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Laser Micro-Texturing and Al-Driven Optimization for
Thermal Management of Photovoltaic Systems

Aswin Karkadakattil

Purpose. Photovoltaic (PV) and other renewable systems suffer efficiency and reliability losses from overheating.
This review emphasizes the need for scalable, integrated thermal management solutions. Design / Method /
Approach. The paper evaluates recent advances in laser-based surface micro-texturing as a promising strategy
for thermal regulation. Controlled micro/nano-scale structures enhance heat dissipation, expand surface area,
and tune wettability. The study also explores the role of artificial intelligence (Al) in predicting, designing, and
optimizing laser-induced textures for simultaneous improvements in thermal, optical, and mechanical durability.
Findings. Laser-processed surfaces provide multifunctional benefits such as enhanced convective cooling, anti-
reflection, and self-cleaning, but most demonstrations remain confined to laboratory scale. Al methods including
neural networks, evolutionary algorithms, and reinforcement learning show strong predictive capability and multi-
objective optimization potential, offering pathways for industrial adoption. Theoretical Implications. The review
establishes links between surface morphology, thermo-fluid dynamics, and optical behavior, and shows how Al-
enabled digital twins can extend these relationships into predictive, generalized models. It also highlights
opportunities for modelling coupled thermo-optical effects and advancing data-driven surface engineering.
Practical Implications. Integrating laser texturing with Al-driven optimization could embed thermal regulation
directly into device structures, reducing reliance on external cooling systems and improving field durability.
Originality / Value. Unlike prior reviews, this work unites laser surface engineering and Al optimization into a
roadmap for renewable energy devices, highlighting digital twins and techno-economic assessment as enablers
for scale-up. Research Limitations / Future Research. Challenges include scalability, durability under harsh
environments, limited Al training datasets, and insufficient lifecycle analyses, requiring cross-disciplinary
collaboration. Article Type. Review Paper.
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MeTta. ®oTtoenekTpuyHi (PV) Ta iHWI BigHOBMNIOBaHI eHepreTnyHi cuctemu BTpavaloTb ePEKTUBHICTb | HAQINHICTb
Yyepes neperpie. ¥ UbOMY OMMsAAI HaronowyeTbC Ha HeobXiAHOCTI po3pobku MacluTaboBaHWX iHTerpoBaHUX
pilweHb Ans Tennosoro kepysaHHsA. OusanH / Metog / Miaxia. Po3rnsHyTO OCTaHHi JOCSArHEHHst NnasepHOro
MiKPOTEKCTYPYBaHHS MOBEPXOHb SK NEPCMNEeKTUBHOIO NiAXody A0 perynioBaHHs Tenna. KoHTporboBaHi Mikpo- Ta
HaHOCTPYKTYpW MiABWLLYIOTb BiABeAEHHS Tenna, 36inbLlyoTb NMoLly NOBEpPXHi Ta BNMBAaKTb Ha 3MOYYBaHICTb.
JocnigXeHo TakoX MOXMMBOCTI WTy4HOro iHTenekty (LUI) ansa nporHosyBaHHS, NPOEKTYBaHHA Ta ONTUMi3auil
nasepHNx TEKCTyp 3 METOK OAHOYACHOrO MOKpaLeHHA TennoBWMX, ONTUYHUX | MEXaHIYHWX BRacTUBOCTEW.
Pe3ynbratu. JlazepHo o6pobneHi noBepxHi 3abe3neyytoTb KOHBEKTUBHE OXOJTOMXKEHHS!, aHTU-BiAOUBaHHA Ta
CaMOOYVLLEHHS, ane MepeBaXkHO [AEeMOHCTPYTbCA Ha nabopatopHomy pieHi. Metogm LI, BkmoyHO 3
HeripoMepexamu, €BOMILIMHAMK ~ anroputMaMn  Ta  NigKpinnioBanbHUM — HaBYaHHAM, edeKkTuBHI - ans
NporHo3dyBaHHA Ta GaraTokpuTepianbHOI ONTUMI3aLii, BiAKPMBAOYN LIMASXM ANS NPOMMWCIOBOrO 3aCTOCYBaHHS.
TeopeTnyHe 3HavyeHHA. OrnsAg BCTAHOBMIOE 3B'A3KM MOPCONOrii NOBEpPXHi 3 Tenno- Ta rigpOANHAMIKO i
OMTMKOI, MOKa3y4m, K LndpoBi ABIMHWKM Ha ocHoBi LI nepeTBopioOTh iX y NPOrHO30BaHi Ta y3aranbHeHi
mMogeni. BugineHo nepcnekTvBu MogentoBaHHA B3aEMOMOB’A3aHNX TEPMOONTUYHMX eEKTIB i PO3BUTKY METOAIB
NMOBEPXHEBOI iHXeHepii Ha OCHOBI AaHux. NMpakTU4yHe 3Ha4YeHHA. |HTerpauis nasepHoOro TEKCTYpyBaHHSA 3
onTumisauieto Ha ocHosi LI gossonse BOyaoyBaTV TepMOperynsuilo B KOHCTPYKLiO MPUCTPOIB, 3MEHLLYHOYM
noTpeby y 30BHILLHBOMY OXONOAXKEHHI Ta NiABULLYI0YM HagiMHICTb. OpuriHanbHicTb / LliHHicTb. PoboTa 06’egHye
nasepHy obpoGKy MOBepxHi Ta onTumisauito 3a gonomorow LI B €avHy AOpPOXHIO KapTy Ans npuCTpoiB
BiHOBMIOBAHOI €HEpPreTukM, BUOKPEMITIOYM LMGPOBI ABINHWMKA Ta TEXHIKO-EKOHOMiYHY OLLiHKY SK KITHOYOBI
dakTopn MacwTabyBaHHs. OOGMexeHHsi AgocnigkeHHA | MawnbyTHi gocnigxeHHA. OCHOBHI CKIagHOLLj
noB’si3aHi 3 MmacuTabyBaHHSAM, JOBrOBIYHICTIO B X)XOPCTKMX YMOBaX, 0OMeXeHiCTIo HaB4anbHUX Habopis gaHnx Ans
LUl Ta HegocTaTHICTIO aHanisy XWTTEBOrO UMKMY, WO BUMarae MixaucuunniHapHoi cnisnpaudi. Tun craTTi.
Orngaposa craTTs.
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The accelerating global shift toward renewable energy has
firmly positioned photovoltaic (PV) technologies as a cornerstone
of sustainable power production. Nevertheless, their operational ef-
ficiency remains highly vulnerable to thermal stress. Elevated mod-
ule temperatures diminish power conversion efficiency, hasten ma-
terial degradation, and reduce service lifetime. It is well established
that each degree Celsius rise beyond the optimal range can lower
PV efficiency by approximately 0.4-0.5% illustrating the pressing
demand for advanced thermal regulation. Comparable issues are ev-
ident in other solar-based devices, such as photovoltaic—thermal
(PV/T) hybrids and solar thermal collectors, where inadequate heat
dissipation significantly restricts performance reliability and overall
energy yield. To overcome these thermal bottlenecks, multiple cool-
ing strategies have been investigated over the past two decades. Pas-
sive approaches including heat sinks, natural convection channels,
and phase change materials (PCMs) are cost-effective and mainte-
nance-friendly but frequently lack scalability and stable perfor-
mance under fluctuating weather conditions. Active cooling meth-
ods, such as forced air or liquid circulation, provide superior thermal
control yet impose additional energy demands, higher costs, and in-
creased system complexity. Hybrid techniques, combining passive
and active measures, have shown promise in boosting efficiency;
however, challenges related to economic feasibility, system integra-
tion, and long-term durability still remain. These constraints under-
score the urgent need for innovative, multifunctional, and econom-
ically viable cooling strategies for next-generation renewable de-
vices.

