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Abstract

Advanced materials and innovative technologies in various scientific fields have to be synergically integrated
across the globe in order to achieve the transition towards sustainable development. This broad review is
systematic and integrates results from 132 recent publications to examine recent progress at the interfaces of
materials science, environmental engineering, energy systems, fluid mechanics, and biotechnology. In
environmental engineering, major advances are reported in MXene-based membranes for high-efficiency
desalination, heterojunction photocatalysts for degradation of recalcitrant organic pollutants, and metal-organic
frameworks (MOFs) for selective adsorption. Materials science innovations are critically analysed with emphasis
on multifunctional metal oxide nanoparticles, polymer nanocomposites with improved thermomechanical
properties, and catalytic pyrolysis for valorization of wastes. Additionally, the review covers key advancements
in energy systems, such as hydrogen infrastructure, hybrid microgrid optimization using advanced metaheuristic
algorithms, and next-generation photovoltaic architectures. Prospective contributions to fluid mechanics, such as
heat transfer using nanofluids and computational fluid dynamics (CFD) optimization, are also evaluated. Last,
molecular dynamics simulations are applied in the design of biocatalysts, providing a glimpse into the
contribution of computational tools in environmental biotechnology. The review brings together a
multidisciplinary lens to clarify the interdependency of materials innovation, energy transition, and
environmental sustainability, and suggests strategic research pathways.

Keywords: environmental engineering, materials science, sustainable energy systems, advanced nanomaterials,
photocatalysis.

Tecnologias e materiais avancados para dgua, energia e sustentabilidade verde:

Uma revisdo abrangente

Resumo

Materiais avancados e tecnologias inovadoras em diversas 4reas cientificas precisam ser integrados
sinergicamente em escala global para alcangar a transi¢do rumo ao desenvolvimento sustentavel. Esta ampla
revisdo ¢ sistematica e integra resultados de 132 publicacdes recentes para examinar os avangos recentes nas
interfaces entre ciéncia dos materiais, engenharia ambiental, sistemas de energia, mecanica dos fluidos e
biotecnologia. Na engenharia ambiental, sdo relatados avangos significativos em membranas a base de MXene
para dessalinizacdo de alta eficiéncia, fotocatalisadores de heterojuncdo para a degradacdo de poluentes
organicos recalcitrantes e estruturas metal-organicas (MOFs) para adsorgdo seletiva. As inovagdes em ciéncia
dos materiais sdo analisadas criticamente, com énfase em nanoparticulas multifuncionais de 6xidos metélicos,
nanocompositos poliméricos com propriedades termomecénicas aprimoradas e pirdlise catalitica para a
valorizagdo de residuos. Além disso, a revisdo aborda avancos importantes nos sistemas de energia, como
infraestrutura de hidrogénio, otimizacdo de microrredes hibridas utilizando algoritmos meta-heuristicos
avancados e arquiteturas fotovoltaicas de ultima geracdo. Também sdo avaliadas contribui¢des potenciais para a
mecanica dos fluidos, como a transferéncia de calor utilizando nanofluidos e a otimiza¢do por dindmica dos
fluidos computacional (CFD). Por fim, simulagdes de dindmica molecular sdo aplicadas ao projeto de
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biocatalisadores, oferecendo uma perspectiva sobre a contribui¢do das ferramentas computacionais para a
biotecnologia ambiental. A revisdo reune uma perspectiva multidisciplinar para esclarecer a interdependéncia
entre a inovagdo em materiais, a transicdo energética e a sustentabilidade ambiental, além de propor caminhos
estratégicos para futuras pesquisas.

Palavras-chave: engenharia ambiental, ciéncia dos materiais, sistemas de energia sustentavel, nanomateriais
avancados, fotocatalise.

1. Introduction

The 2020s are a defining decade for sustainability, in which we must implement state-of-the-art energy systems,
accelerate the leap of breakthrough materials science, and move sustainable development from a philosophy to a
necessity (Khan et al., 2025). With the challenges of exponential population growth, rapid industrialization, and
anthropogenic climate change, sustainable access to freshwater resources, reliable and clean energy, and
materials that are not harmful to the environment are of utmost importance. The imperatives are directly related
to the United Nations Sustainable Development Goals (SDGs): SDG 6 (Clean Water and Sanitation), SDG 7
(Affordable and Clean Energy), SDG 12 (Responsible Consumption and Production), and SDG 13 (Climate
Action) (Khan et al., 2025).

Traditionally, research on these challenges has been undertaken in separate (disciplinary) silos. Recent studies,
however, show that in the ultimate transition to decarbonized energy systems, novel advanced materials are
indeed needed, and technical innovation must be closely linked to the principles of sustainability (Khan et al.,
2025). This deep integration requires a multidisciplinary research and development strategy that allows for a
cumulative and interdependent growth of the various research areas.

The purpose of the present review is to connect various disciplines by reviewing and summarizing recent
advances in five major fields: environmental engineering and wastewater treatment, materials science and
engineering, energy systems, fluid mechanics, and biotechnology. This paper reviews and evaluates advanced
materials and technologies that support sustainable development in detail based on the analysis of 132 recent
publications covering a wide range of academic disciplines.

2. Environmental Engineering and Wastewater Treatment

Environmental engineering is facing the challenge of more and more complex industrial wastewater streams to
be cleaned up and, at the same time, moving on to new paradigms in resource recovery. The effluents from
industries often carry a lot of recalcitrant pollutants, such as heavy metals, synthetic dyes, pharmaceutical
residues, and polycyclic aromatic hydrocarbons (PAHs), that require advanced and highly selective treatment
techniques (Mubhsin et al., 2025). Advanced functional materials offer a strong response to these challenges, with
better performance, selectivity, and operational lifetime than traditional treatment processes.

