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Abstract 

Rising ambient temperatures, urban heat accumulation, expanding digital infrastructure, and growing 

expectations for indoor thermal comfort are intensifying global demand for cooling. Conventional 

vapor-compression systems remain essential, but their electricity consumption, peak-load effects, 

refrigerant emissions, and dependence on centralized energy infrastructure create significant 

environmental and resilience concerns. This study develops an interdisciplinary framework for 

evaluating next-generation cooling technologies through the combined perspectives of advanced 

materials, thermal engineering, and climate adaptation. The technologies examined include passive 

radiative cooling, phase-change materials, thermoelectric systems, elastocaloric and magnetocaloric 

cooling, desiccant-assisted dehumidification, advanced heat exchangers, district cooling, and intelligent 

hybrid systems. 

 A simulation-based multicriteria methodology was used because no original experimental or 

field dataset was available. Eight cooling pathways were evaluated across energy efficiency, climate 

suitability, environmental safety, technical maturity, scalability, cost accessibility, and resilience during 

extreme heat. The normalized results suggest that no single technology performs optimally under every 

climatic and operational condition. Passive radiative cooling achieved the strongest simulated 

performance in dry, high-solar environments, whereas desiccant-assisted hybrid cooling was more 

suitable for hot and humid climates. Phase-change materials offered considerable value for peak-load 

shifting, while solid-state caloric technologies demonstrated long-term potential but remained 

constrained by material durability and system-level maturity. Integrated adaptive portfolios consistently 

performed more favorably than isolated technologies. 

 The study concludes that future cooling systems should be designed as climate-responsive 

thermal ecosystems rather than as stand-alone mechanical appliances. Material properties, building 

envelopes, thermal storage, humidity control, renewable electricity, intelligent operation, and public-

health priorities must be coordinated. Such integration can reduce electricity demand, improve heat 

resilience, extend cooling access, and support a more equitable transition toward low-carbon thermal 

comfort. 
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1. Introduction 

Cooling has become a central requirement of public health, economic productivity, food preservation, 

healthcare delivery, industrial operation, transportation, and digital communication. The need is 

becoming more urgent as climate change increases the frequency, duration, and intensity of extreme-

heat events. Urbanization further amplifies exposure through densely constructed surfaces, reduced 

vegetation, anthropogenic heat release, and the urban heat-island effect. At the same time, rising 

incomes and changing expectations of thermal comfort are increasing the adoption of mechanical air-

conditioning systems. The International Energy Agency has reported that air conditioners and electric 

fans already account for nearly one-fifth of electricity used in buildings worldwide, demonstrating that 

cooling is both an adaptation necessity and a major energy-system challenge. 

 Conventional vapor-compression refrigeration has achieved substantial improvements in 

efficiency and reliability. Nevertheless, its widespread expansion creates interconnected environmental 

pressures. Cooling systems increase electricity demand during the hottest hours, when power networks 

are frequently under the greatest stress. Where electricity is generated from fossil fuels, additional 

cooling demand produces indirect greenhouse-gas emissions. Refrigerant leakage can also generate 

direct climate effects, particularly when systems employ substances with high global-warming potential. 

Inefficient equipment, poorly insulated buildings, inadequate maintenance, and inappropriate sizing can 

further increase energy use without delivering equitable or dependable thermal protection. 

 Next-generation cooling is therefore not limited to designing a more efficient air-conditioning 

unit. It involves reconfiguring the complete thermal environment through materials that reflect solar 

radiation, surfaces that emit terrestrial heat, media that store latent thermal energy, heat exchangers that 

improve energy transfer, solid-state materials that produce caloric effects, and digital controls that 

coordinate cooling with occupancy, weather, electricity prices, renewable-energy availability, and 

physiological need. This broadened approach connects materials science with thermodynamics, 

architectural design, environmental engineering, power-system management, and climate-resilient 

planning. 

 The effectiveness of a cooling technology is strongly dependent on climatic context. A highly 

reflective radiative surface may perform effectively under clear and dry skies but provide reduced 

benefit under persistent cloud cover or high atmospheric humidity. Evaporative cooling is efficient in 

dry regions but becomes less effective where the air already contains substantial moisture. Desiccant 

systems are particularly relevant to humid climates because they separate latent and sensible cooling 

loads. Thermal storage can mitigate afternoon electricity peaks, while adaptive control can prioritize 

occupied spaces and critical services. Technology evaluation must consequently move beyond 

laboratory efficiency and consider regional weather, water availability, maintenance capacity, 

affordability, grid reliability, and public-health vulnerability. 

