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GRAPHICAL ABSTRACT
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PUBLIC SUMMARY
■   This review synthesizes PV cooling technologies from an engineering and deployment perspective.

■   Cooling methods are categorized into active, passive, environment-driven, and hybrid approaches.

■   Strategies are compared using unified metrics: cooling effect, energy gain, resource use, and reliability.

■   A decision framework links cooling choices to climate, installation constraints, and system goals.

■   PV cooling is framed as a multi-objective design problem for scalable and sustainable applications.
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The  operating  temperature  of  photovoltaic  (PV)  modules  strongly  affects
electrical efficiency,  reliability,  and  lifetime,  yet  existing  thermal  manage-
ment  solutions  remain  fragmented  and  difficult  to  translate  into  practical
deployment. This review presents an engineering-oriented synthesis of PV
cooling technologies,  shifting  the  focus  from  isolated  temperature  reduc-
tion to system-level performance, deployability,  and sustainability.  Cooling
strategies are systematically categorized into active, passive, environment-
driven, and hybrid approaches, and evaluated using unified metrics includ-
ing temperature reduction (typically ~3–50 °C), net energy gain (up to ~25%
under favorable  conditions),  parasitic  energy  consumption,  resource  foot-
print,  reliability,  and  technology  readiness  level  (TRL  2–8).Based  on  this
systematic  categorization  and  evaluation,  a  decision-oriented  cooling
strategy selection framework is proposed to bridge the gap between labo-
ratory-scale demonstrations and real-world deployment by linking climate
conditions,  installation  constraints,  and  system  objectives  with  scenario-
matched cooling solutions. By explicitly addressing the fragmented nature
of existing studies, this work reframes PV cooling as a multi-objective engi-
neering design problem rather than a single-metric optimization task.  The
proposed framework  provides  actionable  guidance  for  selecting  and  inte-
grating  cooling  strategies  across  diverse  PV  applications  and  highlights
future  directions  toward  scalable,  reliable,  and  resource-efficient photo-
voltaic thermal management.

 INTRODUCTION
The global energy system is undergoing an accelerated transition to miti-

gate  climate  change  and  achieve  sustainable  development.  The  continued
reliance on fossil fuels has intensified greenhouse gas emissions and exacer-
bated  energy  and  environmental  challenges.1 In  response,  China  has
committed  to  peaking  carbon  emissions  by  2030  and  achieving  carbon
neutrality  by 2060,2 highlighting  the  urgent  need  for  large-scale  deployment
of  renewable  energy.  Among  available  options,  solar  energy—particularly
photovoltaic  technology—has  emerged  as  a  cornerstone  of  decarbonization
due to its abundant resources, scalability, and rapidly expanding global adop-
tion.3-5

Photovoltaic  (PV)  modules  convert  solar  radiation  into  electricity  through
the photovoltaic effect, wherein photons with energy exceeding the semicon-
ductor  bandgap  generate  electron-hole  pairs,  producing  a  direct  current  via
the  built-in  electric  field  of  PN  junctions.6,7 However,  this  energy  conversion
process is inherently inefficient,  with only 15–24% of absorbed solar  energy
converted  to  electricity.8,9 The  electrical  performance  of  PV  modules  is
strongly coupled with operating temperature,  and excessive heat accumula-
tion  on  the  cell  surface  is  widely  recognized  as  a  key  bottleneck  limiting
energy yield and long-term reliability. Under high solar irradiance and elevated
ambient  temperature,  the  PV  cell  temperature  can  significantly  exceed  the
surrounding environment, leading to notable power losses, accelerated mate-
rial degradation, and increased risks of hot-spot formation and performance
mismatch within the module string.10,11

To address this challenge, a broad spectrum of PV cooling approaches has
been proposed and demonstrated over the past decades. These approaches
can  be  generally  grouped  into  passive  cooling  (e.g.,  enhanced  convection,
heat  sinks,  phase  change  materials,  radiative  cooling  coatings),12-14 active
cooling  (e.g.,  forced  air  or  liquid  circulation,  spray/evaporative  cooling),12-22

and hybrid cooling architectures that combine multiple mechanisms or inte-

grate PV cooling with energy cascading and smart control. While substantial
progress has been made, PV cooling remains far from a “one-solution-fits-all”
technology. In practice, the effectiveness and feasibility of any cooling strat-
egy  is  highly  scenario-dependent, constrained  by  local  climate,  water  avail-
ability, allowable  auxiliary  power,  and  operation  and  maintenance  require-
ments.

Despite the rapid development of diverse PV cooling concepts, the practi-
cal deployment of cooling technologies is inherently scenario-dependent and
strongly constrained by real-world engineering conditions. In many cases, an
effective cooling method at  the laboratory scale does not necessarily  trans-
late into a scalable and sustainable solution in the field,  because the overall
benefit  must  be  evaluated  at  the  system  level  rather  than  by  temperature
reduction  alone.  A  comprehensive  assessment  should  simultaneously
account for the net energy gain after auxiliary power consumption, the long-
term sustainability  associated  with  water  use,  and  the  reliability  risks  intro-
duced  by  additional  components  such  as  pumps,  fans,  piping,  or  coatings.
Furthermore, the  feasibility  of  a  given  approach  is  closely  linked  to  installa-
tion  configuration  and  application  context,  where  rooftop  PV,  building-inte-
grated  photovoltaics  (BIPV)  façades,  utility-scale  PV  farms,  floating  PV
systems, and CPV modules impose fundamentally different requirements on
maintenance accessibility, cost tolerance, durability, and safety.

These coupled considerations indicate that PV cooling should be treated as
a  multi-objective  engineering  design  and  selection  problem,  where  thermal
enhancement, resource footprint,  economic viability,  and operational robust-
ness must be balanced to achieve deployable and long-lasting performance
improvement.  Therefore,  a  high-impact  review  should  not  only  summarize
cooling technologies but also provide a decision-oriented framework enabling
practitioners  to  translate  reported  laboratory  achievements  into  actionable
deployment  strategies.23 Early  works24-26 focus  narrowly  on  specific  cooling
modalities or  fail  to  incorporate  recent  advancements.  More  recent  synthe-
ses27,28 concentrate  on  binary  classifications  (active/passive)  without
addressing hybrid systems or emerging materials.

To bridge the gap between fragmented laboratory demonstrations and real-
world deployment,  this review provides an engineering-oriented synthesis of
PV cooling technologies. Specifically, we provide:

1.  a  structured  and  updated  overview  of  PV  cooling  technologies  across
passive, active, and hybrid categories.

2. a system-level synthesis of key trade-offs using unified metrics includ-
ing temperature  reduction,  efficiency  gain,  auxiliary  power  ratio,  water  foot-
print, durability, and technology readiness.

3.  a  decision-oriented  selection  framework  (Figure  1)  that  explicitly  links
climate  conditions  and  installation  constraints  to  scenario-matched  cooling
solutions.

By reframing PV cooling as a multi-objective engineering design problem,
this  work  delivers  actionable  guidance  for  practitioners  and  outlines  a
roadmap  toward  scalable,  reliable,  and  resource-efficient photovoltaic  ther-
mal management.

Despite  extensive  efforts  to  enhance  photovoltaic  cooling  performance,
existing  studies  often  compare  cooling  techniques  using  isolated  metrics,
such as  peak  temperature  reduction  or  instantaneous  efficiency  improve-
ment. However, in practical applications, cooling effectiveness emerges from
the combined influence of  thermal  driving forces,  system configuration,  and
resource  inputs.29,30 As  illustrated  in Figure  2, representative  cooling  strate-
gies,  spanning  active,  passive,  and  hybrid  approaches,  exhibit  substantial
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overlap in their  achievable temperature reduction and cooling intensity.  This
dispersion indicates  that  no  single  cooling  paradigm  consistently  outper-
forms others across all operating regimes. Instead, cooling strategies occupy
distinct  yet  intersecting  engineering  design  spaces,  shaped  by  trade-offs
among  performance,  complexity,  and  sustainability.  These  observations
further  motivate  the  need  for  a  system-level,  scenario-aware  framework  to
guide the rational selection and integration of PV cooling technologies.

The remainder of this review is organized as follows. Section 2 presents an
overall classification of PV cooling strategies and introduces unified system-
level evaluation metrics to support engineering-oriented comparison. Section
3 reviews  active  cooling  approaches,  with  emphasis  on  their  cooling  effec-
tiveness,  auxiliary energy consumption,  and operational  feasibility.  Section 4
summarizes  passive  cooling  methods,  highlighting  material-driven  thermal
regulation,  radiative/convection  enhancement  mechanisms,  and  long-term
reliability  considerations.  Section  5  focuses  on  hybrid  cooling  architectures
and emerging trends and further provides scenario-to-solution mapping and
future research roadmaps toward scalable, durable, and resource-efficient PV
cooling deployment. Finally, Section 6 concludes the review with key findings
and outlook.

 ENGINEERING-ORIENTED OVERVIEW OF PV COOLING STRATEGIES
 PV thermal challenges and system-level impacts

Photovoltaic  modules  operate  under  continuous  solar  irradiation,  where
only  a  fraction of  the absorbed energy is  converted into electricity  while  the
remaining  portion  is  inevitably  dissipated  as  heat.31,32 As  a  result,  PV  cells
typically experience  a  pronounced  temperature  rise  above  ambient  condi-
tions,  especially  under  high  irradiance,  weak  convective  heat  transfer,  and
limited  rear-side  ventilation.  This  thermal  accumulation  leads  to  elevated
operating  temperatures  (Tcell),  which  fundamentally  alters  the  electrical
behavior of  the  semiconductor  junction  and  introduces  a  persistent  perfor-
mance penalty  during real-world  operation.33-37 In general,  the electrical  effi-
ciency  of  crystalline  silicon  PV  decreases  with  increasing  cell  temperature
due  to  the  reduction  of  open-circuit  voltage,  causing  measurable  power
losses during peak solar hours and throughout hot seasons.38,39 Therefore, PV
cooling is not merely an auxiliary enhancement, but an essential pathway to
stabilizing power output and maximizing energy yield over the lifetime of PV
systems.