The novelty of this review lies in its systematic synthesis of
two disruptive frontiers: laser-based micro-texturing and artificial
intelligence (AI). Laser surface texturing has recently attracted at-
tention as a transformative solution. By introducing controlled mi-
cro- and nano-scale patterns, laser texturing improves heat dissipa-
tion through enhanced convective transfer, enlarged surface area,
and engineered wettability. Moreover, such surfaces provide multi-
functional advantages including anti-reflection, self-cleaning, and
dust-repellent properties attributes highly desirable in outdoor en-
ergy harvesting systems. However, the true significance of this ap-
proach extends beyond these individual benefits; it represents a par-
adigm shift from add-on cooling components to integrated, multi-
functional surface engineering. Despite these benefits, practical im-
plementation of laser-engineered textures in PV and solar thermal
devices is still at an early stage, with most evidence limited to la-
boratory-scale trials rather than industrial deployment. This gap
highlights the critical relevance of a complementary innovation: the
integration of artificial intelligence (Al). Traditional trial-and-error
methods of optimizing surface patterns are resource-intensive and
often yield suboptimal outcomes. Al-based models such as artificial
neural networks, genetic algorithms, and reinforcement learning en-
able predictive mapping of the intricate relationships between

texture geometry, heat transfer mechanisms, and device efficiency.
Through multi-objective optimization, Al offers the capacity to sim-
ultaneously maximize thermal performance, mechanical durability,
and optical behaviour, potentially accelerating the industrial adop-
tion of laser-engineered solutions. The interdisciplinarity of this
convergence is a core theme of this review, bridging materials engi-
neering, thermal science, laser physics, and computational intelli-
gence. The present review aims to provide a comprehensive account
of laser-assisted micro-texturing for thermal management in renew-
able energy systems, with particular emphasis on Al-driven design
and optimization strategies. The discussion begins with an overview
of laser—material interactions and mechanisms underlying texture
formation, followed by an assessment of current applications in PV,
PV/T, and solar thermal collectors. Subsequently, the role of Al in
predictive modelling and performance enhancement is critically ex-
amined. The paper concludes with an exploration of existing chal-
lenges, unresolved research questions, and a strategic roadmap to
guide future work. By integrating these perspectives, this review
highlights the transformative potential of laser — Al synergy in en-
abling high-efficiency, durable, and sustainable renewable energy
technologies.

Objectives and Tasks

The objective of this review is to consolidate and critically ex-
amine current research on enhancing the thermal management and
durability of photovoltaic (PV) and renewable energy systems
through laser-based micro-texturing and artificial intelligence (Al)—
driven optimization. To achieve this, the following tasks are ad-
dressed:

1. Summarize the fundamental principles of laser micro-tex-
turing and its influence on heat transfer, wettability, and optical
properties of energy-harvesting surfaces.

2. Compare reported laboratory-scale demonstrations and
modelling studies to highlight correlations between texture mor-
phology, thermal regulation, and device performance.

3. Analyse the role of Al and machine learning in predicting,
optimizing, and designing multifunctional textures for improved
cooling efficiency, optical absorption, and durability.

4. Identify existing limitations, including scalability, envi-
ronmental durability, data scarcity, and integration with commer-
cial PV and hybrid systems.

5. Outline future research directions, emphasizing digital
twins, adaptive Al algorithms, and techno-economic assessments
to enable reliable, scalable, and sustainable deployment of laser
Al-enabled renewable devices.

The limitations of existing cooling strategies are summarized
in Table 1.

Table 1 — Comparison of conventional cooling approaches for photovoltaic (PV) systems (Source: author)

Cooling Typical Techniques
Approach

Reported Efficiency Gain

Cost & Complexity Key Limitations

Passive  Heat sinks, natural convec-

tion channels, fins, phase

2-5% (heat sinks, fins); 4-7%
(PCM-based)

Low to moderate cost; sim- Limited scalability; PCM suffers from leak-
ple design; minimal mainte- age and long-term stability issues; effective-

change materials (PCMs) nance ness declines under fluctuating solar loads
Active Forced air cooling, liquid cir- 5-12% (air/liquid); up to 15% (water Higher cost; requires Reduced net energy gain due to parasitic

culation, water spraying, re- spray, evaporative) pumps/fans; added energy power use; increases system complexity;

frigerant-based loops consumption higher operational and maintenance costs
Hybrid PCM + heat sinks, liquid +  8-12% (PCM + heat sink); 10-15% Moderate to high; requires Integration challenges; increased weight; reli-

PCM, thermoelectric mod-

ules + cooling lectric hybrids in prototypes)

(PCM + liquid); up to 18% (thermoe- integration of multiple

ability and durability concerns; cost-effec-

components tiveness at large scale remains unproven

Fundamentals of Laser Micro-Texturing

Principles of Laser-Material Interaction

Laser micro-texturing relies on the precise interaction of pho-
tons with a solid surface, producing effects such as localized melt-
ing, ablation, or photochemical modification. The process is gov-
erned by laser wavelength, fluence, and pulse duration, along with
the optical-thermal properties of the substrate (Toyserkani & Rasti,
2015; Bonse, Kirner, & Kriiger, 2020).

Nanosecond lasers operate primarily in the thermal regime.
For instance, Liu et al. (2022) reported that ns pulses produced
grooves and dimples on stainless steel, but with heat-affected zones

(HAZ) up to 20 um and frequent microcracking. Their advantage
lies in cost-effectiveness and scalability, but precision is limited.

Picosecond lasers partly suppress electron—phonon coupling,
enabling cleaner ablation. Wang et al. (2019) demonstrated that ps
pulses reduced the HAZ to <1 pm on titanium alloys, yielding
smoother ripple patterns and improved uniformity.