 This paper examines how advanced materials and thermal-engineering strategies can be 

integrated into climate-adaptive cooling systems. Rather than claiming completed field experimentation, 

it uses transparent simulated values to compare representative technology pathways. The principal 
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contribution is a multidimensional framework showing that future cooling performance depends on the 

coordination of passive, active, storage, and control measures. The analysis also identifies technical and 

institutional barriers that must be addressed before promising laboratory innovations can deliver reliable 

cooling at building, district, and community scales. 

 

2. Review of Literature 

2.1 Material-Enabled Passive Cooling 

Passive radiative cooling has emerged as an important material-based strategy because it can reject 

terrestrial heat through the atmospheric transparency window while limiting the absorption of incoming 

solar radiation. Raman et al. demonstrated daytime radiative cooling below ambient temperature through 

a photonic structure engineered to combine strong solar reflection with thermal emission. Subsequent 

research expanded this principle through porous polymers, multilayer films, paints, textiles, aerogels, 

and scalable coatings. Wang et al. developed a hierarchically structured polymer with micro- and 

nanopores for all-day cooling, illustrating how material architecture can influence both solar reflectance 

and infrared emissivity. 

The net cooling power of a radiative surface can be represented conceptually as: 

Pnet=Prad−Patm−Psolar−Pconv−Pcond  

where Prad is emitted thermal radiation, Patm is absorbed atmospheric radiation, Psolar is absorbed solar 

energy, and Pconv and Pcond represent convective and conductive heat gains. Successful materials must 

minimize solar absorption while sustaining high thermal emission within approximately 8–13μm, the 

principal atmospheric window used by many terrestrial radiative-cooling designs. 

 Although passive radiative cooling requires little operational energy, its field performance 

depends on humidity, cloud cover, atmospheric pollution, surface orientation, dust accumulation, and 

surrounding obstructions. Highly reflective surfaces can also produce glare or alter winter heating 

requirements. Current research is consequently moving toward switchable emissivity, color-preserving 

coatings, self-cleaning surfaces, biodegradable materials, and hybrid systems that combine radiative heat 

rejection with thermal storage or conventional cooling. 

 

2.2 Thermal Storage, Heat Transfer, and Hybrid Engineering 

Phase-change materials absorb and release latent heat during a controlled change of phase. When 

incorporated into walls, ceilings, ventilation systems, cold-storage units, battery packs, or chilled-water 

networks, these materials can reduce indoor temperature fluctuations and shift cooling demand away 

from peak periods. Their performance is governed by transition temperature, latent-heat capacity, 

thermal conductivity, chemical stability, cycling durability, encapsulation quality, and compatibility with 

the host structure. 

A simplified expression for stored thermal energy is: 

QPCM=mcp,s(Tm−Ti)+mL+mcp,l(Tf−Tm)  

where m is material mass, cp,s and cp,l are the solid- and liquid-phase specific heat capacities, Tm is the 

melting temperature, L is latent heat, and Ti and Tf are the initial and final temperatures. The relatively 

low thermal conductivity of many organic phase-change materials limits rapid charging and discharging. 
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Researchers have therefore investigated graphite, metal foams, nanoparticles, fins, and encapsulated 

geometries to improve heat transfer. 

 Hybrid engineering extends beyond storage. Microchannel heat exchangers, heat pipes, vapor 

chambers, liquid cooling, two-phase loops, geothermal heat rejection, and district energy networks can 

reduce thermal resistance and transport heat more effectively. In humid environments, liquid or solid 

desiccants can remove moisture before sensible cooling occurs. This separation can improve comfort 

and efficiency because conventional systems often overcool air merely to achieve adequate 

dehumidification. 

 

2.3 Solid-State and Climate-Adaptive Cooling 

Solid-state cooling technologies seek to reduce or eliminate reliance on conventional refrigerant 

compression. Thermoelectric devices use the Peltier effect to move heat when an electric current passes 

through dissimilar semiconductor materials. They are compact, quiet, precisely controllable, and contain 

no circulating refrigerant, but their efficiency and cost remain limiting factors for large building loads. 

They are currently more suitable for localized cooling, electronics, sensors, medical devices, and 

temperature-sensitive transport. 