2.1 Advanced membrane technologies and desalination

As water scarcity has been increasing in our world day by day, advanced desalination technology has been
playing a vital role in supplementing freshwater supply (Khan et al., 2026). Recently, MXene-based membranes
have shown great potential as advanced desalination platforms, achieving remarkable salt rejection efficiencies
and high water permeation fluxes (Khan et al., 2026). These 2-D transition metal carbides and nitrides are
synthesized by selectively etching the MAX phases and have tunable interlayer spacing for selective molecular
sieving at the sub-nanometer scale.

Strategies developed to optimize the performance of MXene membranes include the regulation of interlayer
spacing with the use of pillaring agents, functionalization of the surfaces with hydrophilic groups, and the
stacking techniques used to obtain ordered laminar MXene structures (Anwar et al., 2025; Khan et al., 2026;
Meskher et al., 2025; Sun et al., 2024). Empirical studies show that these engineered membranes can reject salt
at a rate of greater than 99% and have water fluxes significantly higher than those of conventional polymeric
membranes (Khan et al., 2026). In addition, the intrinsic anti-fouling properties of MXenes, due to their
hydrophilicity and electrostatic repulsion, further enhance their suitability for long-term desalination processes
(Khan et al., 2026; Meskher et al., 2025).

Given the global water crisis and its increasing severity, the water management and production paradigm is in
need of a change. As discussed in Section 2.1, scaling up desalination infrastructure to meet growing demand is a
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critical opportunity that is essential for the development of high-performance materials. This trend is
quantitatively validated in Figure 1, which depicts the spectacular growth of global desalination capacity in the
past 15 years.

The global desalination capacity has been steadily increasing significantly over the past sixteen years, as shown
in (Figure 1). The capacity is projected to have steady growth from around 65 million m3/day in 2010 to nearly
140 million m3/day by 2026. This increase of almost 115% denotes the growing global concerns about water
scarcity, which were discussed in the manuscript. As shown in the data, desalination technologies are essential
for the supply of fresh water for both population and industrial demand. The increase in capacity growth after
2020 is particularly evident and reflects the rapid roll-out of large-scale infrastructure projects globally. This
trend is used as a quantitative reference for the need for more efficient membranes, such as the MXenes reported
in this study. In conclusion, Figure 1 proves that “desalination has evolved from a limited and specific solution to
an essential component of the global water security and sustainability strategy.”
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Figure 1. Global desalination trends: Khan et al. (2026); Meskher et al. (2025) and Sun et al. (2024).

Table 1 shows the comparative analysis of both flux and rejection performance of the advanced 2D
nanomaterials with the conventional thin-film composite (TFC) membranes, which clearly indicates that the
advanced 2D nanomaterials have significant outperformance in both flux and rejection. While the water flux of
conventional TFC membranes is around 1.5-2.5 L/m?-h-bar, pristine MXene has a much higher water flux.
Designed to achieve the highest performance, the engineered intercalated MXene architecture achieves a record
water flux of up to 22.5 L/m?-h-bar and a salt rejection rate of >99.8%.

Moderate improvement is achieved for graphene oxide and MOF-polymer hybrid systems, but not for
MXene-based systems, which are not as precise as sub-nanometer or as fouling-resistant as graphene oxide. The
data show that there is a strong link between material engineering and fouling resistance, with the more
sophisticated 2D systems capable of resisting fouling at the "Very High" level. In conclusion, these parameters
prove the intercalated 2D nanomaterials to be the most promising route to overcome the conventional upper
limits of Robeson in desalination.
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Table 1. Comparative performance of advanced desalination membranes.

Salt Primary
Membrane Material Water Flux Rejection Fouling
Type Composition (L/m?-h-bar) (%) Resistance Reference
Conventional Polyamide 1.5-2.5 98.5-99.2 Low (Khan et al., 2026)
TFC
2D Graphene Oxide 3.0-55 95.0-98.0 Moderate (Sun et al., 2024)
Nanomaterial (GO)
2D Pristine MXene 8.5-12.0 99.1-99.5 High (Khan et al., 2026;
Nanomaterial (TisC2Ty) Meskher et al., 2025)
Engineered Intercalated 15.0-22.5 >99.8 Very High (Anwar et al., 2025)
2D MXene
Hybrid MOF-Polymer 5.5-8.0 99.0-99.6 Moderate (Escobar-Hernandez et
Composite Matrix al., 2023)

Source: Author, 2026.

2.2 Heterojunction-driven photocatalytic degradation

Photocatalysis is a very promising advanced oxidation process (AOP) used for the degradation of recalcitrant
organic pollutants. In decentralised wastewater treatment, heterojunction photocatalytic oxidation has been
specially developed for the synergistic degradation of microbial pathogens and synthetic dyes (Haider et al.,
2026). The basic principle is to connect semiconductors with different band gap energies that allow for spatial
separation of the electron-hole pairs created by the photons to reduce recombination losses (Haider et al., 2026).

Recent investigations show that the degradation of harmful pollutants, including Fast Yellow AB, by visible light
using nano-photocatalysts of zinc ferrite (ZnFe.04) is extremely effective (Jamila et al., 2025). Zinc ferrite,
having a spinel structure, has a narrow band gap (~1.9 eV), which allows it to absorb strongly in the visible light
region. The results of the kinetic studies show degradation efficiencies >90% after 120 minutes of irradiation
(Jamila et al., 2025). Likewise, Ni-ZnO catalysts have been shown to work under either photocatalytic or
sonocatalytic conditions for the mineralization of complex organic matrices (Aherkar et al., 2025; Ahmad et al.,
2025; Atta et al., 2024; Medina-Acosta et al., 2024).