Femtosecond lasers deliver ultrafast, non-thermal energy dep-
osition through multiphoton ionization and Coulomb explosion. Vo-
robyev and Guo (2013) observed ripple periodicities of 400—700 nm
on silicon with negligible collateral damage, while Sugioka and
Cheng (2014) demonstrated defect-free nanochannels in glass. Such
precision makes fs systems especially promising for photovoltaics
(PV), where surface quality directly affects optical absorption and
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long-term durability (Singh & Guo, 2022).

Significance. While ns systems remain attractive for large-
area, low-cost processing, ps and fs lasers offer the precision and
reliability essential for PV and semiconductor devices.

Mechanisms of Micro/Nano-Texture Formation

Different physical pathways contribute to texture develop-
ment.

Laser-induced periodic surface structures (LIPSS). Arise from
interference between incident and scattered light. Bonse et al.
(2020) demonstrated sub-wavelength ripples (~500 nm spacing)
that improve anti-reflective properties of metallic surfaces.

Capillary flow and resolidification. Molten material can re-
flow and freeze into grooves or ridges. Sierra, Edwardson, and
Dearden (2018) generated ~10 pm channels on titanium, improving
surface wettability.

Micro-explosions and plasma expansion. At fluences above ~1
J/em?, rapid vaporization produces craters or pits. Such features en-
hance nucleation sites for boiling and improve heat transfer effi-
ciency (Toyserkani & Rasti, 2015).

Photochemical modification. Particularly relevant in poly-
mers. Obilor et al. (2022) showed that fs-laser texturing alters poly-
mer chemistry, enabling transitions between hydrophilic and hydro-
phobic states for tailored self-cleaning behavior.

Significance. These mechanisms can be selectively activated
through parameter tuning, offering application-specific benefits
such as improved cooling, light trapping, or dust repellence in PV
devices (Andueza et al., 2021).

Key Processing Parameters

Surface features are highly sensitive to laser parameters and
their interplay.

Fluence. Defines whether energy is below the ablation thresh-
old (surface modification) or above (material removal). For silicon,
fs ablation begins at ~0.2 J/cm?, while ns systems require ~1 J/cm?
(Vorobyev & Guo, 2013).

Wavelength. Shorter UV wavelengths penetrate less deeply,
enabling high-resolution structuring of polymers and semiconduc-
tors (Wang & Wang, 2022).

Pulse duration. fs—ps pulses minimize heat diffusion. Sugioka
and Cheng (2014) observed that fs pulses produced nanochannels
free of thermal defects, while ns pulses caused micrometer-scale
HAZ.

Repetition rate. Enhances throughput but risks cumulative
heating. Kalinowski et al. (2023) reported that >500 kHz repetition
rates in ps lasers led to local remelting.

Scan speed and hatch distance. Govern pulse overlap. Joe et
al. (2017) demonstrated tunable micro-patterns in polymers by op-
timizing scanning strategies.

Processing atmosphere. Inert gas environments suppress oxi-
dation and plasma shielding. Yilbas et al. (2018) showed improved
finish on Inconel 718 surfaces when processed in argon compared

to air.

Significance. For PV devices, fs—ps pulses at optimized flu-
ence and repetition rates offer a balance between precision, pro-
cessing speed, and industrial scalability.

Types of Laser-Induced Surface Textures

Laser micro-texturing enables a wide range of functional mor-
phologies:

Grooves and channels. Promote liquid spreading and enhance
convective cooling (Vorobyev & Guo, 2013).

Dimples and pits. Serve as nucleation sites for phase-change
cooling, reducing thermal resistance (Liu et al., 2022).

Hierarchical micro/nanostructures. Replicate lotus-leaf topog-
raphies, achieving hydrophobicity and dust repellence (Guo, Zhang,
& Hu, 2022).

LIPSS. Sub-wavelength ripples that improve light absorption
and reduce reflectance in PV devices (Bonse et al., 2020; Andueza
etal., 2021).

Significance. These multifunctional textures allow surfaces to
simultaneously improve thermal management, optical efficiency,
and durability key requirements for next-generation renewable en-
ergy systems. The different pulse-regime mechanisms are summa-
rized in Figure 1.

Laser Micro-Texturing

Nanosecond

Reduced heat-
affected zone

Picosecond Femtosecond

Nonthermal
ablation

Thermal melting

& @ Pes y

«c g > 4
e i
Grooves Dimples/craters Ripples Hierarchical
(LIPSS) structures

Figure 1 — Schematic of laser micro-texturing across pulse regimes
(Authors own elaboration)

Nanosecond pulses induce melting and resolidification, form-
ing dimples and grooves. Picosecond pulses minimize heat-affected
zones for controlled ablation, while femtosecond pulses enable ul-
trafast non-thermal ablation and LIPSS, creating hierarchical mi-
cro/nano-textures. Surface morphology depends on fluence, wave-
length, pulse duration, and scan speed. As summarized in Table 2,
different material classes require tailored laser parameters to
achieve desired functionalities.

Table 2 — Typical laser parameters used for micro-texturing of different materials (Source: author)

Common Laser
Sources

Material Type
ration

Pulse Du- Wavelength Fluence
Range, nm Range, J/cm?

Representative Surface Fea- Relevant Applications
tures

Metals (Al, Cu, Ti, Fiber (Yb), Nd: YAG, ns—s 355-1064 0.2-5.0 Grooves, dimples, LIPSS, hi- Heat transfer enhancement, anti-

Stainless Steel) Femtosecond Ti: Sap- erarchical micro/nano patterns fouling, biomedical coatings
phire

Semiconductors (Si, Femtosecond Ti: Sap- fs—ps 193-800 0.1-1.0 Nano-ripples, micro holes, su- PV anti-reflection layers, en-

GaAs) phire, Excimer (KrF, per hydrophilic textures hanced light trapping

ArF)
Polymers (PMMA, Excimer, CO., Femto- ns—fs 193-10600 0.05-0.5 Smooth ablation zones, micro- Microfluidics, wettability tuning,
PET, PDMS) second Fiber channels, hierarchical pat- optical films

terns, chemical modifications

Ceramics & Composites Femtosecond Fiber, fs—ns

(ZrO2, Al:0s, SiC) CO2, Nd: YAG

532-10600 0.2-2.0

Nano-porous surfaces, micro- Thermal barrier coatings, struc-
channels, controlled cracks  tural components, optical devices

Applications of Laser Micro-Texturing in
Renewable Energy Devices
Photovoltaic Panels

Photovoltaic (PV) modules are constrained by two persistent
challenges: optical reflection losses, which prevent full utilization

of incident solar radiation, and thermal accumulation, which accel-
erates material degradation and lowers conversion efficiency (Joo
et al., 2023; Khan et al., 2025). Addressing both simultaneously is
essential for long-term, high-efficiency solar power generation.
Laser micro-texturing has emerged as a multifunctional solu-
tion to these problems. By fabricating sub-wavelength ripples and
hierarchical surface patterns, textured layers suppress broadband
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reflection, thereby enhancing light absorption without the need for
external coatings (Bonse, Kirner, & Kriiger, 2020; Andueza et al.,
2021). This optical tailoring translates directly into higher electrical
output under real operating conditions.