 Caloric technologies exploit reversible temperature changes produced by magnetic fields, electric 

fields, mechanical stress, or pressure. These approaches include magnetocaloric, electrocaloric, 

elastocaloric, and barocaloric cooling. Elastocaloric systems based on shape-memory alloys have 

received particular attention because mechanically induced phase transformations can produce 

substantial temperature changes. The US Department of Energy describes elastocaloric cooling as a 

promising alternative with potentially high material-level efficiency, although system durability, fatigue 

resistance, heat-transfer design, and manufacturing cost remain unresolved.  

 The literature nevertheless remains fragmented. Materials studies often report optical, thermal, or 

caloric properties without evaluating building integration or social accessibility. Engineering studies 

may optimize equipment efficiency while treating climate conditions as fixed boundary parameters. 

Adaptation research frequently emphasizes heat vulnerability without examining material durability or 

thermodynamic performance. A unified evaluation framework is therefore needed to connect scientific 

performance with climatic suitability, infrastructure, affordability, and resilience. 

 

3. Objectives of the Study 

3.1 Scientific and Engineering Objectives 

The primary objective is to compare representative next-generation cooling technologies through a 

common assessment structure. This requires examination of material behavior, heat-transfer 

mechanisms, energy demand, environmental effects, and practical integration. The study also considers 

whether emerging solid-state technologies can complement rather than immediately replace established 

cooling systems. 

 A second objective is to investigate how passive materials, thermal storage, humidity control, 

active equipment, and intelligent operation can function as an integrated system. The analysis treats 

cooling as a thermal-management service composed of load avoidance, heat absorption, heat transport, 

heat rejection, and adaptive control. 
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3.2 Climate-Adaptation Objectives 

The study evaluates how cooling technologies respond to dry heat, humid heat, extreme daytime 

temperatures, unstable electricity supply, and unequal access to mechanical cooling. Climate adaptation 

is interpreted as the capacity to maintain safe thermal conditions under changing environmental and 

infrastructural pressures. 

 A further objective is to determine whether integrated cooling portfolios can provide greater 

resilience than single-technology interventions. Particular attention is given to passive survivability, 

peak-load reduction, low-global-warming-potential operation, modularity, and compatibility with 

renewable energy. 

 

4. Research Methodology 

4.1 Research Design 

The investigation adopted a simulation-based comparative design. It did not involve human participants, 

actual buildings, laboratory specimens, or experimentally measured equipment. The numerical values 

are illustrative scenario outputs constructed from ranges and qualitative relationships reported in 

established literature. They must not be interpreted as certified product ratings or measured field results. 

 Eight technology pathways were selected: high-efficiency vapor compression with low-global-

warming-potential refrigerants, passive radiative cooling, phase-change thermal storage, desiccant-

assisted hybrid cooling, thermoelectric cooling, elastocaloric cooling, magnetocaloric cooling, and 

district cooling integrated with thermal storage. These pathways represent different combinations of 

passive heat rejection, active heat pumping, thermal storage, humidity control, and centralized 

distribution. 

 

4.2 Evaluation Criteria and Scoring 

Each pathway was evaluated on seven criteria: energy performance, climatic adaptability, environmental 

safety, technical maturity, scalability, affordability, and resilience. Scores ranged from 1, representing 

weak performance, to 5, representing very strong performance.  

Weighting reflected the study’s climate-adaptation orientation: 

Ij=i=1∑7wisij  

where Ij is the composite performance index for technology j, wi is the normalized weight assigned to 

criterion i, and sij is the technology score for that criterion. 

 Energy performance received a weight of 0.20; climate adaptability, 0.20; environmental safety, 

0.15; technical maturity, 0.15; scalability, 0.10; affordability, 0.10; and resilience, 0.10. Sensitivity was 

examined conceptually by varying the weights assigned to maturity and climate suitability. 

 

4.3 Scenario Boundaries and Analytical Procedure 

Three climatic settings were considered: hot-dry, hot-humid, and composite climates with pronounced 

seasonal variation. The reference application was a medium-sized institutional building requiring 

occupied-space cooling, humidity management, and continued thermal protection during short electricity 

interruptions. The analysis did not model a particular geographical site, tariff, manufacturer, or building 

geometry. 
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The analytical process involved technology identification, mechanism classification, criteria scoring, 

weighted aggregation, scenario interpretation, and uncertainty review. The resulting comparisons 

identify relationships and design priorities; they do not establish statistically generalizable causal effects. 