The efficiency of the photocatalytic processes in industrial wastewater treatment depends on the combination of
pollutant mineralization rate and energy efficiency. As mentioned in Section 2.2, the architecture of
heterojunctions plays a crucial role in optimizing these parameters by making charge separation efficient. To
compare the performances of the different state-of-the-art photocatalyst systems, the efficiency of degradation
and required reaction time under visible light irradiation are compared and presented in (Figure 2).

Ruan et al. (2025) reported a TiO2/g-CsNa4 heterojunction, which proves to be the most efficient system, with a
degradation rate of 95.7% in 60 minutes. This high efficiency is closely followed by the high efficiency of ZnO
nanoparticles (Atta et al., 2024) with 93.8% efficiency and the ZnFe.O4 system with visible-light sensitivity
(Jamila et al., 2025) with an efficiency of 92.4%. The versatility of hybrid systems, like the MOF/TiO: catalyst
used by Virender et al. (2024, is also revealed, as it achieved an efficiency of 90.2% and a reaction time of 80
minutes.

The BiVO4/BiOCl system, with a reaction time of 150 min, shows high potential, but the longer reaction time
indicates the need for further kinetic optimization (Al-Rawashdeh et al., 2025). They collectively suggest that it
is crucial to tailor the heterojunction interface to realize the swift and full degradation of organic pollutants that
is necessary for sustainable wastewater management, a conclusion also supported by the studies of Ahmad et al.
(2025).
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Figure 2. Comparative degradation efficiency and reaction kinetics of heterojunction photocatalyst systems
under visible light irradiation. Data sources: Ahmad et al. (2025); Al-Rawashdeh et al. (2025); Atta et al. (2024);
Jamila et al. (2025); Ruan et al. (2025); Virender et al. (2024).

2.3 Metal-Organic frameworks (MOFs) and advanced adsorbents

Metal-organic frameworks (MOFs) are a rapidly growing family of highly porous crystalline materials. The
rational design of MOF hybrids through the careful design of metal and ligand components has significantly
improved their environmental remediation capabilities (Farooq et al., 2025). MOFs are also known for their
remarkable surface areas (which can reach values well over 7,000 m%*/g") and tunable pore architectures that
allow MOFs to selectively adsorb molecules according to their molecular size and electrostatic properties
(Virender et al., 2024).

To address the inherent drawbacks of pristine MOFs, which include low hydrolytic stabilities, scientists have
created strong hybrid composites composed of MOFs and carbon nanotubes or graphene oxide (Virender et al.,
2024; Escobar-Hernandez et al., 2023). At the same time, investigations are ongoing on the development of
highly efficient and low-cost adsorbents. Optimized natural materials, such as bio-based ones, have been shown
to have the potential to sequester heavy metals on a scalable basis (Ahmad, 2014; Mohammad, 2010; Nthwane et
al., 2025), while amine-based deep eutectic solvents (DES) have demonstrated significant potential for the
extraction of specific industrial dyes (Cheshmekhezr et al., 2024; Chen et al., 2026; Khan et al., 2025a).

Rational design of porous materials is at the heart of wastewater treatment's efficiency via adsorption.
Metal-organic frameworks (MOFs) have been discussed in Section 2.3 and have the highest surface area and
tunable pore structures, which are very suitable for the removal of toxic heavy metals. To quantify the BET
surface area and the heavy metal adsorption capacity, several benchmark MOF materials are quantitatively
compared as shown in (Figure 3).

As can be seen in Figure 3, the higher the specific surface area, the better the adsorption performance.
MIL-101(Cr) has the highest BET surface area of around 4,100 m%/g, which corresponds to a better adsorption
capacity of 580 mg/g™!. Likewise, MOF-5 has an exceptional efficiency of 520 mg/g! and a surface area of 3,800
m?/g. Materials with lower capacities, such as MIL-53(Al), whose surface area is smaller, are, in contrast, lower.
The results presented here are consistent with the results of Virender et al. (2024) and Escobar-Hernandez et al.
(2023), highlighting the significant role of surface area engineering in creating high-capacity adsorbents. Finally,
"maximizing porosity is still a key approach to optimize MOFs for applications in large-scale environmental
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Figure 3. BET surface area and heavy metal adsorption capacity of selected MOF materials. Data sources:
Escobar-Hernandez et al. (2023); Virender et al. (2024).

2.4 Zeolites and zeolite composites

Metal-organic frameworks (MOFs) are an emerging group of highly porous crystalline materials. Through
carefully designed engineering of the metal and ligand components, MOF hybrids have been created for a wide
variety of applications, including environmental remediation, which has significantly improved their
effectiveness in this field (Farooq et al., 2025). MOFs possess very large surface areas (which can exceed 7,000
m?*g') and tunable pore structure, allowing for highly selective adsorption of molecules according to their
dimensions and electrostatic interactions (Virender et al., 2024).

However, pristine MOFs suffer from several drawbacks, including poor hydrolytic stability, and to address these
limitations, robust hybrid composites of MOFs with carbon nanotubes or graphene oxide have been developed
(Virender et al., 2024; Escobar-Hernandez et al., 2023). At the same time, the search for very efficient and
inexpensive adsorbents is ongoing. Amine-based deep eutectic solvents (DES) have also shown great potential in
the extraction of specific industrial dyes (Cheshmekhezr et al., 2024; Chen et al., 2026; Khan et al., 2025a,b),
and optimized natural clays and bio-based materials have shown great potential in heavy metal sequestration
(Ahmad, 2014; Mohammad, 2010; Nthwane et al., 2025).

