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Abstract  

 The global shift toward sustainability has accelerated the adoption of emerging 

technologies in renewable energy, environmental protection, and sustainable materials. 

These advancements are increasingly supported by mathematical modelling, predictive 

analytics, and optimization algorithms that enhance system efficiency and improve 

decision-making. This chapter explores innovations such as advanced solar 

photovoltaics, wind energy systems, bioenergy, smart grids, carbon capture technologies, 

and biodegradable materials. It highlights how mathematics—through statistical 

modelling, differential equations, simulation methods, and machine learning 

algorithms—plays a critical role in forecasting energy demand, optimizing resource use, 

reducing emissions, and improving material performance. By integrating technological 

insights with mathematical frameworks, this chapter emphasizes the importance of 

quantitative approaches in achieving a greener, cleaner, and more resilient future. 

Introduction  

 Global challenges such as climate change, pollution, and resource depletion 

require innovative and scientifically grounded solutions. As emerging technologies 

continue to transform the fields of renewable energy, environmental management, and 

sustainable materials, the role of mathematics has become more central than ever. 

Mathematical modelling, statistical analysis, optimization techniques, and computational 

simulations form the backbone of many modern sustainable technologies.For example, 

renewable energy systems depend on mathematical tools to forecast solar irradiation, 

model wind flow, optimize turbine design, and simulate grid behaviour. Environmental 

technologies rely on statistical methods to monitor pollution, predict climate variations, 

and assess ecosystem changes. Similarly, the development of sustainable materials 

incorporates numerical simulations, finite element analysis, and mathematical 

representations of chemical and physical properties.By connecting technological 

innovation with mathematical principles, societies can design more efficient energy 

systems, minimize environmental impact, and create durable eco-friendly materials. This 

chapter examines key emerging technologies that enable a greener future, while 

highlighting how mathematical approaches strengthen their effectiveness, reliability, and 

long-term sustainability. 

Emerging Technologies in Energy for a Sustainable Future 

1. Solar Photovoltaic Innovations and Mathematical Modelling 

 Solar photovoltaic (PV) technologies have undergone rapid advancements due 

to improvements in material science and mathematical modelling. Perovskite solar cells, 
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bifacial modules, and floating solar systems are now capable of achieving efficiency 

levels previously considered unattainable. Mathematical modelling plays a central role in 

this development by predicting energy output under varying climatic conditions using 

time-series analysis. Differential equations help simulate thermal behaviour within 

panels, while trigonometric optimisation techniques determine the optimal tilt angles for 

maximum solar capture. These mathematical tools reduce performance losses, enhance 

grid integration, and make solar energy one of the most cost-effective renewable options 

worldwide. 

2. Wind Energy Developments and Computational Mathematics 

 Wind energy technologies rely heavily on mathematical and computational 

analysis to design efficient turbines and accurately forecast power production. 

Aerodynamic behaviour is predicted using vector calculus and differential equations, 

enabling engineers to refine blade geometry for higher rotational efficiency. Statistical 

models are applied to understand wind speed distributions, typically using Weibull 

probability functions, which improve the accuracy of power generation estimates. 

Computational simulations allow researchers to predict turbulence effects and minimize 

mechanical stress. The integration of mathematical optimisation techniques ensures that 

wind farms are strategically located to maximize energy yield while reducing 

environmental disturbance. 

3. Green Hydrogen Technology Supported by Mathematical Optimization 

 Green hydrogen has emerged as a pivotal clean fuel alternative due to its zero-

emission characteristics. Mathematical modelling supports each stage of the hydrogen 

production cycle—from electrolysis efficiency to compression, storage, and distribution. 

Electrolyser performance is predicted using thermodynamic equations and kinetic models 

that determine hydrogen output under varying voltage and current levels. Optimization 

algorithms help identify cost-efficient storage techniques, such as metal hydrides or high-

pressure tanks. Computational simulations of hydrogen flow ensure safety, efficiency, 

and long-term viability. These mathematical foundations strengthen the practical 

feasibility of hydrogen as a scalable clean-energy solution. 

4. Bioenergy and Waste-to-Energy Systems 

 Bioenergy technologies convert organic waste into usable energy through 

processes such as anaerobic digestion, gasification, and pyrolysis. Mathematics 

contributes significantly by modelling microbial activity using kinetic equations and 

determining the ideal temperature and retention time for maximum gas production. 

Stoichiometric equations help estimate energy yields based on the chemical composition 

of biomass. Statistical regression models further assist in predicting the relationship 

between feedstock quality and biogas output. These mathematical insights ensure 

efficient waste-to-energy operations while reducing landfill dependency and contributing 

to circular economy practices. 