 

Table 1: Methodological framework for the simulated comparison 

Component Operational treatment Analytical purpose 

Unit of analysis Eight cooling pathways 
Enables cross-technology 

comparison 

Climate settings Hot-dry, hot-humid, and composite Tests contextual suitability 

Performance 

scale 
1 to 5 normalized score Standardizes different indicators 

Primary criteria 
Energy, climate, environment, maturity, 

scale, cost, resilience 

Captures technical and adaptive 

value 

Data status Literature-informed simulated values 
Prevents unsupported empirical 

claims 

Output Weighted performance index out of 100 
Supports transparent 

prioritization 

Validation 

approach 

Directional comparison and sensitivity 

review 

Tests whether conclusions 

remain plausible 

 

Note: The framework is conceptual and simulation-based; it is not a substitute for monitored field 

testing, life-cycle assessment, or manufacturer-certified performance data. 

 

5. Analysis 

5.1 Comparative Technology Performance 

The simulation indicates that mature and emerging technologies offer different forms of value. High-

efficiency vapor-compression cooling performs strongly because it is scalable, controllable, and 

commercially established. Its limitations arise from electricity dependence, heat rejection into the urban 

environment, maintenance requirements, and residual refrigerant risk. Low-global-warming-potential 

refrigerants and variable-speed equipment can reduce these impacts, but they do not eliminate the need 

for demand reduction. 

 Passive radiative cooling achieved a strong score because of its minimal operational electricity 

requirement and capacity to reduce envelope heat gain. Its climatic score was moderated to reflect 

reduced effectiveness under high humidity, cloud cover, dust loading, and limited sky exposure. Phase-

change materials also performed well, particularly as a load-management measure. They do not generate 
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cooling independently; their value depends on being recharged by cool night air, a chiller, or another 

heat sink. 

 

Table 2: Simulated multicriteria performance of selected cooling pathways 

Cooling pathway Principal mechanism 
Composite 

score /100 
Most suitable role 

Passive radiative cooling 
Selective solar reflection 

and infrared emission 
84 

Envelope load reduction 

in sunny climates 

Desiccant-assisted 

hybrid cooling 

Moisture removal plus 

sensible cooling 
82 

Humid-climate comfort 

control 

PCM-integrated thermal 

storage 

Latent-heat absorption 

and load shifting 
80 

Peak-demand 

management 

Efficient low-GWP 

vapor compression 

Refrigerant-based heat 

pumping 
79 

Reliable mainstream 

active cooling 

District cooling with 

storage 

Centralized generation 

and thermal distribution 
78 

Dense campuses and 

urban districts 

Elastocaloric cooling 
Stress-induced solid-state 

phase transition 
72 

Future modular heat-

pump applications 

Magnetocaloric cooling 
Magnetic-field-driven 

caloric cycle 
69 

Specialized future 

refrigeration 

Thermoelectric cooling Peltier heat transport 65 
Localized and precision 

cooling 

 

Source: Author-developed simulation based on literature-informed qualitative relationships. Scores are 

illustrative and are not measured product efficiencies. 

 

5.2 Climate-Specific Interpretation 

In the hot-dry scenario, radiative surfaces, external shading, thermal mass, night ventilation, and 

evaporative assistance formed the strongest simulated portfolio. Dry atmospheric conditions favor sky-

based heat rejection and evaporative processes. Water scarcity, however, may restrict evaporative 

cooling, demonstrating why efficiency cannot be evaluated independently of regional resource 

availability. 

 In the hot-humid scenario, humidity removal became a central requirement. Radiative surfaces 

still reduced solar heat gain, but their subambient performance was constrained by atmospheric 

moisture. Desiccant-assisted cooling, heat-recovery ventilation, high-efficiency compression, and 

sensible thermal storage provided a more balanced portfolio. In composite climates, switchable building 
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envelopes and adaptive controls became especially valuable because surfaces optimized for summer 

cooling could otherwise increase winter heating requirements. 

 

5.3 Simulated Graphical Comparison 

 

Graph 1: Simulated composite performance scores for selected cooling technologies 

 
 

Supporting data: Passive radiative cooling, 84; desiccant-assisted cooling, 82; phase-change thermal 

storage, 80; efficient low-GWP vapor compression, 79; district cooling with storage, 78; elastocaloric 

cooling, 72; magnetocaloric cooling, 69; and thermoelectric cooling, 65. 