Beyond  instantaneous  efficiency  loss,  excessive  module  temperature  can
trigger  a  series  of  system-level  reliability  issues that  directly  influence long-
term  energy  production  and  economic  viability.  Elevated  thermal  stress
accelerates  material  aging  in  encapsulants  and  backsheets,  enhances

thermo-mechanical fatigue at interconnects and solder joints, and increases
the likelihood of microcracks and contact degradation.40 In addition, tempera-
ture  non-uniformity  across  the  PV  surface  can  induce  electrical  mismatch
within strings, producing localized overheating and increasing the risk of hot-
spot  formation.  Such  hot-spots  not  only  reduce  the  effective  output  of  the
affected modules but may also compromise safety and shorten service life.41-

44 These degradation mechanisms indicate that thermal management should
be  evaluated  not  only  by  its  ability  to  reduce  average  cell  temperature,  but
also by its capability to suppress temperature gradients and improve thermal
uniformity under fluctuating outdoor conditions.45,46

From  an  engineering  standpoint,  the  impacts  of  PV  thermal  behavior  are
further  amplified  when  PV  systems  are  integrated  into  diverse  deployment
scenarios  such  as  rooftop  arrays,  building-integrated  photovoltaics  (BIPV),
utility-scale  power  plants,  floating  PV,  or  concentrated  photovoltaics  (CPV).
These  applications  impose  distinct  boundary  conditions  and  operational
constraints, including different airflow patterns, installation geometries, allow-
able  added  weight,  accessibility  for  maintenance,  and  exposure  to  dust,
humidity, or salt spray. Consequently, a cooling strategy that performs well in
controlled experiments may not deliver consistent or scalable benefits in the
field unless it is designed to accommodate real-world variability and durabil-
ity  requirements.  This  motivates  a  system-level  perspective  for  PV  cooling,
where  the  objective  extends  beyond  maximizing  temperature  reduction  to
achieving  net  energy  gain,  operational  robustness,  and  long-term  reliability
under practical constraints.47 Such a perspective provides the foundation for
developing  engineering-oriented  cooling  selection  frameworks  and  unified
evaluation metrics in the subsequent sections.

 Classification of PV cooling strategies
To structure the rapidly growing PV cooling literature and enable engineer-

ing-oriented  comparison,  PV  cooling  strategies  are  broadly  classified  into
passive cooling, active cooling, and hybrid cooling architectures. This taxon-
omy  not  only  reflects  differences  in  heat  transfer  mechanisms,  but  also
captures  their  practical  distinctions  in  resource  dependence,  operational
complexity, and deployment feasibility under real-world constraints.

Passive cooling enhances heat dissipation without external energy input or
consumables  during  operation,  including  natural  convection  enhancement,
thermal spreading structures,  phase change materials (PCMs),  and radiative
cooling  coatings/films.  Passive  solutions  are  attractive  for  their  near-zero
parasitic power and simple integration, but their effectiveness is often sensi-
tive  to  climate  and installation  conditions.  Active  cooling  employs  externally
driven processes, such as forced air, liquid circulation, and spray/evaporative

 

Boundary Conditions Engineer ing Constraints Objective Functions Screening Cr iteria

Climate &  Environment

• Tamb, G, RH, v
• Soiling/Dust Level, 

Rainfal l /Cleaning

PV Installation

• Rooftop/BIPV
• Utility-scale/ Floating/ 

CPV

Resources

• Water Availability: 
High /Med / Low

• Maintenance Access 
Easy / Moderate / Hard

System L imits

• Parasitic Power Ratio Φp

• Maintenance Access Easy 
/ Moderate / Hard

O1: Minimize Tcell
Maximize ∆T

O2: Maximize ∆Enet

O3: Minimize Water 
Footprint Wf

O4: Maximize Reliability 
&  Durability

Screening Criteria

• Φp<1% &  Low O& M→Passive First

• Extreme Heat / Hotspots → Active/Hybrid

• ∆T+Water Saving→Hybrid Priorty

Passive Cooling

• Natural Convection /PCM/ 
Radiative Coating

• Best for: Rooftop / BIPV

Active Cooling

• Forced Air / Water Cooling

• Best for: Desert Farms, Hotspots

Hybr id Cooling

• RC+PCM / PV-T systems
• Smart Control

• Best for: Multi-Objective 
Optimiation

Unified Evaluation Metr ics

• ∆T(℃), Efficiency Gain

• Parasitic Ratio Φp

• Water Footprint W f

• Durability &  TRL

Scenario-to-Solution Mapping

• Desert Utility-Scale

• Rooftop PV

• BIPV / Floating PV / CPV

• Best Strategy &  “Avoid” Gudance
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cooling,  typically  achieving  stronger  temperature  suppression  and  improved
controllability,  while  introducing  auxiliary  power  consumption  and  additional
reliability  risks.  Hybrid  cooling  combines  multiple  mechanisms  to  balance
cooling  effectiveness,  parasitic  penalties,  resource  footprint,  and  long-term
robustness,  offering  flexible  pathways  for  scenario-specific  deployment  but
with increased integration complexity.

It  is  worth  clarifying  the  position  of  environment-driven  strategies  within
this taxonomy. While fundamentally passive in their zero-energy-input opera-
tion,  they  are  distinguished  here  from  structural  and  phase-change-based
passive methods  by  their  direct  reliance  on  external  environmental  thermo-
dynamic  potentials-namely,  the  cold  sky  for  radiative  cooling,  ambient
humidity gradients for sorption cooling, and proximate water bodies for float-
ing/submerged systems-as the primary heat sink. This distinction highlights
their pronounced climate-dependent deployability and justifies their separate
treatment.  Environment-driven  mechanisms  also  serve  as  foundational
elements in hybrid architectures, where they are synergistically coupled with
active  or  adaptive  components  to  enhance  overall  system  resilience  and
performance.

This classification  provides  the  organizational  backbone  for  the  subse-
quent sections and supports system-level assessment using unified metrics,
enabling  consistent  comparison  and  decision-oriented  selection  across
diverse PV applications.

 Unified evaluation metrics for engineering comparison
A major challenge in the PV cooling literature is the lack of unified evalua-

tion  criteria,  as  reported  performance  is  often  obtained  under  different
boundary conditions,  test  durations,  and  measurement  standards.  Conse-
quently, direct cross-study comparison can be misleading if conclusions are
drawn solely  from  temperature  reduction  or  instantaneous  electrical  effi-
ciency enhancement. From an engineering deployment perspective, PV cool-
ing should be evaluated as a system-level improvement strategy rather than
an isolated heat transfer enhancement technique.

In  particular,  cooling  strategies  should  be  assessed  using  metrics  that
capture  both  the  magnitude  and  quality  of  thermal  regulation.  Besides  the
average temperature reduction (\Delta T), peak temperature suppression and
temperature uniformity are important indicators because thermal non-unifor-
mity may induce mismatch losses and increase hot-spot risk. The electrical
benefit should be expressed not only by instantaneous output gains but also,
when  possible,  by  energy-yield-oriented  indicators  over  representative
timescales, which better reflect realistic operating performance under fluctu-
ating outdoor conditions.

For  active  and  hybrid  cooling  systems,  penalty  terms  must  be  explicitly
included to avoid overestimating their net benefits. Auxiliary power consump-
tion and the parasitic power ratio is presented as： 

∅p =
Paux

Pout

(1)

Paux

Pout

where  is the auxiliary power required to operate the cooling system and
 is the PV electrical output. It provides practical screening indicators, while

water consumption should be quantified for spray/evaporative approaches to
reflect sustainability constraints. In addition, reliability, O&M burden, scalabil-
ity,  and technology readiness level (TRL) are essential to evaluate long-term
performance retention and deployment feasibility. Based on these considera-
tions, Table  S1 summarizes  the  unified  system-level  metrics  adopted
throughout  this  review  to  enable  consistent  engineering  comparison  of
passive, active, and hybrid PV cooling solutions.

To  enable  consistent  engineering  comparison  across  studies,  the  above
metrics  are  used  to  assess  passive,  active,  and  hybrid  cooling  approaches
under different  deployment  constraints.  When quantitative  data  are  unavail-
able,  qualitative  levels  (e.g.,  low/medium/high)  are  adopted  to  summarize
O&M  burden,  complexity,  and  scalability,  while  highlighting  key  risks  and
boundary-condition dependence.

 Deployment constraints and boundary conditions
The  effectiveness  and  feasibility  of  PV  cooling  strategies  are  strongly

constrained  by  deployment  boundary  conditions,  which  often  determine
whether laboratory-level  performance can be translated into consistent field
benefits.  In  real  outdoor  environments,  PV  modules  are  subject  to  coupled
influences  from  solar  irradiance,  ambient  temperature,  wind  conditions,
humidity,  sky  radiative  properties,  and  contamination  such  as  dust  or  salt
spray. These factors alter both the thermal load and the dominant heat dissi-
pation  pathways,  resulting  in  significant  variability  in  cooling  outcomes
across different regions and operating seasons.

Climate conditions impose direct limitations on cooling mechanisms. High
ambient temperatures (typically exceeding 35 °C) and strong irradiance (e.g.,
>800 W m-2) substantially increase the demand for cooling capacity, whereas
wind  and  airflow  patterns  regulate  convective  heat  transfer  on  the  module
surfaces.48,49 Humidity  exerts  a  pronounced  influence:  evaporative  cooling
efficiency  declines  markedly  when  relative  humidity  exceeds  70%  due  to
suppressed  vapor  pressure  gradients,  while  water-involved  systems  face
elevated  corrosion  risks  in  humid  or  saline  environments.  Radiative  cooling
performance, conversely, is highly sensitive to atmospheric transparency and
can  be  severely  attenuated  under  humid  conditions  (e.g.,  precipitable  water
vapor >3 cm) or overcast skies.30

Deployment  constraints  also  depend  on  PV  system  type  and  installation
layout. Rooftop PV and BIPV commonly face restrictions in mass, thickness,
aesthetics,  and  rear-side  ventilation,  whereas  utility-scale  PV  farms  require
scalable and low-maintenance solutions due to the large number of modules.
Floating  PV  introduces  continuous  moisture  exposure,  and  CPV  systems
experience  intensified  heat  flux  that  demands  robust  thermal  management.
In addition,  active cooling strategies may suffer from parasitic power penal-
ties,  and water-based cooling may be limited by water availability and long-
term  sustainability.  These  considerations  highlight  that  PV  cooling  must  be
evaluated  at  the  system  level  by  balancing  thermal  effectiveness  with
resource footprint, reliability, and maintainability under practical constraints.