Beyond optical control, engineered surface morphologies in-
fluence heat and contamination behavior. Increasing the effective
surface area enhances convective heat transfer, while wettability
modification enables self-cleaning functionalities. For instance, hy-
drophobic and superhydrophobic laser-textured surfaces minimize
dust deposition and facilitate rain-assisted removal, a critical ad-
vantage for large-scale solar farms operating in dusty or humid en-
vironments (Guo, Zhang, & Hu, 2022; Fillion, Riahi, & Edrisy,
2014). Conversely, hydrophilic regions can promote thin water
films that boost evaporative cooling under high irradiation.

Experimental studies validate these benefits. Nizeti¢ et al.
(2021) and Xu et al. (2021) reported 3—7% improvements in power
conversion efficiency when PV modules were integrated with laser-
textured layers, with even greater potential when combined with hy-
brid cooling approaches such as phase-change materials.

As illustrated in Figure 2 (Author’s own elaboration), laser-
textured PV surfaces deliver a triple benefit: reduced optical reflec-
tion, enhanced heat dissipation, and improved self-cleaning. To-
gether, these effects provide an integrated strategy to overcome mul-
tiple bottlenecks that limit the performance and durability of current
PV technologies.

Top Glass Cover

Self-cleaning
Rolling Off

666 e ‘("(‘:("( oo
00" 0.° 0,0 0q 00 g0

Heat-cleaning
Water Disapation
Pathways

Laser-textured Si Surface
Absorber Layer

Figure 2 — Schematic of a laser-textured PV cell showing reduced
reflectance, enhanced cooling, and self-cleaning for improved
performance (Author’s elaboration)

Solar Thermal Collectors

In solar thermal systems, the absorber plate is the primary com-
ponent responsible for harvesting incident radiation and transferring
heat to the working fluid. Conventional flat absorbers, however, of-
ten suffer from low wettability and modest heat transfer coefficients,
particularly under fluctuating thermal loads (Gupta & Tiwari, 2016;
Al-Shamkhee et al., 2022). These limitations reduce overall system
efficiency and contribute to long-term performance degradation.

Laser micro-texturing has emerged as a promising strategy to
overcome these drawbacks. By introducing grooves, dimples, and
hierarchical features, laser-modified surfaces promote stronger
fluid—surface interactions and enlarge the effective heat transfer

area. Such engineered topographies enhance convective heat trans-
fer while simultaneously reducing fouling and scaling tendencies,
thereby improving both efficiency and durability (Toyserkani &
Rasti, 2015; Liu et al., 2022). Experimental studies support these
advantages. For example, nanosecond-laser-fabricated micro-dim-
pled copper absorber plates have shown up to an 18% increase in
heat transfer efficiency compared with untreated surfaces, attributed
to turbulence intensification and improved wettability (Sierra, Ed-
wardson, & Dearden, 2018; Wang & Wang, 2022). Similar enhance-
ments have been reported for micro-grooved and ripple-textured ab-
sorbers, which provide capillary-driven liquid spreading and local-
ized boiling sites (Bonse, Kirner, & Kriiger, 2020). Practical signif-
icance: These improvements directly contribute to higher thermal
yields in both concentrating solar power (CSP) systems and low-
temperature solar heating applications, where durability and sus-
tained performance are critical. As solar thermal collectors continue
to expand into industrial and residential markets, laser texturing of-
fers a scalable pathway to achieve higher energy output with re-
duced maintenance demands.

Hybrid Energy Systems

Hybrid solar technologies, which integrate multiple energy-
harvesting functions into a single platform, are increasingly recog-
nized as a pathway toward higher efficiency and resource utiliza-
tion. Among these, photovoltaic—thermal (PV/T) collectors and so-
lar-assisted desalination units have gained particular attention. Both
stands to benefit substantially from the multifunctional properties
imparted by laser micro-textured surfaces.

In PV/T collectors, laser-structured absorber plates and heat
exchangers facilitate enhanced thermal removal while maintaining
electrical performance by regulating module temperature. Xu et al.
(2021) demonstrated that coupling PV/T systems with advanced
thermal regulation strategies such as phase-change materials can
significantly improve energy conversion. Incorporating micro- and
nano-textures further strengthens this effect by simultaneously
boosting convective heat transfer and reducing surface reflection
losses (Andueza et al., 2021; Bonse, Kirner, & Kriiger, 2020). Pre-
liminary reports suggest that PV/T units with textured absorbers can
achieve 10—15% higher combined efficiency compared to conven-
tional flat-plate designs (Nizeti¢ et al., 2021).

Beyond PV/T systems, solar desalination devices also benefit
from laser-enabled surface engineering. Wettability-controlled mi-
crotextures accelerate evaporation and mitigate salt scaling, two of
the primary bottlenecks in long-term operation (Liang et al., 2023;
Chen et al., 2022). For example, picosecond-laser-textured alumi-
num surfaces have been shown to enhance photothermal water
evaporation while resisting fouling, thereby improving freshwater
yield under continuous use.

Practical significance. By embedding heat-transfer enhance-
ment, optical tuning, and scaling resistance into the device architec-
ture, laser micro-texturing provides hybrid solar systems with sus-
tained performance improvements and reduced maintenance re-
quirements. This multifunctional approach broadens the role of so-
lar technologies beyond electricity generation, enabling reliable co-
production of power, heat, and clean water. Reported improvements
in thermal efficiency based on literature are summarized in Table 3.