3. Materials Science and Engineering

The innovations within the field of materials science are the basic infrastructure for technologically sustainable
development. The importance of materials engineering for the objectives of the circular economy is exemplified
by recent developments in synthesis protocols, nanocomposite formulation, and valorization of waste.

3.1 Synthesis and applications of metal oxide nanoparticles

Metal oxide nanoparticles continue to be the main object of materials research because of their tunable
physicochemical properties and wide applications. In-depth reviews highlight recent progress in green synthesis
approaches, in-depth characterization methods, and applications in catalysis and biomedical engineering (Kashif
et al., 2026). The use of environmentally friendly solvents and plant extracts in the production of nanoparticles
greatly minimizes the ecological impact of materials production (Bibi et al., 2024; El-Morsy et al., 2025; Yin et
al., 2025a,b).
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In the field of advanced photonics, the intensity-dependent third-order nonlinear optical switching has also been
shown in complex organic glass matrices, which is crucial for the development of next-generation smart
photonic devices (Ali et al., 2026).

Table 2 lists the various multidisciplinary applications of advanced nanomaterials from environmental
remediation to high-efficiency energy conversion systems. Metal oxides such as ZnFe:O4 exhibit remarkable
efficiency in wastewater treatment processes, achieving efficiencies of more than 92% in pollutant degradation
and 99% in salt rejection, respectively, within 2D MXenes.The use of MIL-53 (Cu) MOFs represents a major
development in catalytic pyrolysis, enabling the production of better liquid fuel yields by designing the porous
structures.

In photovoltaics, plasmonic Au/Ag nanostars are a new paradigm that increases the efficiency of solar cells by
25% by using seed-mediated plasmonic enhancement. First-principles-designed TIVXs-based systems have been
demonstrated to be superior in optical absorbency and, therefore, are suitable for next-generation reflective
coating applications. These metrics collectively highlight the importance of material-specific synthesis in
meeting specific water-energy performance targets globally.

Table 2. Properties and applications of advanced nanomaterials.

Nanomaterial Specific Synthesis Primary Key Performance
Class Material Method Application Metric Reference
Metal Oxides ZnFe>04 Co-precipitation ~ Photocatalysis ~ 92% degradation  (Jamila et al., 2025;
(120 min) Jamila et al., 2025)
2D Materials Ti:C2Tx Selective Desalination >99% salt (Khan et al.,
MXene Etching rejection 2026a,b; Sun et al.,
2024)
MOFs MIL-53 Solvothermal Catalytic Enhanced liquid (Mousavi et al.,
(Cu) Pyrolysis fuel yield 2024)
Plasmonic Au/Ag Seed-mediated Solar Cells 25% efficiency (Subhan et al.,
Nanostars increase 2025)
Perovskites TIVXs (X = First-principles Reflective High optical (Amina et al.,
Br, I) Coatings absorbance 2025)

Source: Author, 2026.

3.2 Polymer nanocomposites and thermomechanical properties

The incorporation of nanoparticles into polymer matrices is widely recognized as an effective strategy for
enhancing the mechanical, thermal, and barrier properties of polymer-based composites (Musa et al., 2025;
Gobena; Woldeyonmes, 2024; Mashhadzadeh et al., 2025). Ahmad (2023, 2025) extensively investigated the
effects of iron nanoparticle loading on the crystallization kinetics and thermodynamic stability of syndiotactic
polypropylene composites, demonstrating the relevance of nanoparticle concentration to the structural and
thermal behavior of these materials.

Moreover, the effects of varying clay and starch concentrations on the rheological properties of polymer
composites have been systematically investigated, providing valuable insights into the optimization of
processing parameters for industrial applications (Ahmad et al., 2018a,b; Ahmad et al., 2021; Fouad et al., 2017).
These relationships between polymer stereoregularity and melt viscoelasticity are also important for the rational
design and processing of high-performance polymeric materials for a wide range of applications (Ahmad, 2013).

3.3 Circular economy and catalytic waste valorization

Highly efficient waste-valorization technologies are essential for advancing the transition toward a circular

95



Brazilian Journal of Science, 6(3), 89-112, 2027. ISSN: 2764-3417

economy. Catalytic pyrolysis has emerged as a promising thermochemical process for converting recalcitrant
waste plastics and biomass into high-value fuels and chemical feedstocks (Bassyouni et al., 2025; Saxena, 2025).
Recent studies have demonstrated that the catalytic pyrolysis of waste polystyrene (PS) using iron—boron
composite catalysts can significantly enhance liquid-fuel yields, highlighting the potential of tailored catalysts for
improving product recovery and process efficiency (Khan et al., 2026a,b; Mousavi et al., 2024).

Similarly, the co-pyrolysis of waste oils has been optimized to produce fuels with diesel-range characteristics
suitable for combustion applications (Suleman et al., 2025). In addition, sustainable oxidative desulfurization
(ODS) has demonstrated considerable potential for reducing sulfur content in fuels. In particular, lignin-based
heterogeneous catalysts optimized using advanced statistical approaches have achieved high desulfurization
efficiencies under relatively mild operating conditions (Shah et al., 2025). Collectively, these approaches
demonstrate the potential of catalytic conversion and upgrading technologies to simultaneously address waste
management, resource recovery, and the production of cleaner energy carriers.