 Interpretation and usage of the proposed selection framework
To translate the above taxonomy and unified metrics into actionable engi-

neering  guidance,  the  proposed  cooling  strategy  selection  framework  in
Figure  1 is  designed  as  a  decision-oriented  pathway  that  links  boundary
conditions,  engineering  constraints,  and  objective  functions  to  the  selection
of appropriate  PV  cooling  architectures.  Rather  than  ranking  cooling  meth-
ods solely by their maximum temperature reduction, the framework empha-
sizes  scenario-dependent  feasibility  and  system-level  trade-offs,  enabling
cooling  strategies  to  be  screened  and  compared  under  real  deployment
conditions.

Specifically,  the  framework  takes  climate  and  application  factors  (e.g.,
ambient  temperature,  irradiance,  wind  and  humidity  conditions,  soiling
tendency,  and  PV  installation  type)  as  primary  inputs,  while  simultaneously
incorporating practical constraints such as water availability, allowable auxil-
iary power, and maintenance accessibility. Based on the targeted objectives,
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Figure 2.  Distribution of representative photovoltaic (PV) cooling strategies in terms
of achievable temperature reduction and effective cooling intensity

REVIEW    Energy Conversion   

4  　　　The Innovation Energy 3(2): 100158, April 23, 2026 www.the-innovation.org/the-innovation-energy

https://www.the-innovation.org/the-innovation-energy
https://www.the-innovation.org/the-innovation-energy
https://www.the-innovation.org/the-innovation-energy
https://www.the-innovation.org/the-innovation-energy
https://www.the-innovation.org/the-innovation-energy
https://www.the-innovation.org/the-innovation-energy
https://www.the-innovation.org/the-innovation-energy


such  as  maximizing  temperature  suppression,  maximizing  net  energy  gain,
minimizing water  footprint,  or  improving long-term reliability,  the  framework
guides the selection among passive, active, and hybrid cooling pathways. The
final decision is then evaluated using the unified metrics summarized in Table
S1,  including  thermal  effectiveness,  parasitic  penalties,  resource  footprint,
and deployment readiness.

Throughout  this  review, Figure  1 serves  as  the  organizing “engineering
map” that connects the evidence base in Sections 3–5 to scenario-matched
recommendations.  Active  cooling  approaches  are  discussed  in  terms  of
cooling  intensity  and  controllability  together  with  parasitic  power  and  O&M
implications;  passive  strategies  are  evaluated  for  their  low-penalty advan-
tages and climate sensitivity; and hybrid architectures are highlighted for their
multi-objective balancing potential and scalable integration opportunities. By
embedding cooling technologies into a unified selection logic, this framework
supports  the development  of  deployable  PV thermal  management solutions
and provides a practical reference for both researchers and practitioners.

 ACTIVE COOLING STRATEGIES
Active  cooling  strategies  aim  to  enhance  heat  removal  from  photovoltaic

modules through externally driven processes, thereby achieving stronger and
more controllable temperature regulation than passive approaches. By inten-
sifying  convection  or  exploiting  phase-change  heat  transfer,  active  cooling
can effectively suppress excessive cell temperature and mitigate thermal non-
uniformity under high irradiance and high ambient temperature conditions.50

As a result,  active cooling has attracted significant attention for applications
where  thermal  stress,  hot-spot  risk,  or  performance  stability  is  of  primary
concern.

However,  the  deployment  of  active  cooling  systems  inevitably  introduces
additional  engineering  penalties,  including  auxiliary  power  consumption,
increased system complexity,  and higher operation and maintenance (O&M)
requirements. These penalties may partially or even fully offset the electrical
gains obtained from temperature reduction if not carefully controlled. There-
fore,  the  effectiveness  of  active  cooling  cannot  be  evaluated  solely  by  its
cooling intensity but must be assessed from a system-level perspective that
accounts for net energy gain,  resource footprint,  reliability,  and scalability.  In
this section,  active cooling strategies are reviewed using the unified evalua-
tion  metrics  summarized  in Table  S1,  with  emphasis  on  their  performance
envelopes, parasitic losses, and deployment feasibility under practical operat-
ing conditions.

 Forced air cooling
Forced air cooling enhances convective heat transfer from PV modules by

actively  driving  airflow  across  the  rear  surface,  thereby  reducing  thermal
boundary layer resistance and accelerating heat dissipation.  Compared with
passive convection,  this approach offers improved controllability  and a rela-

tively simple  system  architecture,  making  it  one  of  the  most  widely  investi-
gated active cooling strategies for PV applications.

In  forced  air  cooling  systems,  one  or  multiple  fans  are  used  to  generate
airflow along the backside of PV modules, either through open-channel venti-
lation  or  enclosed  duct  configurations  (Figure  3A  &  B).51,52 Typical  designs
include  rear-mounted  axial  fans,  duct-assisted  airflow  channels  integrated
into  mounting  frames,  and  array-level  ventilation  schemes  for  utility-scale
installations.  The  cooling  effectiveness  is  strongly  influenced  by  airflow
velocity,  channel geometry,  and module spacing, as these factors determine
the  extent  of  boundary  layer  disruption  and  convective  heat  transfer
enhancement.  Compared  with  liquid-based  systems,  forced  air  cooling
avoids  direct  contact  with  liquids  and  thus  reduces  leakage-related  risks,
which simplifies system integration in many cases.

Compared  with  natural  convection,  forced  air  cooling  significantly
enhances convective heat transfer by actively disturbing the thermal bound-
ary layer on the rear surface of photovoltaic (PV) modules. Owing to its rela-
tively  low  material  cost,  straightforward  implementation,  and  improved
controllability,  forced  air  convection  is  often  regarded  as  one  of  the  most
economical active cooling solutions for PV systems. By adjusting airflow rate
and  channel  configuration,  forced  air  cooling  enables  effective  regulation  of
PV  operating  temperature  under  varying  irradiance  conditions,  which  is
particularly  beneficial  for  mitigating thermal  accumulation during peak solar
periods.

Recent studies  have  demonstrated  that  properly  designed  airflow  path-
ways can  achieve  meaningful  temperature  reduction  and  electrical  perfor-
mance  enhancement.  Soliman  et  al.52 integrated  finned  radiators  with  a
forced air system and optimized fin geometry and airflow distribution, result-
ing in an approximately 11% reduction in PV module temperature and a 16%
increase in  electrical  efficiency.  Similarly,  Sajjad et  al.53 reported a  7.2% effi-
ciency improvement using mechanically  actuated air  distributors that  main-
tained  a  more  uniform temperature  profile  under  partial  shading  conditions,
as  illustrated  in Figure  3C.  These  studies  indicate  that,  beyond  average
temperature reduction,  forced  air  cooling  can  also  improve  thermal  unifor-
mity, which is critical for suppressing mismatch losses and hot-spot forma-
tion at the module level.

Forced  air  cooling  has  also  been  explored  in  energy  cascade  and  hybrid
utilization  configurations.  A  representative  case  study  by  Solanki  et  al.54

investigated  a  series-connected  PV  system  integrated  with  a  wooden  air
duct,  as  shown  in Figure  3D. Using  halogen  lamps  to  simulate  solar  irradi-
ance and a DC fan to regulate airflow, the study demonstrated a progressive
increase  in  outlet  air  temperature  with  irradiance  levels  up  to  600  W/m2.
Steady-state  thermodynamic  analysis  and  MATLAB  simulations  revealed  a
thermal efficiency of  42% attributed to recovered waste heat and an electri-
cal  efficiency  of  8.4%,  leading  to  an  overall  energy  utilization  efficiency  of
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Figure 3.  Forced  air  cooling  configurations  and  system-level  design  trade-offs (A)  Schematic  illustration  of  basic  air  convection  cooling  configuration  (front  view).50 (B)
Schematic  illustration of  air  convection cooling configuration (side view).52 (C)  Forced air  cooling system employing mechanically  actuated air  distributors to  enhance airflow
uniformity.53 (D)  Experimental  setup  of  series-connected  PV  modules  integrated  with  a  wooden  air  duct  for  forced  air  convection.54 (E)  Physical  configuration  of  a  PV  panel
equipped with a rear air duct and distributed fan cooling system.55 (F) Comparative layouts of centralized blower-assisted duct cooling and back-distributed fan cooling.55
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approximately 50%. Notably, the results showed that increasing airflow rates
helped stabilize system performance, highlighting the role of forced convec-
tion  in  balancing  heat  dissipation  and  energy  recovery  in  PV-based  energy
cascade systems.

Despite  these  advantages,  the  scalability  of  forced  air  cooling  systems  is
often constrained by parasitic power consumption associated with fan oper-
ation. Hussien et al.55 reported a temperature reduction of 9.9 °C and an elec-
trical efficiency gain of 2.1% using distributed fan arrays (Figure 3E). However,
a  comparative  analysis  between  distributed  fans  and  centralized  ducted
blower systems (Figure 3F) revealed that distributed configurations achieved
a  higher  net  energy  saving  of  7.9%,  compared  with  4.2%  for  centralized
setups.  These  findings  emphasize  that  the  net  benefit  of  forced  air  cooling
depends  not  only  on  cooling  effectiveness,  but  also  on  system-level  design
choices that govern auxiliary power demand and airflow distribution.

From  an  engineering  perspective,  forced  air  cooling  generally  offers
moderate  temperature  reduction,  low  water  footprint,  and  manageable
system complexity, making it suitable for scenarios where water-based cool-
ing  is  impractical  and  limited  auxiliary  power  consumption  is  acceptable.
However,  fan-induced parasitic  losses,  noise,  dust  accumulation,  and main-
tenance  requirements  must  be  carefully  considered,  particularly  for  large-
scale  or  long-term  deployments.  When  evaluated  using  the  unified  metrics
summarized in Table S1, forced air cooling occupies a trade-off space char-
acterized by relatively  low resource footprint  and medium technology readi-
ness,  but  with  net  performance  benefits  that  are  highly  sensitive  to  airflow
optimization and system configuration.