Interpretation: The relatively narrow score distribution among the five highest-ranked pathways 

indicates that technology selection should not be based on ranking alone. Climatic suitability and system 

integration can alter their practical value. 

Key finding: Passive and hybrid pathways provide the strongest near-term simulated performance, 

while caloric technologies offer meaningful longer-term potential contingent on improvements in 

durability, cost, heat transfer, and manufacturing scale. 

Source: Author-developed simulation; values are illustrative and not derived from field measurements. 

 

6. Challenges 

6.1 Material Durability and Scale-Up 

Laboratory performance does not automatically translate into durable field operation. Radiative coatings 

may experience ultraviolet degradation, contamination, abrasion, moisture penetration, and loss of 

optical selectivity. Phase-change materials can suffer leakage, phase separation, supercooling, corrosion, 

and declining performance after repeated cycles. Thermoelectric materials require improved conversion 

efficiency and reduced dependence on costly or environmentally sensitive constituents. 
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Caloric materials face additional mechanical and operational challenges. Elastocaloric alloys are 

subjected to repeated loading and unloading, making fatigue life a decisive design constraint. 

Magnetocaloric equipment may require expensive magnetic assemblies and carefully engineered 

regenerators. Across all emerging technologies, scalable manufacturing must preserve material 

uniformity while reducing embodied energy, toxicity, and end-of-life waste. 

 

6.2 System Integration and Performance Measurement 

Cooling performance is often reported through incomparable indicators, including coefficient of 

performance, temperature reduction, cooling power per unit area, thermal conductivity, latent-heat 

capacity, or electricity savings relative to a specific baseline. These measures may be valid individually 

but can obscure system-level performance. A surface temperature reduction, for example, does not 

necessarily translate into an equivalent reduction in indoor cooling demand. 

 Field validation must account for weather variation, occupant behavior, ventilation, equipment 

control, building geometry, maintenance, and rebound effects. Standardized protocols are needed to 

compare material-level performance with whole-building energy consumption and thermal-safety 

outcomes. Monitoring should include indoor operative temperature, relative humidity, peak demand, 

energy use, refrigerant leakage, water consumption, and hours exceeding health-relevant heat thresholds. 

 

6.3 Equity, Governance, and Climate Uncertainty 

Advanced cooling could deepen inequality if efficient technologies remain accessible only to high-

income households or premium buildings. Vulnerable populations often occupy structures with poor 

insulation, limited ventilation, insecure electricity, and restricted capacity to purchase or maintain 

cooling equipment. A cooling transition focused exclusively on market efficiency would therefore be 

incomplete. 

 Governance must recognize cooling as an adaptation service with direct health implications. 

Building codes, minimum energy-performance standards, refrigerant management, public cooling 

centers, heat-action plans, demand-response safeguards, workforce training, and financing mechanisms 

should operate together. Climate uncertainty further requires flexible design because equipment selected 

for historical temperature distributions may be inadequate under future heat extremes. 

 

7. Discussion 

7.1 From Individual Devices to Integrated Thermal Systems 

The results support a shift from appliance-centered cooling toward integrated thermal management. 

Conventional design frequently begins by estimating a heat load and sizing mechanical equipment to 

remove it. A next-generation approach first minimizes the load through shading, reflective or emissive 

surfaces, vegetation, orientation, insulation, airtightness, and ventilation control. Remaining heat is then 

absorbed or shifted using thermal storage, while efficient equipment supplies only the residual cooling 

requirement. 

 This hierarchy improves energy performance and passive survivability. During a power 

interruption, a building with low solar gain, thermal storage, and controlled ventilation warms more 

slowly than one that depends entirely on active air conditioning. The adaptation benefit is therefore not 
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fully represented by annual electricity savings. The ability to maintain tolerable indoor conditions during 

heat emergencies is an equally important performance outcome. 

 Hybridization also resolves weaknesses inherent in individual technologies. Passive radiative 

cooling can reduce roof temperature but cannot independently regulate indoor humidity. A phase-change 

material can delay heat entry but requires a regeneration mechanism. A desiccant can remove moisture 

but needs thermal energy for regeneration. Combining these functions with solar thermal energy, heat 

recovery, efficient heat pumps, and predictive control creates a more complete thermal cycle. 