4. Sustainable Energy Systems

The world has a need to decarbonize, and the high efficiency of energy conversion, storage, and management
technologies must be developed and deployed as quickly as possible.

4.1 Hybrid microgrid architecture and metaheuristic optimization

This section introduces the hybrid microgrid architecture and metaheuristic optimization. The hybrid microgrid
architecture and metaheuristic optimization are introduced in this chapter. Hybrid microgrids, which combine
different types of renewable energy sources, are extremely challenging to manage dynamically. Nuclear power,
photovoltaics, and biogas generation for complex microgrids have been successfully implemented with novel
intelligent control architectures such as advanced model-following control and PQ droop control of electric
vehicle infrastructure (Ishraque et al., 2026).

Maximizing energy coordination (Esparza et al., 2025; Paul et al., 2025) is crucial and will be achieved using
advanced metaheuristic optimization algorithms. Recently, several innovations in the field of microgrid energy
management have emerged, such as the Dual Predator Optimization (DPO) and Twin Fang Algorithms, which
showed better performance in terms of convergence rate and identification of the global optimum compared to
the classical optimization frameworks (Hasan et al, 2025a,b,c).

The smart management of hybrid microgrids plays a vital role in the shift toward resilient energy systems, which
must address renewable energy in relation to demand. As per Section 4, minimizing operational cost using
system stability is an important part of implementing a metaheuristic optimization algorithm. To compare the
convergence behavior of five significant algorithms over 500 iterations, see (Figure 4). The "Twin Fang' and
'Dual Predator Optimization' (DPO) algorithms (Hasan et al., 2025) outperformed conventional optimization
techniques, such as Particle Swarm Optimization (PSO) and Genetic Algorithms (GA), as shown.

In particular, Twin Fang is the fastest to converge, and it has the lowest cost value, well ahead of the old
benchmarks. The findings align with those from Ahmad et al. (2026) and Paul et al. (2025) and highlight the
significance of developing sophisticated algorithms for optimizing the economic viability of green energy hubs.
Finally, the new techniques are converging with greater accuracy, which is critical for real-time energy
management and efficient operation of decentralized renewable microgrids.
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Figure 4. Convergence characteristics of metaheuristic optimization algorithms for hybrid microgrid energy
management. Data sources: Ahmad et al. (2026); Esparza et al. (2025); Hasan et al. (2025); Paul et al. (2025).

Table 3 offers a comparative benchmark of the metaheuristic algorithms showing the progression of the
optimization techniques from the basic ones to the latest real-time dispatch algorithms. The traditional
algorithms such as Particle Swarm Optimization (PSO) and Genetic Algorithms (GA) have low to moderate
complexity, but have moderate global search and convergence. However, the Grey Wolf Optimizer (GWO)
shows much faster convergence, which is appropriate for predictive modelling for irrigation and load
management.

The most significant improvement in this direction is the Dual Predator Optimization (DPO), which is a dual
predator algorithm that guarantees "Very Fast" convergence and high capability of search, essential for dynamic
dispatch in a real-time environment in hybrid microgrids. In addition, the Twin Fang Algorithm offers "Very
High" global search, which ensures the best performance in multi-source and complex grid structures. The
overall picture indicates a preference for developing high-performance algorithms, such as DPO and Twin Fang,
to meet the growing complexity and real-time requirements of decentralized energy systems.

Table 3. Comparison of metaheuristic algorithms for microgrid optimization.

Optimization Convergence  Global Search Computational Primary

Algorithm Speed Capability Complexity Application Reference
Particle Swarm Moderate Moderate Low Baseline energy (Paul et al.,
(PSO) dispatch 2025)
Genetic Slow High High Long-term (Esparza et
Algorithm (GA) capacity planning al., 2025)
Grey Wolf Fast Moderate Moderate Irrigation/Load (Ahmad et al.,
(GWO) prediction 2026)
Dual Predator Very Fast High Moderate Real-time dynamic ~ (Hasan et al.,
(DPO) dispatch 2025a,b,c)
Twin Fang Fast Very High High Complex (Hasan et al.,
Algorithm multi-source grids 2025a,b,c)

Source: Author, 2026.

4.2 Green hydrogen and bioenergy technologies

The role of hydrogen technologies as a key enabler for the universal transfer of clean energy is ever more
important. A comprehensive analysis of the fast development of green hydrogen production hubs and the
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necessary strategic pathways towards global industrial decarbonization is presented by Hasan et al. (2026),
Hasan et al. (2026), Liu et al. (2026), Mohsen et al. (2026), Gupta et al. (2026), Mansilha et al. (2026), and
Abudureyimu et al. (2025).

At the same time, bioenergy produced from algal biomass provides a very sustainable way of fuel production.
The techno-economic study of simultaneous hydrogen and biochar production from particular algal strains shows
that it is feasible, which indicates great potential for carbon-negative energy systems (Bahiri et al., 2025;
Thsanullah et al., 2015; Tanweer et al., 2025; Varkolu et al., 2025).

The widespread rollout of the green hydrogen hubs is a critical element in achieving a decarbonized global
economy. As mentioned in Section 4, although hydrogen is a promising energy carrier, major economic
differences in production pathways still exist and limit its widespread use. A comparative study of the levelized
cost of hydrogen (LCOH) for different technologies is shown in (Figure 5), demonstrating the difference
between conventional and sustainable hydrogen, highlighting the potential cost competitiveness of hydrogen in
the future. Figure 5 shows a comparative analysis of the levelized cost of hydrogen (LCOH) for different
technologies, which illustrates the difference between conventional and sustainable hydrogen and the potential
cost competitiveness of hydrogen in the future.