As summarized in Figure 3, the engineering performance of forced air cool-
ing is governed not only by the achievable temperature reduction, but also by
airflow organization, system configuration, and auxiliary power demand, indi-
cating that optimized airflow distribution and fan deployment are essential for
maximizing net energy benefits in practical PV applications.

 Liquid circulation cooling
Liquid circulation cooling systems exploit water’s high specific heat capac-

ity to absorb and transport heat from PV modules.56 In typical configurations,
liquid  cooling  is  implemented through closed-loop systems,  including back-
side  immersion  cooling,  cold  plates,  and  microchannel  heat  sinks,  which
enable  efficient  heat  extraction  from  the  PV  rear  surface  while  maintaining
relatively stable operating temperatures.

Recent  studies  have  demonstrated  the  strong  cooling  potential  of  liquid-
based  systems.  Xie  et  al.57 employed  a  microchannel  heat  sink  with  three-
dimensional  serpentine  channels  fabricated  by  additive  manufacturing,  as
shown in Figure 4A, achieving a 23.45% reduction in PV operating tempera-
ture under concentrated photovoltaic conditions. Such microchannel designs
enhance heat transfer by increasing surface area and promoting flow mixing,
making liquid circulation particularly effective for high heat flux scenarios. In
addition,  Bahaidarah  et  al.58 integrated  a  water-cooled  PV/T  system  for
deployment  in  arid  climates  (Figure  4B  &  C),  reporting  a  19.3% temperature
reduction  and  an  approximately  10%  increase  in  daily  energy  yield.  These
results  highlight  the  capability  of  liquid  cooling  not  only  to  suppress  PV
temperature, but also to enable energy cascade utilization by recovering ther-
mal energy for secondary applications.

Emerging developments in liquid cooling focus on improving heat transfer
efficiency and operational intelligence. Nanofluid additives, such as graphene-
enhanced coolants, have been reported to increase effective thermal conduc-
tivity by 20–30%, while advanced control strategies based on artificial intelli-
gence are being explored to optimize flow rate  and thermal  response under
dynamic environmental  conditions.  Despite these advantages,  liquid circula-
tion  cooling  systems  are  associated  with  several  engineering  challenges,
including high capital cost, pumping power consumption, and reliability risks
related to leakage, corrosion, and fouling, particularly in saline or humid envi-
ronments.  Moreover,  seasonal  variability  in  cooling  demand  may  lead  to
suboptimal system utilization if liquid circulation is not properly regulated.

From  an  engineering  evaluation  perspective,  liquid  circulation  cooling
generally  provides  strong  temperature  suppression  and  high  controllability,
but  at  the  expense  of  non-negligible  parasitic  power  consumption  and
increased  system  complexity.  When  assessed  using  the  unified  metrics  in
Table S2, liquid cooling is most suitable for applications where high thermal

loads  justify  the  additional  energy  and  maintenance  costs,  such  as  PV/T
systems, concentrated PV,  or  hybrid energy systems. Careful  design of flow
configuration, pressure drop, and material compatibility is essential to ensure
positive net energy gain and long-term deployment viability.

 Spray and water film cooling
Spray  and  water  film  cooling  technologies  combine  evaporative  cooling

with  convective  heat  transfer,  enabling  rapid  and  effective  temperature
reduction  on  the  PV  surface.59 By  intermittently  or  continuously  applying
water  in  the  form of  fine  droplets  or  thin  films,  these  approaches utilize  the
latent heat of evaporation to extract substantial thermal energy, making them
among the most powerful active cooling methods reported for PV systems.

Recent  studies  have  focused  on  improving  water-use  efficiency  and
system  sustainability.  Hadipour  et  al.60 developed  a  pulsed  spray  cooling
strategy with duty-cycle modulation, as illustrated in Figure 4D, achieving an
89% reduction  in  water  consumption  while  maintaining  a  24.1%  improve-
ment  in  electrical  efficiency.  Such  intermittent  operation  significantly
enhances the feasibility  of  spray cooling by reducing resource consumption
without  sacrificing  cooling  performance.  In  high-temperature  regions,  this
approach can further  improve  economic  efficiency  by  extending PV module
lifetime  and  mitigating  thermal  degradation,  making  pulsed  spray  cooling
particularly attractive for extreme climates.

Dual-surface spray configurations have demonstrated even stronger cool-
ing potential.  Nizetic et  al.61 proposed synchronized front- and rear-side irri-
gation of PV modules (Figure 4E), achieving an exceptional 55.6 °C tempera-
ture  reduction  and  a  16.3%  increase  in  power  output.  Although  the  pump
power  consumption  accounted  for  approximately  10.3%  of  the  generated
electricity, the system still realized a net efficiency gain of 7.7%, illustrating the
importance of evaluating spray cooling using net performance metrics rather
than peak temperature reduction alone. In addition, the long-term self-clean-
ing effect of water spraying can reduce soiling-related losses, lower mainte-
nance frequency, and enhance system reliability.

Water film cooling has also been applied to bifacial PV systems to simulta-
neously  improve  optical  and  thermal  performance.  Krauter  et  al.62 demon-
strated that hydrophobic surface coatings combined with water film cooling
(Figure  4F)  preserved  light  absorption  while  achieving  a  22  °C  temperature
reduction  and  a  10.3%  increase  in  electrical  efficiency.  In  this  configuration,
the  water  film  serves  a  dual  function  by  reducing  optical  reflection  and
promoting  evaporative  heat  removal.  However,  water  quality  management
remains a critical issue, as scaling, microbial growth, and excessive evapora-
tive  loss—reported  to  exceed  30%  of  total  water  consumption  in  arid
regions—can compromise long-term system performance.

From  an  engineering  standpoint,  spray  and  water  film  cooling  offer  the
highest  cooling  intensity  among  active  strategies  but  are  fundamentally
constrained by  water  footprint,  pumping  power,  and  maintenance  require-
ments.  According  to  the  unified  evaluation  framework  in Table  S2,  these
methods  are  best  suited  for  high-temperature  environments  where  water
resources  are  available  and  where  aggressive  temperature  suppression
yields clear  benefits  in  energy  output  and  module  longevity.  Their  deploy-
ment requires careful optimization of spray timing, flow rate, and water treat-
ment  to  balance  cooling  effectiveness  with  sustainability  and  operational
robustness.

 Summary of active cooling strategies
Active  cooling  strategies  provide  effective  and  controllable  thermal

management  for  photovoltaic  (PV)  modules  by  intensifying  convective  or
evaporative heat  transfer,  thereby  enabling  substantial  temperature  reduc-
tion  under  high  irradiance  and  high  ambient  temperature  conditions.
Compared  with  passive  approaches,  active  cooling  generally  achieves
stronger  suppression  of  average  and  peak  cell  temperatures,  as  well  as
improved thermal uniformity,  which is critical  for mitigating hot-spot forma-
tion  and  stabilizing  electrical  performance.  However,  these  advantages  are
accompanied  by  additional  system-level  penalties,  including  auxiliary  power
consumption,  increased  structural  complexity,  and  higher  operation  and
maintenance (O&M) requirements.

Among the reviewed active cooling approaches, forced air cooling offers a
balanced  solution  characterized  by  moderate  temperature  reduction,  near-
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zero water  footprint,  and relatively  simple system integration.  Its  net  perfor-
mance  is  highly  sensitive  to  airflow  organization  and  fan  deployment,  and
positive energy  gains  can  only  be  ensured  when  parasitic  power  consump-
tion  is  carefully  constrained.  Liquid  circulation  cooling  delivers  stronger  and
more stable thermal control by exploiting the high heat capacity of liquids and
is  particularly  suitable  for  high  heat-flux  applications  such  as  concentrated
PV and PV/T systems. Nevertheless, pumping power demand, higher capital
expenditure, and long-term reliability risks associated with leakage, corrosion,
and fouling  must  be  explicitly  considered to  ensure  deployable  net  benefits.
Spray  and  water  film  cooling  exhibit  the  highest  cooling  intensity  among
active strategies, achieving exceptional temperature reduction and additional
benefits  such  as  self-cleaning  and  optical  enhancement.  Their  applicability,
however,  is  fundamentally  limited  by  water  footprint,  pumping  energy,  and
maintenance requirements, especially in water-scarce regions.

When  evaluated  using  the  unified  system-level  metrics  summarized  in
Table S1, active cooling strategies occupy a trade-off space in which cooling
effectiveness  must  be  balanced  against  parasitic  penalties,  resource
consumption, and deployment feasibility. In the context of the proposed cool-
ing strategy selection framework (Figure 1), active cooling is most appropri-
ate for scenarios where aggressive temperature suppression is required and
where  auxiliary  energy  input  or  water  consumption  can be  justified  by  clear
gains  in  energy  yield,  reliability,  or  system lifetime.  These  insights  provide  a
quantitative and scenario-aware foundation for integrating active cooling into
hybrid architectures, which are discussed in the following section.

 PASSIVE COOLING STRATEGIES
Passive  cooling  strategies  mitigate  photovoltaic  (PV)  temperature  rise  by

enhancing heat dissipation or buffering thermal loads without external energy
input or  consumable  resources  during  operation.  Owing  to  their  zero  para-
sitic power  consumption,  low  operation  and  maintenance  (O&M)  require-
ments,  and  high  intrinsic  reliability,  passive  approaches  are  well  suited  for
long-term PV deployment scenarios where system simplicity,  durability,  and
sustainability  are  prioritized.  In  contrast  to  active  cooling,  passive  methods
rely  on  favorable  heat  transfer  pathways  and  environmental  driving  forces
rather than externally imposed control, and therefore typically deliver moder-
ate but robust thermal regulation.

From an engineering perspective, passive PV cooling can be broadly cate-
gorized according to its dominant physical mechanisms. These include natu-

ral convection–enhanced structures that strengthen buoyancy-driven airflow
through  geometric  or  mounting  modifications,  latent-heat-based  thermal
buffering  using  phase  change  materials  to  suppress  temperature  peaks,
phase-change-assisted  heat  transport  via  passive  heat  pipes  that  enable
directional  heat removal,  and environment-driven cooling mechanisms such
as  radiative,  sorption-based,  or  evaporation-assisted  cooling  that  exploit
ambient  thermodynamic  potentials.  While  these  approaches  avoid  parasitic
energy penalties, their cooling effectiveness is inherently sensitive to climate
conditions, installation layout, and temporal variation in thermal load.