Table 3 — Reported improvements in thermal efficiency of renewable energy devices using surface texturing

(Source: author based on literature)

Renewable  Texturing Strategy Reported Thermal Efficiency Im- Additional Functional Benefits Remarks

Device provement

Photovoltaic ~ Micro-dimples, grooves on Si  6—12% reduction in operating tem-  Anti-reflection, hydrophobicity ~ Laboratory-scale demonstrations;
(PV) Panels  surface perature; ~4—7% efficiency gain scalability remains a challenge
Solar Thermal Laser-textured absorber plates 8—15% higher heat transfer coeffi- Enhanced absorptivity, reduced ~ Effective under fluctuating solar
Collectors cient fouling flux conditions

PV/T Hybrid Hierarchical textures on ab- ~ 10-18% improvement in combined Dust repellence, wettability con- Integration complexity and cost
Systems sorber/heat exchanger thermal + electrical output trol factors

Solar Desalina- Textured evaporation surfaces
tion Units

12-20% increase in evaporation rate Enhanced solar absorption, salt-

Promising for off-grid and arid-

crust mitigation region applications

Concentrated Textured metallic receivers

Solar Systems ficiency

5-10% improved heat absorption ef- Improved spectral selectivity

Long-term durability under high
flux must be validated
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Thermal Management Enhancement via Laser-
Induced Surface Structures

Effective thermal regulation is one of the most critical factors
influencing the efficiency and long-term durability of renewable en-
ergy devices. Overheating not only decreases power conversion ef-
ficiency in PV modules but also accelerates material degradation
and failure in hybrid systems (Joo et al., 2023; Khan et al., 2025).
Traditional cooling strategies whether passive or active often re-
quire bulky external components or consume additional energy
(Nizeti¢, Papadopoulos, & Giama, 2017; Alao et al., 2025). In con-
trast, laser-induced surface texturing embeds thermal management
directly into the device architecture by modifying surface geometry,
altering fluid—surface interactions, and enabling tailored wettability
(Bonse, Kirner, & Kriiger, 2020; Liu et al., 2022).

Enhanced Convective Heat Transfer

Laser-generated grooves, dimples, and hierarchical roughness
intensify fluid motion at the surface by disrupting the thermal
boundary layer. This promotes turbulence in both air and liquid en-
vironments, improving convective heat transfer. Studies on textured
silicon surfaces have demonstrated up to a 15% increase in local
heat transfer coefficients relative to untreated substrates (Andueza
et al., 2021; Nizeti¢ et al., 2021). Similar results have been reported
for textured metallic absorbers in hybrid PV/T systems, where
groove-induced turbulence enhances thermal exchange without sac-
rificing electrical performance (Xu et al., 2021).

Significance. Embedding such microtextures into PV modules
reduces surface temperature, directly slowing efficiency losses
linked to heat buildup.

Increased Effective Surface Area

A fundamental advantage of laser texturing is the substantial
increase in surface-to-volume ratio. Nanostructures such as laser-
induced periodic surface structures (LIPSS) and conical features can
nearly double the available heat-dissipating area (Bonse et al.,
2020). Expanded interfaces enhance conduction into the working
fluid and radiation into the ambient environment. For instance, PV
cells coated with laser-fabricated micro-dimples have been shown
to operate 3—5 °C cooler, corresponding to a 3—5% gain in power
conversion efficiency (Andueza et al., 2021; Nizeti¢ et al., 2021).

Significance. Such passive cooling eliminates the need for ex-
ternal fins or fans, reducing maintenance and energy penalties.

Wettability Control and Phase-Change Heat Transfer

Laser structuring also allows precise tuning of wettability. Hy-
drophilic surfaces encourage thin-film spreading of water, enhanc-
ing evaporative and phase-change cooling, while hydrophobic tex-
tures enable droplet roll-off, preventing dust accumulation that often
creates thermal hotspots (Guo, Zhang, & Hu, 2022; Fillion, Riahi,
& Edrisy, 2014).

This dual-mode wettability control is particularly useful in

hybrid devices. For example, in solar desalination systems, hydro-
philic laser-textured absorbers accelerate evaporation while simul-
taneously reducing salt scaling, leading to improved thermal effi-
ciency and freshwater yield (Liang et al., 2023; Chen et al., 2022).

Significance. Wettability engineering provides both cooling
enhancement and contamination resistance, extending operational
lifetime in harsh outdoor conditions.

Case Studies in Renewable Devices

Applications of laser-induced surface structures have been explored
across several renewable energy platforms.

Photovoltaic panels. Micro- and nano-structured silicon layers
lower cell operating temperature by up to 10 °C while simultane-
ously improving light absorption (Andueza et al., 2021).

Solar thermal collectors. Laser-textured copper absorber
plates demonstrate higher heat flux transfer and greater stability un-
der fluctuating solar conditions (Sierra, Edwardson, & Dearden,
2018; Wang & Wang, 2022).

Hybrid PV/T systems. Hierarchical grooves at absorber—ex-
changer interfaces balance thermal removal with electrical stability,
extending device lifespan (Xu et al., 2021).

Cooling fins and heat sinks. Laser-textured metallic fins show
enhanced convection in both natural and forced flow, supporting in-
tegration in compact renewable energy modules (Nizeti¢ et al.,
2021).

As summarized in Figure 3 (Author’s own elaboration), laser
texturing enhances heat dissipation by promoting convective air-
flow or liquid motion, increasing effective surface area, and ena-
bling targeted wettability control.

Pathways of thermal enhancement
through laser-induced texturing

Enhanced

convection Boundary layer

disruption
— higher convective
heat transfer

Wettability control

Hydrophilic
. ~o

.e..-e.-
< e o
@ 06 06 6 600

t t

- -
Gacs

Hydrophilic
SELF-CLEANING

Absorber plate

t

Expanded surface-to-volume ratio
— greater heat dissipation

W

PV module

Figure 3 — Thermal management mechanisms of laser-textured
surfaces: enhanced convection, higher heat dissipation, and
wettability-driven cooling/self-cleaning (Author’s elaboration)

Performance comparison between conventional and laser-tex-
tured thermal management approaches in photovoltaic systems is
shown in Table 4.

Table 4 — Performance comparison between conventional and laser-textured thermal management approaches in photovoltaic systems

(Source: author based on literature)

Cooling Strat-  Surface Condition Typical Tempera- Relative Effi- Key Functional Features Long-Term Stability

egy ture Reduction, °C ciency Gain, %

Passive Natural =~ Smooth absorber sur- 2-3 ~1-2 Relies solely on ambient convection; limited ~ Moderate (degrades with

Cooling face control dust/soiling)

Fin-based Cool- Extruded metal fins 5-7 34 Increased surface area; no wettability control ~ High (mechanically ro-

ing bust, but adds bulk)

Liquid Immer-  Encapsulated with ~ 8-10 4-6 Direct heat extraction via high thermal capac- Moderate (risk of leakage,

sion Cooling coolant fluid ity fluid maintenance needed)

Laser-Textured Micro/nano-grooved 10-15 6-9 Expanded surface-to-volume ratio; induced mi- High (surface stability if

Surface Cooling  Si surface with tai- cro-convection; enhanced evaporative cooling; protected with coating)
lored wettability hydrophobic rolling for self-cleaning

Hybrid Laser-  Textured Si with at-  15-18 8-12 Synergistic enhancement of conduction, con- High (robust under out-

Textured + Fins _tached cooling fins

vection, and evaporation door cycling)

Al-Driven Optimization of Laser Micro-Texturing

The integration of artificial intelligence (AI) with laser surface
engineering is transforming the way micro- and nano-scale textures
are designed for renewable energy applications. Conventional trial-

and-error experimentation is resource-intensive and slow, whereas
Al frameworks enable predictive modelling, multi-objective opti-
mization, and adaptive control, significantly reducing experimental
overhead while accelerating innovation (Sohrabpoor et al., 2019; Ji
etal.,, 2024).
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Role of Al

Different Al paradigms provide complementary strengths.