But, as shown in Figure 5, fossil fuel-derived 'Grey' and 'Brown' hydrogen are still the only technologies that can
match the industry $2/kg goal. Biomass gasification is a more competitive green hydrogen production
alternative, costing about $4/kg, but is still twice the target price, while the cost of ‘Green' hydrogen from PEM
and Alkaline electrolysis is much higher, ranging from $5.4 to $6.2/kg. The economic barriers outlined here and
in Hasan et al. (2026) and Gupta et al. (2026) underscore the importance of the materials innovations mentioned
throughout this review. These developments have the potential to enhance the efficiency and lifespan of
electrolyzers and renewable energy systems, which will help to lower the LCOH closer to the $2/kg benchmark,
thereby supporting the sustainability of a hydrogen economy.
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Figure 5. Cost comparison of hydrogen production technologies. Data sources: Hasan et al. (2026);
Abudureyimu et al. (2025); Gupta et al. (2026).
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4.3 Next-generation energy conversion and storage

The advancements of energy storage are of crucial importance to tackle the intermittency of renewable energy
generation. Significant strides have been made in achieving the rational design of electrolytes for lithium-sulfur
batteries that effectively suppress the polysulfide shuttle, and the cyclic stability has been drastically improved
(Jan et al., 2025; Sebbagh et al., 2026).

The computational design and numerical characterization of all-perovskite multi-junction solar cells have also
been performed, showing that it is possible to exceed the theoretical efficiency limits of the traditional silicon
architecture in PV research (Fatima et al., 2025; Hussain et al., 2023; Wang et al.,, 2025). In addition,
incorporation of dynamic plasmonic nanostructures offers new strategies to boost light absorption and thermal
dissipation in sophisticated solar cells (Jamil et al., 2025; Khan et al., 2014; Subhan et al., 2025).

The worldwide shift to renewables is absolutely reliant on breakthroughs in PV technologies that are efficient
and cheap to produce. Innovative material engineering and architectural design have made perovskite solar cells
(PSCs) the most rapidly advancing solar technology in history, as discussed in Section 4. Data in Figure 6 show
the outstanding improvement of the efficiency records of PSCs over the past four years and how the various cell
configurations have developed.

Single-junction PSCs have achieved a respectable efficiency of ~27.6% as illustrated in (Figure 6), but are
fundamentally limited by the Shockley-Queisser limit (~33.7%). To resolve this challenge, two architectures
have been developed: ‘Perovskite/Si Tandem' and ‘All-Perovskite Multi-Junction' that have already overcome
the Shockley-Queisser limit, with efficiencies of 34.6% and 37.2%, respectively, expected to be achieved by
2026. Their advancements are backed by the findings of Fatima et al. (2025), Hussain et al. (2023), and Wang et
al. (2025), highlighting the essential role multi-junction designs play in maximizing solar energy harvesting. In
conclusion, the swift advancements portrayed in Figure 6 highlight the important role of PSCs in advancing the
future of high-performance energy systems and provide a promising avenue for realizing global energy
sustainability and decarbonization objectives.
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Figure 6. Evolution of perovskite solar cell efficiency records (2012-2026). Data sources: Fatima et al. (2025);
Hussain et al. (2023), and Wang et al. (2025).

5. Fluid Mechanics and Thermal Management

The optimization of fluid flow and heat transfer is essential for improving the thermodynamic performance,
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energy efficiency, and operational stability of energy systems and industrial chemical reactors. Effective thermal
management and fluid-flow control are particularly important for minimizing energy losses, enhancing
heat-transfer efficiency, and ensuring reliable operation across a wide range of industrial applications.

5.1 Nanofluid dynamics and heat transfer enhancement

Nanofluids are a key development in thermal management technologies (Atofarati et al., 2024; Kalsi et al., 2025;
Aksoy, 2025; Atofarati et al., 2024), defined as engineered colloidal suspensions of nanoparticles in base fluids.
The effective thermal conductivity and convective heat transfer coefficient of the fluid are significantly enhanced
with the dispersion of highly conductive nanoparticles (Atofarati et al., 2024). Recently, advanced theoretical
models have studied entropy-optimized radiative Maxwell ternary nanofluid flows with complex
magnetohydrodynamic (MHD) and internal heat generation effects (Abbas et al., 2026). These are strict
mathematical models that will give the needed information on the coupled physical phenomena of heat transfer
and entropy generation in highly efficient thermal systems.
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Figure 7. Thermal conductivity enhancement ratio as a function of nanoparticle volume fraction for various
nanofluid systems. Data sources: Abbas et al. (2026); Aksoy et al. (2025); Atofarati et al. (2024); Kalsi et
al. (2025).

The optimization of thermal management systems in industrial processes is increasingly reliant on the
development of advanced heat transfer fluids. As discussed, nanofluids have emerged as a superior alternative to
traditional coolants due to their enhanced thermophysical properties. Figure 7 provides a quantitative assessment
of the thermal conductivity enhancement ratio (k/k,) for various nanofluid systems as a function of nanoparticle
volume fraction.