 Natural convection-enhanced passive cooling
Natural convection–enhanced passive cooling mitigates photovoltaic (PV)

temperature  rise  by  strengthening  buoyancy-driven  airflow  and  coupled
radiative  heat  dissipation  through  structural  and  geometric  optimization,
without  external  energy  input.  By  exploiting  temperature-induced  density
gradients  in  the  surrounding  air,  these  approaches  enable  continuous  heat
removal  from  the  rear  surface  of  PV  modules  while  avoiding  the  parasitic
power  consumption  and  system  complexity  associated  with  active  cooling.
Owing to their simplicity,  robustness, and sustainability,  natural convection–
based  solutions  constitute  a  foundational  pathway  for  passive  PV  thermal
management.

In  natural  convection  cooling,  heat  generated  within  PV  modules  warms
the  adjacent  air,  inducing  upward  buoyancy  flow  along  the  module’s  rear
surface. Structural interventions, such as vortex generators (VGs), discontin-
uous finned heat sinks, optimized mounting brackets, and chimney-assisted
airflow channels, are employed to intensify this buoyancy-driven motion and
disrupt thermal boundary layers.  These designs promote enhanced convec-
tive heat exchange between the PV surface and ambient air, often accompa-
nied  by  radiative  heat  loss  from  exposed  surfaces.64 Because  the  airflow  is
self-sustained  by  temperature  differences  and  gravity,  the  cooling  process
operates autonomously without auxiliary energy input.

Experimental and numerical studies reported in the literature demonstrate
that natural convection–enhanced cooling can achieve moderate but mean-
ingful  temperature  reduction,  typically  within  the range of  3–10 °C,  depend-
ing on structural  design and environmental  conditions.  Zhou et al.65 showed
that  rectangular  wing-shaped  vortex  generators  reduced  PV  operating
temperature  by  2–3  °C  under  unobstructed  natural  convection,  while
aluminum-based designs  provided  an  additional  1  °C  advantage  over  poly-
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Figure 4.  Representative configurations and engineering implementations of liquid circulation cooling and spray/water film cooling strategies for PV modules (A) Schematic
illustration of a PV module with liquid cooled plate.63 (B) Experimental schematic of a PV module employing backside liquid circulation cooling.58 (C) Experimental test setup of a
water-cooled PV/T system.58 (D)  Experimental  configuration of  a PV module with pulsed spray cooling.60 (E)  Experimental  schematic of  a PV module with dual-surface spray
cooling.61 (F) Setups of spray water film cooling applied to a PV module with hydrophobic surface treatment.62
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mer  counterparts  due  to  improved  thermal  conductivity  (Figure  5C  &  D).
Hernandez-Perez  et  al.66,67 reported  average  temperature  reductions  of  5.14
°C  using  discontinuous  finned  heat  sinks,  with  localized  cooling  exceeding
7.28 °C under orthogonal wind conditions, and peak reductions approaching
10  °C  under  high  irradiance  (~970  W/m2).  Similarly,  chimney-assisted
passive  airflow channel  systems (PACS)  developed  by  Zou  et  al.68 achieved
temperature drops of 10–15 °C in favorable orientations (Figure 5E), demon-
strating cooling capacities comparable to low-intensity active systems.

Beyond  dedicated  heat  sinks,  structural  bracket  optimization  provides  an
additional passive cooling pathway by integrating heat dissipation functional-
ity  into  PV  mounting  systems.  Al-Amri  et  al.69 redesigned  conventional  PV
support  brackets  as  dual-function  thermal  dissipaters  using  L-shaped
aluminum  crossbeams,  as  illustrated  in Figure  5F.  By  enhancing  thermal
contact between the module and bracket through conductive adhesives and
applying  high-emissivity  surface  coatings  (ε  ≈  0.85),  the  modified  structure
promoted  both  convective  and  radiative  heat  loss.  Field  tests  under  Saudi
Arabian  climatic  conditions  demonstrated  not  only  effective  temperature
reduction but also a 5 % decrease in levelized cost of energy (LCOE) over a 25-
year  system  lifetime,  highlighting  the  techno-economic relevance  of  struc-
tural integration.

∅p

A  defining  advantage  of  natural  convection–enhanced  cooling  is  the
absence  of  parasitic  power  consumption,  resulting  in  an  effectively  zero
parasitic power ratio ( =0). Consequently, any electrical efficiency improve-
ment  achieved  through  temperature  reduction  directly  translates  into  net
energy gain. For example, optimized fin, bracket, and mounting designs have
been reported to increase PV conversion efficiency by up to 4 %, while struc-
tural  integration  approaches  further  improve  economic  performance  by
reducing  LCOE without  introducing  auxiliary  energy  demand.67-69 This intrin-
sic  net  benefit  makes  natural  convection  cooling  particularly  attractive  for
decentralized PV systems and cost-sensitive large-scale deployments.

Natural  convection–based  cooling  exhibits  excellent  long-term  reliability
due to the absence of moving parts, fluid circulation, or active control compo-
nents.  Structural  elements  such  as  fins,  brackets,  and  airflow  channels  are
generally  durable  and  require  minimal  maintenance,  resulting  in  low  O&M
burden  over  the  PV  system  lifetime.  Potential  performance  degradation  is
mainly associated with dust accumulation, partial airflow blockage, or subop-
timal  installation  geometry.  Compared  with  active  cooling  strategies,  failure
modes are gradual rather than abrupt, significantly reducing operational risk.

Natural  convection–enhanced passive cooling is best suited for PV appli-
cations where zero auxiliary energy consumption, low maintenance, and long-

term robustness are prioritized. Typical deployment scenarios include rooftop
PV  systems  with  sufficient  rear  ventilation,  building-integrated PV  installa-
tions designed with ventilated cavities, and utility-scale PV arrays employing
elevated  mounting  structures  or  thermally  functional  brackets.  However,
performance remains sensitive to ambient airflow and installation orientation,
and cooling  effectiveness  may  diminish  in  enclosed  or  stagnant  environ-
ments.  From  an  engineering  perspective,  natural  convection  cooling  should
be regarded as a baseline passive strategy, offering stable and cost-effective
thermal  mitigation  that  can  be  further  complemented  by  active  or  hybrid
cooling approaches when stronger or more controllable temperature regula-
tion is required.

 Latent heat and phase-change-based passive cooling
Phase-change-based passive cooling strategies mitigate photovoltaic (PV)

temperature rise by exploiting latent heat effects during material phase tran-
sitions  or  evaporation  processes,  thereby  enabling  substantial  thermal
buffering and heat  dissipation without  external  energy input.  Unlike  convec-
tion-dominated passive  approaches,  these  strategies  regulate  PV  tempera-
ture  primarily  through  energy  absorption  during  phase  transitions,  making
them particularly  effective  under  intermittent  or  peak  thermal  loads.  Repre-
sentative  implementations  include  phase  change  material  (PCM)  cooling,
heat  pipe–assisted  heat  transport,  and  water  evaporation–driven  cooling
systems.

 PCM-based thermal  buffering. Phase change materials  (PCMs)  regulate
PV temperature by absorbing excess heat during solid–liquid transitions and
releasing  it  during  cooler  periods,  thereby  suppressing  temperature  peaks
and reducing thermal cycling stress on PV cells.72-76 Early experimental stud-
ies  verified  the  feasibility  of  PCM  cooling  but  also  revealed  its  sensitivity  to
material  selection.  Wei  et  al.77 integrated  tea  wax  (melting  point:  48–50  °C)
into a 60 W monocrystalline PV module and achieved only a 1–2 °C tempera-
ture reduction,  with  negligible  efficiency  improvement.  This  limited  perfor-
mance  highlighted  the  importance  of  matching  PCM  phase  transition
temperature  with  the  PV  operating  temperature  range  to  fully  exploit  latent
heat capacity.

Subsequent research shifted toward simulation-assisted optimization and
structural  enhancement.  Biwole  et  al.78 employed CFD  modeling  to  investi-
gate the placement of paraffin RT25 on the PV backsheet under 1000 W m-2

irradiance (Figure 6B),  demonstrating stabilized module temperatures below
40  °C  and  effective  suppression  of  thermal  runaway.  Jungwoo  Park  et  al.76

further combined experiments and numerical modeling by embedding paraf-

th
e-

 n
no

va
t o

n-
en

er
gy

 

Smoke Generator

A B

C

D

E F

Figure 5.  Natural convection–enhanced passive cooling: structural design strategies (A) Schematic illustration of a baseline natural air convection cooling configuration.70 (B)
Conceptual diagram of airflow organization in naturally ventilated PV mounting structures.71 (C) Natural convection cooling enhanced by vortex generators or finned structures.65

(D) Representative finned heat sink configurations for passive PV cooling: discontinuous fin66 and sectional aluminum fin.67 (E) Chimney-assisted passive airflow channel system
(PACS) for PV modules.68 (F) Structural bracket optimization using L-shaped aluminum crossbeams integrated as dual-function mounting and heat dissipation elements.69
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fin-hydrocarbon PCM (melting point: 298 K) between aluminum heat spread-
ers (Figure 6A),  achieving a 3.3 K temperature reduction and 3.1% efficiency
gain. Their  work  identified  critical  design  parameters,  including  PCM  thick-
ness (optimal range: 50–70 mm), orientation-dependent melting point selec-
tion, and enhanced cyclic stability through multi-layer heat transfer modeling.

Climatic adaptability  has  emerged  as  a  decisive  factor  in  PCM  perfor-
mance.  Khan et  al.79 compared  PCM cooling  across  different  climate  zones
and  reported  a  21  °C  peak  temperature  reduction  and  13%  efficiency
improvement in tropical Pakistan, while efficiency gains in temperate Ireland
were  limited  to  5.1%.  Compared  with  temperate-climate  studies  in  South
Korea,76 the tropical deployment exhibited 2–3 times higher efficiency gains,
confirming  that  high  ambient  temperatures  amplify  PCM  effectiveness.
Structural  innovations further  enhanced practicality:  Preeti  et  al.80 integrated
CaCl2·6H2O  PCM  within  aluminum  containers  (Figure  6C),  achieving  18  °C
temperature  reduction  and  10–18%  efficiency  gains,  while  Wang  et  al.81

demonstrated  that  finned  PCM  structures  (Figure  6D) optimized  heat  dissi-
pation by up to 31.9 °C relative to natural convection alone.