Artificial neural networks (ANNs). Capture nonlinear relation-
ships between laser parameters (e.g., fluence, pulse duration, scan-
ning speed) and resulting surface features such as groove depth,
roughness, or wettability (Sohrabpoor et al., 2019).

Deep learning architectures (CNNs, RNNs). Extract hidden
correlations from large process datasets, enabling accurate predic-
tion of texture morphology and energy-related performance out-
comes (Sharma et al., 2022).

Evolutionary algorithms (genetic algorithms, particle swarm
optimization). Efficiently explore wide parameter spaces and con-
verge on optimal strategies that balance thermal, optical, and me-
chanical performance (Ji et al., 2024).

Significance. These approaches allow researchers to predict
and refine laser processing outcomes before experimentation, sav-
ing cost and time while uncovering novel texture designs.

Predictive Modelling

Al frameworks are increasingly used for end-to-end prediction
of functional outcomes.

Inputs. Pulse regime, fluence, wavelength, scanning speed,
ambient environment.

Outputs. Heat transfer coefficient enhancement, absorptivity
gain, self-cleaning potential, durability under thermal cycling.

Validation. Predictions are cross-checked with finite element
modelling and experimental techniques such as SEM, AFM, and
profilometry (Sohrabpoor et al., 2019; Ji et al., 2024).

Significance. By integrating modelling and experiments, Al
ensures predictive reliability, enabling faster scale-up for industrial
PV and hybrid systems.

Multi-Objective Optimization

Renewable energy devices demand simultaneous optimization
of thermal, optical, and durability-related functions.

Thermal. Al identifies groove and dimple geometries that max-
imize convective and evaporative cooling (Sharma et al., 2022).

Optical. Models optimize LIPSS periodicity for broadband
anti-reflection and light trapping (Bonse et al., 2020).

Durability. Forecasts surface degradation under UV exposure,
dust deposition, and humidity cycling (Jordan et al., 2019).

Multi-objective optimization platforms often employ Pareto-
front analysis, allowing designers to select parameter sets that
achieve balanced trade-offs tailored to specific device requirements
(Kenfack et al., 2025).

Cross-Domain Case Studies

Lessons from other engineering domains demonstrate the ver-
satility of Al-guided laser texturing.

Tribology. Al-predicted dimple arrays on bearing surfaces re-
duce wear, analogous to optimizing micro-textures for thermal
transport (Sohrabpoor et al., 2019).

Biomedical devices. ANN-guided femtosecond texturing en-
hances wettability and osseointegration; similar strategies can be
used for hydrophilic coatings in evaporative PV cooling (Sharma et
al., 2022).

Aerospace coatings. Deep learning frameworks optimize drag-
reducing ablation patterns, showing parallels to optical absorption
tuning in PV collectors (Ji et al., 2024).

More directly, Al has already penetrated renewable energy op-
timization.

PV/T collectors with nanofluids. ML models improved thermal
prediction accuracy by >10% over traditional regression (Sharma et
al., 2022; Jakhar et al., 2023).

Hybrid ANN-GA approaches. Genetic algorithms tuned neural
networks to optimize channel geometries, lowering PV/T operating
temperatures by 8—12 °C (Kenfack et al., 2025; Zayed et al., 2023).

Reinforcement learning. Adaptive Al controllers regulate PV
output under fluctuating irradiance, reducing parasitic power penal-
ties and improving stability (Xu & Gong, 2023; Kavousi-Fard et al.,
2024).

Significance. Embedding Al within laser-assisted surface tex-
turing frameworks enables dual optimization: (i) precise micro-
scale texture design, and (ii) system-level thermal management un-
der dynamic operating conditions. This synergy positions Al as a
catalyst for scalable, intelligent, and durable renewable energy de-
vices.

Figure 4 illustrates Al-driven loop optimizing laser-textured
surfaces for thermal, optical, and durability performance.

Al-driven Optimization Loop

&

/ Al MODEL \
+ ANN PREDICTED
+ Deep Learning OUTCOMES
« Genetic S
Algorithms
+ Reinforcement Surface
Learning Morphology
« Fluence Wettability
* Pulse Duration Absorptivity
« Scanning Speed Heat Transfer
+ Amblent Environment Coefficient

(%

FEEDBACK

Experimental Validataion
Dataset Update

Figure 4 — Al-driven loop optimizing laser-textured surfaces for
thermal, optical, and durability performance (Author’s elaboration)

Table 5 — AI methods applied in laser texturing and thermal optimization (Source author)

Al Method Application Scope  Input Dataset Predicted/Optimized Outcome Relevance to Renewable Devices
Artificial Neural Net- Mapping nonlinear ~ Laser fluence, pulse width, Groove depth, surface roughness,  Prediction of cooling efficiency and
works (ANNs) process—response scan speed wettability state optical gain in PV cells
Convolutional Neural Image-based mor- SEM/AFM images of textures Classification of periodic structures Enables autonomous quality assur-
Networks (CNNs) phology recognition (LIPSS, dimples, grooves) ance of textured PV/T absorbers
Genetic Algorithms Multi-objective opti- Parameter ranges + constraints Pareto-optimal solutions for thermal Identifies balanced texturing strate-
(GA) mization vs. optical trade-offs gies for PV/T collectors

Particle Swarm Optimi- Rapid global parame- Continuous parameter space ~ Converges on high-performance set- Suitable for real-time adaptive laser
zation (PSO) ter search tings with fewer iterations control in PV panels
Reinforcement Learn-  Closed-loop adaptive Real-time sensor feedback Dynamic adjustment of laser Maintains optimal texture under var-
ing (RL) process control (temperature, reflectance) power/speed iable solar flux

Hybrid AI-FEM Mod- Data-driven + phys-
els ics-based synergy

FEM simulations + experi-
mental inputs

Predicts heat transfer enhancement
and stress resilience

Ensures durability of laser-textured
absorbers in outdoor cycling

Challenges and Research Gaps

Although laser-based micro-texturing shows strong potential
for improving the thermal management of renewable energy de-
vices, several unresolved challenges continue to limit its translation
from laboratory-scale demonstrations to industrial deployment.