As illustrated in Figure 7, all investigated systems exhibit a linear increase in thermal conductivity with rising
nanoparticle concentration. The 'Ternary Hybrid' nanofluid, reported by Abbas et al. (2026), demonstrates the
most significant performance gain, achieving a 70% enhancement (k/k, = 1.7) at a 4% volume fraction. This is
followed by the CuO/Water system (Aksoy, 2025) and the Al.Os/Water system (Kalsi et al., 2025), which reach
enhancement ratios of 1.5 and 1.34, respectively. In contrast, the TiO2/Ethylene Glycol (EG) system (Atofarati et
al., 2024) shows a comparatively lower enhancement. These results underscore the synergistic effect of
hybridizing different nanoparticles to maximize thermal performance. Ultimately, the data confirms that tailoring
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the nanoparticle composition and concentration is a critical strategy for optimizing the efficiency of
next-generation thermal systems.

Table 4 compares the thermophysical performance of various types of nanofluid systems with that of base fluids,
which showed an improvement in thermophysical performance compared to the traditional base fluids. It is
observed from the above data that the enhancement of thermal conductivity due to the incorporation of
nanoparticles like Al:Os, CuO, and TiO: is 12.5% to 18.2% even at low volume fractions (0.5%—2.0%).
Multi-walled carbon nanotubes (MWCNT) have shown a high aspect ratio benefit with an efficiency of 22.0% at
0.5% volume fraction.

The highest performance level is the ternary hybrid system (Cu-Al:0s-TiO2) with a 28.5% increase in thermal
conductivity and a Nusselt number ratio of 1.45. The relationship between the improvement of thermal
conductivity and the Nusselt number is clearly positive, in which it is seen that the improvement in fluid
properties leads to the improvement in convective heat transfer. Finally, the obtained results stress the strategic
value of using a ternary hybrid nanofluid to achieve maximum efficiency in industrial thermal management
systems and energy-integrated systems.

Table 4. Comparative analysis of thermophysical properties and heat transfer enhancement in mono and hybrid
nanofluid systems.

Nanoparticle Volume Thermal Conductivity ~ Nusselt Number

Base Fluid Type Fraction (%) Enhancement (%) Ratio (Nu/Nuo) Reference

Water AlOs 1.0 12.5 1.15 (Atofarati et
al., 2024)

Water CuO 2.0 18.2 1.28 (Kalsi et al.,

2025)

Ethylene TiO: 1.5 154 1.22 (Aksoy, 2025)

Glycol

Water/EG MWCNT 0.5 22.0 1.35 (Atofarati et

(50:50) al., 2024)

Ternary Cu-Al0s-TiO2 1.0 28.5 1.45 (Abbas et al.,

Hybrid 2026)

Source: Author, 2026.

5.2 Computational fluid dynamics (CFD) applications

Computational fluid dynamics (CFD) has become an essential tool for the design, analysis, and optimization of
thermal systems, enabling detailed assessment of fluid flow, temperature distribution, pressure drop, and heat
transfer characteristics. In heat exchanger applications, CFD simulations provide valuable insights into the
influence of complex internal geometries and flow-disturbing devices on thermal-hydraulic performance. Recent
studies have investigated the effects of internal structures in concentric-tube heat exchangers, demonstrating that
the strategic incorporation of inserts, such as twisted tapes, can substantially enhance heat transfer performance
(Benmbarek; Moujaes, 2025; Syed et al., 2024a,b).

The improved performance is primarily associated with the generation of secondary flows, enhanced fluid
mixing, increased turbulence, and repeated disruption of the thermal boundary layer. These mechanisms promote
more effective interaction between the fluid and heat-transfer surfaces, thereby increasing the overall heat
transfer coefficient. At the same time, CFD enables the evaluation of the associated pressure-drop penalty,
allowing thermal enhancement techniques to be assessed from an integrated thermal-hydraulic perspective.
Consequently, CFD represents a powerful computational framework for identifying optimal geometries and
operating conditions while reducing the need for extensive experimental trials.
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6. Computational Biotechnology and Molecular Dynamics

The integration of advanced computational approaches with biotechnology and molecular modeling is providing
unprecedented insights into biological systems at the molecular and atomistic levels. Computational
biotechnology encompasses a broad range of methods, including molecular dynamics (MD) simulations,
molecular docking, quantum chemical calculations, bioinformatics, and machine-learning-based approaches,
which can be used to elucidate molecular interactions, predict structural behavior, and guide the development of
functional biomaterials and biocatalysts.

Molecular dynamics simulations, in particular, enable the investigation of the structural, conformational, and
dynamic properties of proteins, enzymes, nucleic acids, and biomolecular complexes under different
environmental conditions. By revealing molecular interactions and conformational changes that are difficult to
capture experimentally, these approaches support the rational design and optimization of enzymes, bio-inspired
materials, drug-delivery systems, and other biotechnology-based applications. The integration of molecular
simulations with experimental biotechnology further strengthens predictive capabilities, facilitating the
development of more efficient, selective, and sustainable biocatalytic and biomolecular systems.

6.1 Molecular dynamics of enzyme functionality

Single nucleotide polymorphisms (SNPs) have been studied using rigorous molecular dynamics (MD)
simulations to explain how these mutations affect the function of a protein, specifically on the phosphorylation
and binding kinetics of the substrates, especially for critical detoxification enzymes such as GSTP1 (Bickel;
Vranken, 2024; Shahwar et al., 2026).

These simulations provide a high-resolution view of the catalytic efficiency of the enzyme in the presence and
absence of specific genetic variants, which in turn can predict how changes in structure and dynamics of the
protein affect its abilities to detoxify environmental contaminants (Shahwar et al., 2026). The molecular-level
understanding combined with environmental engineering concepts provides a solid basis for the rational,
computational design of advanced biocatalysts for use in the degradation of highly persistent organic pollutants
(Qu et al., 2026; Yin et al., 2025).