 Heat  pipe-assisted  passive  heat  transport. Heat  pipes  provide  a  highly
efficient  passive  cooling  pathway  by  transferring  heat  through  an  internal
evaporation–condensation cycle, enabling directional and rapid heat removal

without  auxiliary  power.82 When  integrated  with  PV  modules,  heat  pipes
reduce  temperature  gradients  and  maintain  stable  operating  conditions  by
transporting  heat  from  the  evaporator  region  near  the  PV  backsheet  to
remote condenser surfaces.

Experimental and numerical studies have demonstrated the robustness of
heat pipe cooling. Wu et al.83 integrated heat pipes into a PV/T hybrid system
and  achieved  thermal,  electrical,  and  overall  energy  efficiencies  of  63.60%,
8.45%, and 10.26%, respectively, illustrating the dual function of heat pipes as
both  cooling  elements  and  thermal  energy  harvesters.  Gang  et  al.84 devel-
oped  a  climate-resolved  simulation  model  for  heat  pipe–PV/T  systems
(Figure  6E),  showing  consistent  temperature  regulation  across  diverse
climates including Hong Kong, Lhasa, and Beijing. Long-term field validation
by Hou et al.85 further confirmed the reliability of micro heat pipe–supported
PV/T  collectors  (Figure  6F),  which  achieved  annual  thermal  efficiencies  of
30–50% and  sustained  performance  under  variable  environmental  condi-
tions.

 Evaporation-driven  passive  cooling. Evaporation-based cooling  lever-
ages the high latent heat of vaporization of water to passively dissipate heat
from  PV  modules  without  external  energy  input.86 By  combining  capillary-
driven water transport with natural convection, these systems achieve effec-
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Figure 6.  Phase-change-based passive cooling strategies for PV modules (A) Schematic diagram of a PV/PCM module.76 (B) Experimental configuration of a PV module inte-
grated with backsheet PCM.78 (C) PCM encapsulated in aluminum containers to enhance heat conduction and structural stability.80 (D) PCM structures combined with fin arrays
to increase effective heat transfer area and accelerate heat dissipation during phase transition.81 (E) Schematic diagram of a heat pipe–integrated PV/T solar collector.84 (F) Micro
heat pipe array configuration for directional heat removal from PV modules.85 (G) Photovoltaic evaporative chimney combining buoyancy-driven airflow and evaporation-assisted
cooling  for  enhanced  passive  heat  dissipation.88 (H)  Gravity-fed  textile-based  evaporative  cooling  system employing  capillary  action  to  deliver  water  to  the  PV backsheet  for
continuous evaporation.89 (I) Cross-sectional and rear-view schematics of capillary-driven evaporative cooling structures.90
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tive temperature suppression using low-cost materials. Chandrasekar et al.87

integrated  aluminum  heat  spreaders  with  cotton  core  structures  and
achieved 5–7 °C temperature reduction and 14% efficiency gain, while reduc-
ing material cost by approximately 40% compared with PCM-based systems.

More recent  studies demonstrated enhanced performance through struc-
tural integration. Lucas et al.88 proposed a photovoltaic evaporative chimney
combining  evaporative  and  buoyancy-driven  cooling  (Figure  6G),  achieving
an 8 °C temperature drop and 7.6% peak efficiency improvement under 1000
W  m-2 irradiance.  Textile-based capillary  systems  further  improved  perfor-
mance: Malvika et al.89 reported 20.2 °C temperature reduction and 18–21%
efficiency gain using gravity-fed bur-cloth systems (Figure 6H), while Dida et
al.90 achieved  a  20.6  °C  reduction  and  14.1%  efficiency  improvement  using
coarse  linen  materials  (Figure  6I).  However,  evaporation-driven  cooling
remains highly climate-dependent and requires careful water management to
mitigate evaporation loss, clogging, and maintenance challenges. Alktranee et
al.49 compared  cotton  core  water  absorption  (CWWs)  and  rectangular
aluminum  fins  (RAFs)  in  Basra,  Iraq.  The  CWWs  system  reduced  module
temperatures  by  22.3%  (vs.  6.7%  for  RAFs)  and  increased  power  output  by
73%, with a payback period of just 144 days. However, its reliance on frequent
water  replenishment  limits  applicability  in  arid  regions.  Conversely,  RAFs
offered lower-cost, corrosion-resistant operation with a 3.3 USD/m2 material
cost and a 2-year payback.

Recent  advances  in  interfacial  evaporative  cooling  technology  further
demonstrate  the  potential  of  this  approach  for  high  heat  flux  photovoltaic
applications.  Photovoltaic-solar  evaporation  proposed  by  Li  et  al.91 the
system  covers  the  back  of  the  PV  module  with  a  passive,  siphony-driven
water film,  eliminating  the  need  for  external  pumping.  This  study  demon-
strates a module level temperature reduction 22.3 °C and an improvement in
absolute  power  conversion  efficiency  of  8.9%.  Su  et  al.92 utilized  integrated
photovoltaic  cooling  through  seawater  interface  evaporation.  The  surface
temperature of the photovoltaic panel could be reduced by 12 °C using algi-
nate  gel  filled  with  uranium  adsorbent,  and  the  maximum  output  gain  was
8%.

Despite their strong cooling potential and zero parasitic energy consump-
tion,  phase-change-based passive  cooling  strategies  face  several  engineer-
ing challenges. PCM systems are limited by low thermal diffusivity in the solid
phase and long-term material stability, necessitating conductive additives or
structural  enhancement.  Heat  pipes  introduce  fabrication  complexity  and

material  cost  constraints,  while  evaporation-based  cooling  requires  reliable
water  supply  and  regular  maintenance.  From  a  system-level  perspective,
these  approaches  are  most  effective  when  thermal  loads  are  intermittent,
ambient  conditions  are  favorable,  and  cooling  objectives  prioritize  peak
temperature suppression over continuous regulation.

 Environment-driven passive cooling
Environment-driven  passive  cooling  strategies  regulate  photovoltaic  (PV)

operating  temperature  by  exploiting  external  environmental  heat  sinks  or
thermodynamic potentials, rather than relying on internal structural modifica-
tion  or  stored  latent  heat.  Typical  driving  forces  include  long-wave radiative
exchange with the cold sky, moisture adsorption–desorption cycles governed
by  ambient  humidity,  and  direct  thermal  coupling  with  large  water  bodies.
These  approaches  are  characterized  by  zero  parasitic  energy  consumption
and strong coupling with local climate conditions, making them highly effec-
tive in specific deployment scenarios but inherently site-dependent.

 Radiative  cooling. Radiative  cooling  enables  passive  heat  dissipation  by
emitting  thermal  radiation  through  the  atmospheric  infrared  transparency
window (8–13 μm),  where  absorption by atmospheric  gases is  minimal.93-95

By spectrally separating solar absorption from mid-infrared emission,  radia-
tive  cooling  can  suppress  PV  temperature  rise  while  preserving—or  even
enhancing—electrical performance. Recent advances have focused on spec-
tral  engineering of coatings and emitters to overcome the inherent trade-off
between solar absorption and thermal emission.96

Gong et al.97 demonstrated a bifacial photovoltaic–radiative cooling (BIPV-
RC)  system  using  a  spectrally  selective  coating  (Figure  7A),  achieving  a
15–17.5  K  temperature  reduction  under 1000 W  m-2 irradiance  and  a  23%
increase  in  total  power  output  compared  with  conventional  systems.  The
improvement was attributed to reduced sub-bandgap heat absorption (14%)
and  enhanced  radiative  cooling  power  (22%).  Jia  et  al.98 further  proposed  a
tandem  architecture  integrating  radiative  cooling  emitters  with  solar  cells
(Figure 7B), achieving a cooling power density of 40 W m-2 while maintaining
acceptable  photovoltaic  efficiency  (11.42%).  Near-field  radiative  cooling
concepts  pushed  performance  limits  even  further:  Li  et  al.95 predicted  a
109.3%  increase  in  power  density  and  a  13.6%  efficiency  improvement  by
exploiting nanoscale electromagnetic coupling (Figure 7C), highlighting radia-
tive cooling’s potential for high-temperature PV applications.

Practical  constraints  remain  significant.  Zhao  et  al.99,100 showed  that  for
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Figure 7.  Environment-driven radiative cooling strategies for  PV modules (A)  Schematic of  a  spectrally  engineered coating integrated with bifacial  photovoltaic  panels.97 (B)
Coordinated integration of daytime radiant cooling and solar cells.98 (C) Near-field radiative cooling and thermophotovoltaic system using a calcite thin film.95 (D) Cooling perfor-
mance of micro-gratings for glass-encapsulated PV modules.100
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glass-encapsulated PV modules, most radiative coatings deliver limited cool-
ing  (<2  °C)  under  real  atmospheric  conditions,  although  micro-grating
designs achieved a  3.6  °C reduction and 0.79% efficiency gain  in  space-like
environments  (Figure  7D).  In  contrast,  Tang  et  al.101 demonstrated  that
nanoporous  anodized  aluminum  oxide  films  with  near-blackbody  emissivity
(≈0.97)  achieved  a  7.5  K  temperature  reduction  and  2.72%  efficiency
improvement under 850 W m-2 irradiance, offering a scalable and cost-effec-
tive  alternative.  Overall,  radiative  cooling  is  most  effective  in  dry,  clear-sky
environments,  building-integrated  PV  systems,  and  extraterrestrial  or  high-
altitude applications where atmospheric interference is minimal.

 Sorption  cooling. Sorption  cooling  utilizes  humidity-driven  adsorption–
desorption  or  absorption–regeneration  processes  to  reject  heat  from  PV
modules  without  external  energy  input.  By  coupling  thermal  regulation  with
moisture  exchange,  sorption-based  systems  are  particularly  attractive  in
humid or water-scarce regions where conventional cooling approaches face
limitations.

