  both  offline  thermal  design  and  real-
time sensing and control. Beyond conventional
investigations within  the  battery  pack,  ther-
mally integrating BESS with surrounding multi-
energy  systems  will  become  increasingly
important for achieving a sustainable future.
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Figure 1.  Schematic of the TMS for BESS (A) Inter-
nal  thermal  organization.  (B)  Heating  and  cooling
sources. (C) AI-assisted solutions. (D) BESS system.
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