Table 5 shows the critical need for multi-scale computational approaches to speed up sustainable industrial
system development and optimization. The fundamental electronic and conformational properties of biocatalysts
and solar cells are essential to be understood by atomistic simulations such as Molecular Dynamics (MD) or
Density Functional Theory (DFT). Thermo-hydraulic performance of a heat exchanger can be optimized with a
high degree of accuracy using Computational Fluid Dynamics (CFD), and by analysing the exchange in a
spatially resolved way, energy losses are minimized.

Machine Learning (ANN/SVM) has transformed the management of microgrids with its ability to deliver
high-accuracy forecasting and non-linear pattern recognition in complex energy systems. Life Cycle Assessment
(LCA) is the "holy grail" of sustainability as it measures and represents the life-time environmental impact of the
production of nanomaterials from cradle to grave, including toxicity. They are combined to achieve an
integration of fundamental materials science and large-scale industrial implementation, which guarantees
technical efficiency and environmental compliance.
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Table 5. Multi-scale computational frameworks and modeling methodologies for the design and optimization of
sustainable technologies.

Primary

Computational Application Target Parameters
Method Area Analyzed Key Advantage Reference
Molecular Biocatalyst Conformational Atomistic resolution (Shahwar et al., 2026;
Dynamics (MD) Design dynamics, binding of protein-ligand Bickel; Vranken, 2024)

free energy interactions
Density Perovskite Band gap, electronic Precise quantum (Amina et al., 2025;
Functional Solar Cells structure, optical mechanical property Ashraf et al., 2026)
Theory absorption prediction
Computational Heat Velocity profiles, Spatially resolved (Syed et al., 2024a,b;
Fluid Dynamics Exchanger pressure drop, thermo-hydraulic Benmbarek; Moujaes,

Optimization Nusselt number analysis 2025)

Machine Microgrid Load Power demand, High accuracy in (Ahmad et al., 2026;
Learning Forecasting solar irradiance, non-linear pattern Negi et al., 2026)
(ANN/SVM) system efficiency recognition
Life Cycle Nanomaterial Carbon footprint, Comprehensive (Escobar-Hernandez et
Assessment Production toxicity, energy environmental impact al., 2023; Saavedra;
(LCA) consumption quantification Osma, 2024)

Source: Authors, 2026.

7. Discussion and Future Perspectives

The synthesis of materials science with the field of environmental and energy engineering is of utmost
importance as advanced materials serve as the key enabler for next-generation sustainable technologies (Jamwal;
Kiani, 2022; Tarlochan et al., 2025). Al and ML integration in process optimization is a paradigm shift and is
evolving into highly data-driven and adaptive systems that can react autonomously to the changing operational
parameters (Ahmad, 2024; Ahmad et al., 2026; Eslami et al., 2026; Negi et al., 2026; Zohaib et al., 2026).

Scale-up from lab validation to industrial production scale for new technologies is a major challenge in all fields
studied in this review (Hachchach et al., 2025; Saavedra; Osma, 2024). Making a product from the bench to
commercialization requires careful planning of continuous manufacturing approaches, quality control (QC)
systems, and comprehensive life-cycle assessment (LCA) systems to ensure positive environmental results.

Finally, the most radical improvements in sustainability around the world will be the result of sustained
inter-disciplinary innovation. For example, the combination of MXene membrane filtration, heterojunction
photocatalysis and MOF-based adsorption would provide highly advanced, closed-loop wastewater treatment
plants that would simultaneously generate potable water, recover critical metals, and produce green hydrogen.

5. Conclusions

This thorough and valuable overview focuses on the significance of advanced materials and new technologies in
global sustainability and the move towards a low-carbon future. Based on the examination of recent studies, a
large number of advancements have been achieved in the fields of environmental engineering, materials science,
energy science, fluid mechanics, and biotechnology, highlighting the need for interdisciplinary and
multidisciplinary approaches to research and technological solutions.

The emergence of advanced materials like MXene-based membranes, heterojunction photocatalysts,
metal-organic framework (MOF) hybrids, and smart sensors has greatly enhanced wastewater treatment,
pollutant degradation, and resource recovery in environmental engineering. The development of materials
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science has made it possible to fabricate high-performance materials with improved physicochemical,
mechanical, and functional properties in materials science through the development of metal oxide nanoparticles,
polymer nanocomposites, and computational materials design.

In the realm of energy science, advancements in hydrogen technologies, hybrid microgrids, optimization
algorithms, bioenergy systems, and innovative solar cell designs are enhancing the shift towards cleaner, more
efficient, and sustainable energy solutions. The development of new techniques in fluid mechanics, such as
nanofluid heat transfer and computational fluid dynamics (CFD), has enhanced heat transfer, energy efficiency,
and performance of engineering systems.

In the field of biotechnology, molecular dynamics simulations have assisted in generating a molecular
understanding of protein behavior and enzyme functions, as well as the design of biocatalysts to create advanced
biomedical and industrial applications. The impact of advanced materials is seen in a wide range of engineering
disciplines with the introduction of new technologies such as next-generation battery technologies, self-starting
vertical axis wind turbines (VAWTs), and gallium oxide protective coatings.

Future work should focus on the scalable and cost-effective manufacturing of advanced materials, increasing
their commercial viability, optimizing the integration of the system, and minimizing the environmental impact
with a comprehensive lifecycle assessment. Ongoing cooperation between researchers, engineers, industry, and
policymakers will be crucial to help close this fundamental research-to-use divide and to speed up the progress
of innovative technologies that help achieve sustainable development, energy security, environmental protection,
and global resilience.
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