Li  et  al.102 introduced  a  moisture-absorbing  composite  backsheet
composed  of  polyamide/calcium  alginate  hydrogel  and  a  PTFE  protective
membrane  (Figure  8A),  achieving  1.5–6.4  °C  temperature  reduction  and
0.57–2.43% efficiency  gain  under  Shanghai’s  subtropical  climate.  Advanced
hydrogel  formulations  further  enhanced  performance:  Pu  et  al.103 reported
that  a  lithium-bromide-enriched polyacrylamide hydrogel  (Figure  8B)  cooled
PV cells  by  17  °C  and increased efficiency  from 14.5% to  15.5% under  high
humidity  conditions,  with reversible  regeneration within 15 h.  Lithium-based

composite hydrogels incorporating carbon nanoparticles and LiCl (Figure 8C)
achieved even stronger cooling—up to 26 °C temperature reduction and 17%
power  enhancement—with  payback  periods  below  five  years  in  low-latitude
regions.104 More  recently,  Li  et  al.105 demonstrated  a  bio-inspired  sorption
cooling  system that  leverages  a  thermohaline  circulation  effect,  achieving  a
record passive temperature reduction of 18.2 °C under one-sun illumination.

Despite  their  effectiveness,  sorption-based  systems  are  constrained  by
humidity dependence, material  durability,  and corrosion risks, particularly for
salt-based adsorbents.  Simplified  hydrogel  designs  using  sodium  polyacry-
late  and  LiCl  demonstrated  promising  scalability,  reducing  PV  temperatures
by  14.1  °C  and  increasing  efficiency  by  10.2%  in  extreme  climates  while
maintaining  ultra-low  material  costs  (<1  USD  m-2).106 From  an  engineering
perspective,  sorption  cooling  is  best  suited  for  humid  or  arid–humid transi-
tional regions,  decentralized PV systems,  and applications prioritizing mate-
rial simplicity and low energy footprint.

 Floating and submerged cooling. Floating and submerged cooling strate-
gies  exploit  direct  thermal  coupling  between  PV  modules  and  large  liquid
reservoirs,  leveraging  the  high  thermal  conductivity  and  heat  capacity  of
water or dielectric liquids to suppress module temperature51 Immersion cool-
ing using dielectric fluids demonstrated excellent thermal control: Sun et al.107

maintained PV cell temperatures within 20–31 °C at 910 W m-2 DNI using sili-
cone oil immersion (Figure 9A), while Zhu et al.108 cooled CPV modules to 45
°C  using  deionized  water,  albeit  with  long-term  electrical  degradation
concerns.
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Figure 8.  Sorption-based passive cooling strategies for PV modules (A) Moisture-absorbing composite backsheet used for passive cooling of PV panels.102 (B) Structure and
Properties of lithium-bromide-enriched polyacrylamide hydrogel.103 (C) Photovoltaic cooling configuration based on lithium-based water-absorbing hydrogel.104
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Partial  immersion  approaches  balance  cooling  effectiveness  and  optical
losses.  Elminshawy  et  al.109 showed  that  25%  immersion  reduced  module
temperature  by  9.34  °C  and  increased  efficiency  by  3.95%,  whereas  higher
immersion  ratios  led  to  efficiency  penalties  due  to  radiation  attenuation
(Figure  9B).  Floating  photovoltaic  (FPV)  systems  further  capitalize  on
enhanced  airflow  and  evaporation  over  water  surfaces.  Field  studies  by
Dorenkamper  et  al.110 reported  14.5  °C  temperature  reduction  and  up  to  6%
annual  power  gain  in  tropical  climates,  driven  by  elevated  convective  heat
transfer coefficients (~55 W m-2 K-1).

Although floating and submerged cooling offer strong and uniform thermal
regulation,  their  deployment  is  limited  by  sealing  complexity,  material
compatibility, biofouling, and site availability. From a system-level standpoint,
these  approaches  are  most  suitable  for  water-rich  regions,  reservoirs,  and
tropical  climates,  where  environmental  conditions  amplify  cooling  benefits
and justify additional structural complexity.

 Summary of passive cooling strategies
Passive  cooling  strategies  provide  a  low-penalty  pathway  for  mitigating

photovoltaic (PV) temperature rise by exploiting structural design, latent heat
effects,  and  environmental  driving  forces  without  external  energy  input.
Compared with active cooling, passive approaches typically deliver moderate
but  robust  temperature  regulation,  characterized  by  zero  parasitic  power
consumption,  minimal operation and maintenance (O&M) requirements,  and
high long-term reliability.  These attributes  make passive  cooling  particularly
attractive  for  large-scale,  decentralized,  or  long-lifetime  PV  deployments
where system simplicity and sustainability outweigh the need for aggressive
temperature suppression.

Among  the  reviewed  passive  cooling  mechanisms,  natural  convection–
enhanced  structures  offer  baseline  thermal  mitigation  through  buoyancy-
driven  airflow  and  geometric  optimization,  providing  stable  temperature
reduction with negligible cost and complexity penalties. Phase-change-based
strategies,  including  PCM  thermal  buffering,  heat  pipe–assisted heat  trans-
port,  and  evaporation-driven  cooling,  achieve  stronger  peak  temperature
suppression  by  leveraging  latent  heat  effects,  but  their  effectiveness  is
closely tied to climate conditions,  material  selection,  and thermal  load inter-
mittency.  Environment-driven cooling approaches,  such as radiative cooling,
sorption-based  cooling,  and  floating  or  submerged  PV  systems,  directly
utilize external heat sinks (sky, humidity gradients, or water bodies), enabling
notable  cooling  performance  under  favorable  conditions  while  introducing
pronounced site dependence.

When  evaluated  using  the  unified  system-level  metrics  summarized  in
Table S1,  passive cooling strategies occupy a complementary design space
relative to active approaches. Rather than maximizing instantaneous temper-
ature  reduction,  passive  cooling  prioritizes  net  energy  gain,  durability,  and
deployment  feasibility,  making  climate-aware  selection  and  integration
essential.  Within  the  proposed  cooling  strategy  selection  framework  (Figure
1),  passive  cooling  serves  as  either  a  standalone  solution  for  low-penalty
thermal  management  or  a  foundational  layer  that  can  be  synergistically
combined with  active  methods  in  hybrid  architectures  to  balance  perfor-
mance,  cost,  and  reliability.  The  summarized  engineering-oriented compari-

son of  representative  passive  cooling  strategies  for  photovoltaic  systems is
presented in Table S3.

 HYBRID COOLING STRATEGIES
Hybrid  cooling  strategies  transcend  single-mode  passive  or  active

approaches  by  synergistically  integrating  complementary  heat  dissipation
mechanisms, thereby overcoming inherent limitations such as climate sensi-
tivity,  limited  cooling  intensity,  or  parasitic  energy  penalties.  By  combining
passive  cooling  elements  (e.g.,  phase  change  materials,  radiative  cooling,
sorption  processes)  with  adaptive  structures  or  auxiliary  energy  conversion
components,  hybrid  systems  aim  to  achieve  enhanced  thermal  regulation,
improved  climate  adaptability,  and  net  energy  benefits  under  complex  and
variable operating conditions.

From an engineering perspective, hybrid cooling is not simply a superposi-
tion  of  multiple  techniques,  but  a  coordinated  design  philosophy  in  which
different mechanisms operate over distinct time scales, temperature ranges,
or environmental conditions. This “1 + 1 > 2” effect enables hybrid systems to
maintain  stable  PV  temperatures  across  diurnal  cycles,  seasonal  variations,
and  extreme  climates,  making  them  particularly  attractive  for  urban-inte-
grated photovoltaics, desert deployments, and high-performance PV applica-
tions.  It  should  be  noted  that  while  some  hybrid  architectures  incorporate
thermoelectric generators  (TEGs)  to  harvest  waste  heat,  their  primary  func-
tion is energy cascading rather than direct cell temperature suppression. This
review  distinguishes  between  multi-mechanism  thermal  management
(aimed solely at reducing Tcell) and cooling-plus-harvesting integration (which
utilizes the removed heat).

 Adaptive hybrid systems coupling evaporation and environmental sens-
ing

One  representative  hybrid  strategy  integrates  evaporation-driven  cooling
with  adaptive  control,  enabling  passive  mechanisms  to  operate  efficiently
under changing environmental conditions. Li et al.111 proposed a photovoltaic
system with a self-adaptive wicking evaporator (PV-SWE), as shown in Figure
10A, in which a thin-film evaporator forms a controlled water film on the PV
backsheet  through  capillary  siphoning.  Evaporative  cooling  is  activated  only
when  thermal  demand  and  water  availability  are  favorable,  minimizing
unnecessary resource consumption.

The system employs a tri-modal control strategy based on solar irradiance,
module  temperature,  and  water  level,  allowing  seamless  switching  between
passive evaporation, standby operation, and regeneration modes. Compared
with standalone PCM or continuously operating evaporative cooling, PV-SWE
reduced water consumption by 40% and operational costs by 30%, while long-
term  net  present  value  analysis  confirmed  its  economic  viability  for  large-
scale deployment. This work highlights the importance of adaptive hybridiza-
tion,  where  passive  cooling  is  selectively  activated  rather  than  continuously
imposed.

 Thermochemical and adsorption–reaction hybrid cooling
Hybrid  cooling can also be achieved by coupling multiple  thermodynamic

processes  to  enhance  heat  absorption  density  and  extend  cooling  duration.
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Figure 9.  Floating and submerged passive cooling strategies for PV modules (A) Schematic diagram of an immersion cooling system.107 (B) Schematic diagram of a partial
immersion cooling system.109
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Kim et  al.112 developed  an  adsorption–reaction  cooling  system that  exploits
the  inverse  relationship  between  water  adsorption  and  temperature  in  13X
zeolite, combined with the endothermic dissolution of ammonium nitrate, as
illustrated  in Figure  10B.  During  daytime  operation,  solar  heat  drives  water
desorption from the zeolite,  while nighttime cooling enables reverse adsorp-
tion and chemical regeneration.

This  coupled  adsorption–reaction  cycle  achieved  a  14.9  °C  temperature
reduction  and  10%  efficiency  improvement  in  crystalline  silicon  PV  cells.
Notably,  the  effective  heat  flux  density  reached  1923  W  m-2,  exceeding
conventional  PCM-based cooling  by  nearly  threefold.  The  system  demon-
strates how thermochemical hybridization can significantly intensify passive
cooling performance, albeit at the cost of increased material complexity and
system integration challenges.