 

7.2 Climate-Responsive Technology Selection 

The simulated ranking should be interpreted as a decision-support result rather than a universal 

hierarchy. Passive radiative systems perform favorably when sky exposure, solar reflectance, and 

atmospheric conditions support effective heat rejection. In humid regions, desiccant regeneration and 

latent-load control may produce greater practical benefits. District cooling becomes attractive where 

load density, diversity, and governance capacity justify centralized infrastructure. Thermoelectric 

cooling is unlikely to replace central air conditioning in the immediate future but may reduce energy 

waste through personalized cooling. 

 Technology selection should consequently begin with a climate-risk profile. This profile should 

include present and projected dry-bulb temperature, wet-bulb temperature, humidity, nighttime cooling 

potential, solar exposure, air quality, water stress, grid reliability, and population vulnerability. It should 

then be matched to building use, occupancy schedules, acceptable temperature ranges, and maintenance 

capacity. 

 Such contextual selection discourages indiscriminate technology transfer. A design that performs 

effectively in a dry continental climate may fail in a tropical coastal environment. Conversely, a 

humidity-control technology may impose unnecessary cost in a dry region. Climate-responsive standards 

should permit different technology combinations while maintaining consistent targets for safety, 

efficiency, and environmental performance. 

 

7.3 Innovation Priorities and Practical Implications 

Materials research should prioritize durability, recyclability, low toxicity, manufacturability, and 

performance under realistic environmental exposure. High initial optical or caloric performance has 

limited practical value if it declines rapidly under dust, moisture, repeated cycling, or mechanical 

fatigue. Researchers should report degradation and embodied impacts alongside peak laboratory results. 

Thermal engineering must bridge the gap between material behavior and useful cooling delivery.  

 This includes minimizing contact resistance, optimizing heat-exchanger geometry, controlling 

fluid flow, coordinating charging and discharging, and matching temperature lifts to real applications. 

Intelligent controls can improve coordination, but automation should not become a substitute for 

efficient passive design. Poorly designed buildings cannot be made fully sustainable through software 

alone. 

 For policymakers, the findings imply that cooling strategies should combine efficient-appliance 

standards with passive-building requirements, refrigerant transition plans, public procurement, field 

demonstration, and targeted access programs. Support for local manufacturing and technician training is 
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essential because maintenance quality strongly influences energy consumption, refrigerant leakage, and 

equipment lifetime. 

 

8. Conclusion 

Next-generation cooling is emerging from the convergence of materials science, thermal engineering, 

digital control, and climate adaptation. Passive radiative surfaces can reject heat without continuous 

electricity consumption; phase-change materials can delay and redistribute cooling demand; advanced 

heat exchangers can reduce thermal resistance; desiccants can address humidity efficiently; and caloric 

or thermoelectric materials may enable compact solid-state systems. None of these technologies, 

however, constitutes a universally superior replacement for established refrigeration. 

 The simulation-based assessment found that passive radiative cooling, desiccant-assisted hybrid 

systems, phase-change storage, efficient low-global-warming-potential vapor compression, and district 

cooling with storage offer strong but context-dependent value. Emerging elastocaloric and 

magnetocaloric technologies possess considerable scientific potential, yet durability, materials 

availability, cost, and system integration continue to limit widespread deployment. The analysis 

therefore favors diversified technology portfolios over single-solution strategies. 

 Climate adaptation requires cooling systems that remain safe, affordable, and functional under 

higher temperatures, extreme humidity, electricity disruptions, and unequal access to infrastructure. This 

broadens the meaning of performance beyond coefficient of performance or annual electricity 

consumption. Passive survivability, peak-load reduction, humidity control, refrigerant safety, water use, 

maintenance capability, and protection of vulnerable occupants must become standard design 

considerations. 

 The overall conclusion is that future cooling should be developed as an adaptive thermal 

ecosystem. Advanced materials should reduce or store heat; engineering systems should transport and 

reject remaining loads efficiently; intelligent control should respond to weather, occupancy, and grid 

conditions; and public policy should ensure that effective cooling reaches populations most exposed to 

climate-related heat. Field trials, life-cycle assessment, long-duration durability testing, and locally 

calibrated climate scenarios are now required to convert promising innovations into dependable low-

carbon cooling infrastructure. 
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