These challenges span technical, environmental, computational,
and economic dimensions, and addressing them is essential to un-
lock scalable applications. Research gaps and future opportunities
for laser-textured renewable energy devices is illustrated in Fig-
ure 5.
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Figure S — Research gaps and future opportunities for laser-textured
renewable energy devices, highlighting scalability, durability, data,
integration, and economic challenges (Author’s elaboration)

Experimental and Scale-Up Limitations

Most studies on laser micro-texturing have been performed on
small laboratory samples under controlled conditions. Scaling these
textures to large-area photovoltaic (PV) modules or solar thermal
collectors introduces significant engineering barriers. Current laser
systems struggle with high processing times, power consumption,
and alignment precision when applied to meter-scale surfaces (Toy-
serkani & Rasti, 2015; Pfleging, 2020). Achieving uniform mi-
cro/nano-features over such areas remains unresolved. Promising
directions include high-throughput techniques, such as multi-beam
splitting, roll-to-roll laser processing, or hybrid lithography—laser
approaches, but these remain at the prototype stage.

Significance. Without breakthroughs in scalability, laser tex-
turing will remain restricted to niche or high-value applications ra-
ther than broad PV deployment.

Durability Under Real Operating Environments

Another critical gap is the long-term durability of textured sur-
faces in harsh outdoor conditions. PV and hybrid systems operate
under UV exposure, thermal cycling, humidity, and abrasion from
airborne dust. While laboratory experiments confirm enhanced wet-
tability or cooling effects, few studies evaluate stability over years
of operation. For example, hydrophilic textures designed for evap-
orative cooling may degrade through fouling or corrosion, while hy-
drophobic textures can lose functionality due to abrasion (Conradi
et al., 2019; Fillion, Riahi, & Edrisy, 2014). Field studies in desert
regions have shown that dust accumulation alone can reduce PV
output by 20-30% annually if unmitigated (Kahoul et al., 2014).
The interaction of such soiling with textured geometries remains
poorly understood.

Significance. Systematic accelerated aging tests and long-term
field trials are urgently needed to quantify durability and guide tex-
ture designs tailored to real-world environments.

Data Scarcity for Al Model Development

Al frameworks hold strong potential to accelerate laser-textur-
ing design; however, their impact is currently constrained by limited
and fragmented datasets. Most reported studies use small, single-
laboratory datasets with narrow parameter variation (Sohrabpoor et

al., 2019; Sharma et al., 2022). The absence of open-access data-
bases combining laser inputs, material properties, and functional
outcomes prevents generalization and cross-validation. Other fields,
such as materials genomics and tribology, have shown that collabo-
rative data-sharing platforms can drive rapid progress (Agostinelli
etal., 2021).

Significance. Without robust shared datasets, Al models risk
overfitting, limiting their ability to reliably guide industrial-scale
texture optimization.

Integration with Existing Renewable Energy Systems

The compatibility of textured surfaces with commercial device
architectures is another underexplored area. In PV modules, laser
processing must avoid damaging encapsulation layers, transparent
conductive oxides, or electrical pathways. In hybrid PV/T systems,
textures must simultaneously enhance both optical absorption and
thermal dissipation without creating trade-offs (Xu et al., 2021; An-
dueza et al., 2021). Achieving this balance requires holistic design
approaches that couple surface engineering with device-level mod-
elling.

Significance. Integration challenges highlight the need for
multidisciplinary collaboration across materials science, device en-
gineering, and renewable system design.

Economic and Lifecycle Assessment Gaps

Even if technical performance is improved, the economic via-
bility of laser texturing remains uncertain. High capital costs for fs—
ps lasers, coupled with slow processing times per unit area, raise
concerns about scalability (Pfleging, 2020). Equally important,
lifecycle assessments (LCAs) that account for energy payback, em-
bodied carbon, and long-term maintenance are scarce (Nizeti¢, Pa-
padopoulos, & Giama, 2017; Hemeida et al., 2022). Without these
assessments, the true sustainability benefits of laser texturing cannot
be quantified.

Significance. Future work must combine techno-economic
analysis with environmental LCA to evaluate whether laser textur-
ing provides net-positive sustainability outcomes at scale.

Future Prospects and Roadmap

The integration of laser-based surface engineering with artifi-
cial intelligence (Al) offers a disruptive roadmap for advancing the
thermal management and durability of renewable energy systems.
However, bridging the gap between laboratory demonstrations and
commercial adoption requires a combination of technological, eco-
nomic, and policy-driven strategies.

Digital Twins for Renewable Devices. The deployment of
digital twin frameworks provides a powerful opportunity to repli-
cate and predict the real-time behavior of laser-textured devices. By
combining high-fidelity simulations with continuous sensor-driven
feedback, digital twins can model degradation pathways, optimize
surface properties dynamically, and extend device lifetimes (Xu &
Gong, 2023; Kavousi-Fard et al., 2024). Such approaches are par-
ticularly relevant for PV and hybrid PV/T systems, where opera-
tional conditions fluctuate across climatic zones.

Self-Adaptive Al for Real-Time Optimization. Current Al
models often depend on static datasets, limiting their applicability
to dynamic field environments. Future progress will depend on re-
inforcement learning and transfer learning frameworks that allow
surface functionalities such as wettability, absorption, and convec-
tive cooling capacity to be tuned in real time (Sharma et al., 2022;
Ji et al., 2024). This adaptability will be essential for ensuring per-
formance stability in regions with high dust loads, humidity, or tem-
perature swings.

Coupling with Nanofluids, PCMs, and Hybrid Cooling. La-
ser texturing alone cannot fully overcome thermal bottlenecks.
Combining micro-grooved or dimpled surfaces with nanofluids
(Mahian et al., 2013; Ghalandari et al., 2020) or phase change ma-
terials (PCMs) (Jo et al., 2022; Xu et al., 2021) offers synergistic
cooling strategies. Hybrid active—passive configurations, integrat-
ing advanced fluids, PCMs, and textured absorbers, could deliver
superior thermal buffering and ensure resilience under peak irradi-
ance.

Industrial Scaling and Cost-Benefit Analysis. Scalability
remains a major challenge. The next generation of high-throughput
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laser systems, leveraging beam-shaping optics and multi-beam ar-
rays, will be necessary to texture large-area PV modules cost-effec-
tively (Pfleging, 2020; Coblas et al., 2015). In parallel, techno-eco-
nomic assessments and lifecycle analyses (Qi et al., 2021; Hemeida
et al., 2022) must quantify return on investment, carbon payback,
and long-term durability to drive industrial acceptance.

Policy and Sustainability Implications. For laser—Al-ena-
bled devices to gain traction globally, research progress must align
with energy policy frameworks. International collaboration is re-
quired to set technical standards and certification protocols (Grillo
et al., 2024; Van de Kaa & Greeven, 2017). Policy incentives, such
as targeted funding for sustainable manufacturing and requirements
for lifecycle assessments, will ensure that deployment is not only

technologically feasible but also environmentally responsible.