 Hybrid cooling integrated with building and energy systems
Hybrid  cooling  strategies  are  particularly  attractive  in  building-integrated

photovoltaic (BIPV) applications, where thermal management can be co-opti-
mized  with  architectural  and  urban  energy  performance.  Ahmadi  et
al.113proposed  a  BIPV  ventilation  system  combining  radiative  cooling  and
buoyancy-driven  natural  ventilation,  as  shown  in Figure  10C.  By  optimizing
roof emissivity and airflow pathways through three-dimensional CFD simula-
tions, the system enhanced convective heat removal while reducing thermal
stress on PV modules.

Under high  heat  flux  conditions,  this  hybrid  design  achieved  a  12%  effi-
ciency  improvement  while  simultaneously  contributing  to  building  cooling
and  improved  urban  microclimate  regulation.  This  example  illustrates  the
value  of  system-level  hybridization,  where  PV  cooling  performance  is
enhanced  not  only  through  material  selection  but  also  through  integration
with the surrounding built environment.

 Multi-functional hybrid  systems  combining  cooling  and  energy  conver-
sion

More  advanced  hybrid  architectures  integrate  thermal  management  with
auxiliary energy harvesting, aiming to extract additional value from PV waste
heat.  Lv  et  al.114 developed  a  multifunctional  module  combining  radiative
cooling, phase change materials (PCM), and thermoelectric generators (TEG),
as  shown  in Figure  10D.  The  system  employs  PDMS/SiO2 nanocomposite
films  to  provide  daytime  radiative  cooling  (achieving  2.5–7  °C  temperature
reduction),  while  PCM  layers  stabilize  module  temperature  during  nighttime
operation.

Coupling the thermal gradient with TEG enables ancillary electricity gener-
ation and contributes to extending PV module lifespan. Simulations predicted
a 20% daytime efficiency enhancement and a projected 15-year  operational
durability under arid climate conditions. However, trade-offs remain between
radiative  film  transmittance,  PCM  phase  transition  kinetics,  and  overall
system complexity, underscoring the need for careful co-design.

 Engineering assessment and outlook
Hybrid cooling strategies offer a powerful pathway for addressing the limi-

tations  of  single-mode  cooling  by  distributing  thermal  regulation  across
multiple  mechanisms,  time  scales,  and  environmental  drivers.  Their  key
advantages include enhanced climate adaptability, improved thermal stability,
and  the  potential  for  multi-functional  integration  with  energy  harvesting  or
building systems. However, these benefits come at the expense of increased
system complexity,  higher  initial  cost,  and  more  demanding  O&M  require-
ments.

From  an  engineering  perspective,  hybrid  cooling  is  most  suitable  for
extreme  climates,  urban-integrated  PV  systems,  and  applications  where
performance stability and lifetime extension justify added complexity. Future

 

A B

C D

Figure 10.  Representative  hybrid  cooling  strategies  for  PV  modules (A)  Self-adaptive  photovoltaic  system  with  a  wicking  evaporator  (PV-SWE).111 (B)  Adsorption–reaction
hybrid cooling cycle coupling zeolite-based moisture sorption with endothermic chemical reactions.112 (C) Building-integrated photovoltaic (BIPV) ventilation system combining
radiative cooling and buoyancy-driven natural convection.113 (D) Multifunctional hybrid module integrating radiative cooling, phase change materials (PCM), and thermoelectric
generators (TEG).114
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developments are expected to focus on modular hybrid designs, AI-assisted
control  strategies,  durable  multi-functional  materials,  and  lifecycle-oriented
optimization  to  balance  performance,  cost,  and  sustainability.  Within  the
proposed  cooling  strategy  selection  framework  (Figure  1),  hybrid  cooling
represents the final optimization layer, enabling tailored solutions that bridge
the gap between passive robustness and active controllability.

 CONCLUSIONS AND PERSPECTIVES
 Conclusions

This  review  systematically  examined  photovoltaic  (PV)  cooling  strategies
from  an  engineering-oriented  perspective,  shifting  the  focus  from  isolated
performance metrics toward deployable,  system-level  thermal  management
solutions. By  organizing  cooling  technologies  into  active,  passive,  environ-
ment-driven,  and  hybrid  categories,  and  evaluating  them  using  unified
metrics, including temperature reduction, parasitic energy penalties, resource
footprint, reliability,  and  climate  dependence,  this  work  establishes  a  coher-
ent  framework  for  cooling  strategy  selection  across  diverse  application
scenarios.

Active  cooling  strategies,  such  as  forced  air,  liquid  circulation,  and  spray-
based  cooling,  provide  strong  and  controllable  temperature  suppression,
making them suitable for high-heat-flux or performance-critical applications.
However,  their  effectiveness  must  be  carefully  balanced  against  auxiliary
power consumption, water use, and O&M requirements to ensure positive net
energy  gains.  Passive  cooling  strategies,  including  natural  convection
enhancement,  phase-change-based  buffering,  and  environment-driven
mechanisms,  offer  low-penalty and highly  reliable  thermal  mitigation,  priori-
tizing long-term robustness and sustainability over maximum cooling inten-
sity. Hybrid  cooling  architectures  further  extend the  design  space  by  syner-
gistically combining complementary mechanisms, enabling adaptive, climate-
resilient, and multi-functional thermal management under complex operating
conditions.

By  integrating  these  insights  into  a  cooling  strategy  selection  framework
(Figure  1), this  review  highlights  that  no  single  cooling  approach  is  univer-
sally  optimal.  Instead,  effective  PV  thermal  management  requires  scenario-
aware  decision-making  that  accounts  for  climate  conditions,  installation
constraints, resource availability, and system objectives. In this context, cool-
ing should be treated not  as an auxiliary  add-on, but  as an integral  compo-
nent  of  PV  system  design  that  directly  influences  efficiency,  reliability,  and
lifecycle performance.

 Engineering design perspectives
From  an  engineering  standpoint,  several  key  principles  emerge  for  the

future development and deployment of PV cooling technologies:
1. Climate-aware selection over universal optimization
Cooling effectiveness is fundamentally constrained by environmental driv-

ing  forces.  Radiative  cooling  excels  in  dry,  clear-sky  regions;  sorption  and
evaporation-based cooling thrive under specific humidity conditions; floating
and  immersion  cooling  benefit  water-rich  environments.  Future  designs
should  prioritize  climate-matched  solutions  rather  than  pursuing  universal
peak performance.

2. Net energy and lifecycle performance as primary metrics
Maximum temperature reduction alone is insufficient for engineering eval-

uation.  Parasitic  power  consumption,  material  durability,  maintenance
burden,  and lifecycle economics must be incorporated into decision-making
to ensure long-term net benefits.

3. Structural and system-level integration
Cooling performance can be significantly enhanced by embedding thermal

management functions into PV mounting structures, building envelopes, and
energy  systems.  Such  integration  reduces  system  complexity  and  unlocks
additional benefits, including building cooling, waste heat recovery, and urban
microclimate regulation.

4. Hybridization as a targeted optimization layer
Hybrid cooling strategies should be deployed selectively to address specific

limitations  of  single-mode  systems,  rather  than  indiscriminately  combining
multiple  techniques.  Adaptive  control,  thermochemical  coupling,  and  multi-
functional  materials  represent  promising pathways for  achieving “1  +  1  >  2”
performance gains  when  justified  by  application  requirements.  Advance-

ments in hybridization, material science, and intelligent controls will drive the
next  generation  of  PV  cooling  technologies.  By  synergizing  efficiency,
sustainability,  and  cost-effectiveness,  these  innovations  will  ensure  reliable,
high-yield  photovoltaic  operation—even  in  extreme  climates—accelerating
global adoption of renewable energy systems.

 Future outlook
Looking  ahead,  the  evolution  of  PV  cooling  technologies  must  directly

confront  the  limitations  highlighted  in  prior  reviews,  such  as  the  long-term
stability  of  phase-change materials,  the high cost  of  micro/nano-fabrication
for radiative emitters, and the absence of standardized lifecycle assessment
methodologies. Materials innovation, digital intelligence, and system integra-
tion  will  increasingly  shape  this  evolution.  However,  a  critical  engineering
challenge  persists  for  radiative  cooling:  to  fully  realize  its  potential  in  field-
deployed  photovoltaic  modules,  future  advancements  must  mitigate  the
spectral  mismatch  induced  by  commercial  PV  glass  encapsulation  layers.
Meanwhile,  data-driven optimization—enabled by machine learning and IoT-
based  monitoring—will  facilitate  adaptive  cooling  strategies  that  respond
dynamically to environmental conditions and operational demands.

At the system level, future PV installations are likely to adopt modular and
hybrid  thermal  management  architectures,  enabling  scalable  deployment
across  diverse  climates  and  application  scenarios.  Coupling  cooling  with
auxiliary  functions  such  as  energy  storage,  thermoelectric  generation,  or
water  management  will  further  enhance  the  overall  value  proposition  of  PV
systems.  Importantly,  policy  incentives  and  sustainability-oriented  design
standards  may  accelerate  the  adoption  of  low-penalty  passive  and  hybrid
cooling solutions, particularly in regions pursuing large-scale renewable inte-
gration.

In summary, PV cooling is transitioning from a performance-enhancement
accessory  to  a  core  design  dimension  of  next-generation  photovoltaic
systems. The innovation of the engineering-oriented perspective proposed in
this study lies in overcoming the limitations of single temperature-reduction-
based evaluation,  and instead systematically assessing photovoltaic cooling
technologies  from  multiple  dimensions,  including  deployability,  resource
utilization,  and  reliability.  By  adopting  the  proposed  unified  metrics  and  the
climate-aware strategy selection framework, future research can better navi-
gate  the  trade-offs  between  cooling  intensity  and  economic  viability.  This
systematic approach is critical for extending system lifetime and supporting
the  global  transition  toward  sustainable  energy  systems.  The  summary  of
engineering-oriented  synthesis  and  future  roadmap  of  photovoltaic  cooling
technologies is presented in Figure S2.
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