Strategic Outlook. Figure 6 presents a staged roadmap:

Short term (1-3 years). Proof-of-concept validation and open-
access dataset development.

Medium term (3—7 years). Industrial pilot systems, techno-eco-
nomic validation, and digital twin integration.

Long term (7—15 years). Large-scale commercialization, pol-
icy harmonization, and global deployment.

Table 6 further outlines research directions with anticipated
technical, economic, and environmental impacts, serving as a refer-
ence point for academia, industry, and policymakers. Figure 6 illus-
trates Strategic roadmap for laser-textured renewable energy de-
vices.

Table 6. Suggested research directions and potential impacts for laser-textured renewable energy devices (Source author)

Research Direction Technical Impact

Economic / Environmental Impact

Digital twin integration for PV and Enables real-time monitoring, predictive degradation
modelling, and adaptive performance optimization.

hybrid systems

Reduces maintenance costs; extends device lifetime; lowers
lifecycle carbon footprint through predictive fault preven-
tion.

Self-adaptive Al (reinforcement and Real-time optimization of surface properties (wettability, Improves energy yield across diverse climates; reduces need

transfer learning)
weather conditions.

absorptivity, heat transfer coefficient) under dynamic

for manual reconfiguration; enhances resilience in extreme
environments.

Hybrid cooling integration (laser
textures + nanofluids/PCMs)

Enhances convective and conductive heat transfer; stabi- Cuts energy losses from overheating; improves levelized
lizes module temperature during peak irradiation.

cost of electricity (LCOE); reduces material wastage by
mitigating thermal fatigue.

High-throughput industrial laser

arrays)

Scales micro/nano-texturing to industrial PV/T module
systems (beam-shaping, multi-beam dimensions; ensures reproducibility and durability.

Reduces per-unit manufacturing cost; accelerates commer-
cialization; enables widespread adoption in utility-scale so-
lar projects.

Lifecycle and techno-economic as- Provides rigorous benchmarks for performance, durabil- Informs investment decisions; ensures compliance with sus-

sessments

ity, and recyclability under real-world conditions.

tainability goals; supports green certification and market
competitiveness.

Integration with energy storage and Optimizes thermal and electrical balance through cou-
pling with PCMs and Al-driven load management.

smart grids

Enhances energy security; supports decentralized renewable
systems; reduces dependence on fossil backup.

Policy-driven standardization and ~ Establishes durability, testing, and performance stand-

incentives ards for textured renewable devices.

Encourages industry adoption; lowers investment risks; ac-
celerates global deployment with equitable access.

Strategic Roadmap for Laser-Textured Renewable Energy Devices

Short-Term
(0-3 years
-'('j- Proof-of-concept High-throughput laser Fuily autonomous,
e digital twins for ’ processing (beam shaping, Al-driven laser texturing

PV/solar thermal modules multi-beam arrays) with digital twins
Al-based surface
pattern recognition &

initial predictive models

Self-adaptive Al
(reinforcement learning,
online training)

Integration with smart
grids and decentralized
energy systems

Lab-scale demonstration
of hybrid cooling
(nanofiuids/PCMs +
laser textures)

Field trials of PV/T
hybrid systems with
real-time optimization

Scalable manufacturing
of multifunctional textures
(thermal + optical +durability)

dp costs iceable reduction in Net
Early data on durability levelized cost of
and recyclability electricity (LCOE)

lifecycle
for textured renewable devices

Global adoption in utility-scale
solar farms

5D ® oM B

Pilot policies for Improved lifecycle
textured PV standards performance metrics

Figure 6 — Strategic roadmap for laser-textured renewable energy
devices, outlining short-, medium-, and long-term milestones in
technology, economics, and sustainability (Author’s elaboration)

Conclusion

This review highlights the emerging paradigm of laser micro-
texturing integrated with artificial intelligence (Al) as a disruptive
strategy for overcoming thermal management challenges in renew-
able energy devices. Laser-induced surface structures provide un-
precedented control over morphology, wettability, and heat transfer
pathways, while Al frameworks enable predictive modelling and
multi-objective optimization that extend beyond conventional trial-
and-error approaches. Together, these domains pave the way toward
scalable, adaptive, and durable cooling solutions capable of enhanc-
ing the performance and operational lifespan of photovoltaic (PV),
solar thermal, and hybrid energy systems.

Beyond their technical value, these innovations represent an
important step in interdisciplinary convergence. Advances in laser—
matter interaction, materials science, and thermal engineering must
be combined with data-driven approaches such as deep learning, ge-
netic algorithms, and reinforcement learning to fully realize the po-
tential of textured renewable devices. This integration not only im-
proves device-level efficiency but also contributes to broader

sustainability goals through reduced lifecycle costs, extended dura-
bility, and minimized environmental impact.

Moving forward, progress will require collaborative engage-
ment across multiple domains. Mechanical engineers, materials sci-
entists, and Al researchers must jointly address scale-up barriers,
generate standardized open-access datasets, and develop robust dig-
ital twins that capture coupled thermal, optical, and environmental
dynamics. Equally critical are industry—academia—policy partner-
ships to ensure that laboratory-scale innovations can be translated
into utility-scale deployment.

In conclusion, laser micro-texturing empowered by Al-driven
optimization offers a transformative roadmap for renewable energy
thermal management. By fostering interdisciplinary collaboration
and aligning with sustainability imperatives, this approach holds the
potential to accelerate the transition toward high-efficiency, resili-
ent, and environmentally responsible energy systems.

Laser Micro-Texturing + Al: A Roandmap for
Renewable Energy Thermal Management
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Figure 7 — Graphical summary of laser micro-texturing and Al
integration for renewable energy thermal management, highlighting
challenges, mechanisms, and future roadmaps
(Author’s elaboration)
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Key Takeaways

— Overheating remains a critical barrier to efficiency and
durability in renewable devices, particularly PV systems.

— Al frameworks (ANNSs, genetic algorithms, deep learn-
ing) accelerate the design and optimization of textured morpholo-
gies.

— Cross-sector evidence (tribology, biomedical, aerospace)

— Conventional cooling methods (passive, active, hybrid)
face challenges of cost, durability, and scalability.

— Laser micro-texturing enables controlled surface features
that enhance heat dissipation, wettability, and optical absorption.

— Experimental studies report measurable efficiency im-
provements in PV and solar thermal devices using textured sur-
faces.

demonstrates successful integration of surface engineering and
Al offering transferable lessons.

— Major gaps remain, including scalability, environmental
durability, dataset availability, and lifecycle assessment.

— Future directions: development of digital twins, real-time
adaptive Al, integration with hybrid cooling systems, and policy-
supported industrial adoption.
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