5. Smart Grids and Mathematical Optimization Techniques 

Smart grids integrate renewable energy, digital technologies, and mathematical 

optimisation frameworks to manage electricity distribution efficiently. Linear 

programming (LP) and mixed-integer linear programming (MILP) models are widely 
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used to schedule power generation, storage, and load balancing in real time. Statistical 

forecasting techniques, including ARIMA and exponential smoothing, help predict 

household and industrial energy consumption patterns. Dynamic programming supports 

real-time decision systems that stabilize the grid during sudden demand fluctuations. 

These mathematical tools collectively enhance grid resilience, reduce energy waste, and 

support large-scale adoption of renewable energy. 

Graph: Growth of Global Renewable Energy Capacity 

Below is a chart showing the growth of global solar and wind capacity between 2015 and 

2023. This visual evidence reinforces how technological innovation, combined with 

mathematical forecasting, has accelerated renewable adoption. 

 
The chart clearly demonstrates a strong upward trend in both solar and wind energy 

installations over the 8-year period. Solar energy shows the fastest growth due to 

declining costs, increased manufacturing capacity, and improved efficiency enabled by 

mathematical and material science innovations. Wind energy continues to grow steadily 

as turbine design and placement optimisation benefit from advanced computational 

modelling. The mathematical forecasting and optimization models used in these sectors 

have significantly improved reliability, planning accuracy, and large-scale deployment. 

Emerging Environmental Technologies 

1. Carbon Capture Technologies and Mathematical Simulations 

 Carbon capture, utilisation, and storage (CCUS) technologies rely heavily on 

mathematical simulations to determine the most efficient ways to absorb, transport, and 

store carbon dioxide. Differential equations are used to model CO₂ flow through pipes 

and geological formations, while optimisation models determine the best pressure and 

temperature conditions for absorption. Simulation tools evaluate long-term storage 

stability by predicting leakage probability over decades. These mathematical methods 

ensure that CCUS contributes effectively to global climate goals while maintaining 

industrial safety. 
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2. Water Purification and Desalination 

 Advancements in desalination technologies—such as reverse osmosis, 

graphene-based membranes, and solar desalination—depend on mathematical modelling 

to predict water flow, membrane performance, and energy consumption. Fluid dynamics 

equations determine the rate at which water molecules pass through filtration 

membranes, while computational simulations help reduce energy usage by predicting 

optimal pressure thresholds. Statistical techniques are applied to assess water quality and 

predict contamination levels. Mathematics thus ensures that clean water technologies 

remain efficient, scalable, and environmentally viable. 

3. AI and Remote Sensing for Environmental Monitoring 

 Artificial intelligence, supported by mathematical algorithms, has revolutionised 

environmental monitoring. Machine learning models rooted in linear algebra and 

calculus help identify patterns in air pollution data, detect illegal deforestation, and 

monitor water bodies. Geospatial mathematical models analyse satellite imagery to detect 

land degradation and urban heat islands. Time-series statistical analysis predicts climate 

anomalies and helps policymakers intervene early. Mathematics enhances the accuracy, 

reliability, and predictive power of these technologies, enabling better environmental 

governance. 

4. Waste Management Technologies 

 Modern waste management systems rely on mathematical optimisation 

techniques to design efficient collection routes, reduce transportation costs, and improve 

recycling rates. Network optimisation algorithms help determine the shortest collection 

paths, while forecasting models predict waste generation trends based on population and 

consumption patterns. Simulation models are used to evaluate recycling plant 

performance and identify bottlenecks. These quantitative methods play a critical role in 

transitioning from linear waste systems to circular economy solutions. 

Emerging Technologies in Sustainable Materials 

1. Biodegradable and Bio-Based Polymers 

 Biodegradable materials such as PLA, PHA, and starch-based polymers are 

increasingly replacing conventional plastics. Mathematical decomposition models predict 

the rate at which these materials break down under various environmental conditions. 

Statistical design of experiments (DOE) helps identify the best combination of raw 

materials for achieving strength, flexibility, and biodegradability. Simulations of 

chemical reactions describe how polymer chains behave during degradation. 

Mathematics accelerates the development of reliable, eco-friendly alternatives. 

2. Nano-Enhanced Materials and Computational Modelling 

 Nanotechnology has enabled the creation of advanced materials with superior 

strength, durability, and thermal conductivity. Mathematical models based on matrix 

algebra simulate the behaviour of atoms within nanomaterials, while differential 

equations predict heat transfer and structural deformation. Finite element analysis (FEA) 

is widely used to simulate stress distribution in nanocomposites. These computational 

tools support the design of materials suitable for construction, electronics, aerospace, and 

renewable energy systems. 
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3. Sustainable Construction Materials 

 Eco-friendly construction materials such as fly ash bricks, geopolymer cement, 

and hempcrete help significantly reduce carbon emissions. Mathematical stress–strain 

models assess the structural performance of these materials under load, while thermal 

modelling evaluates how they conduct heat. Statistical quality control charts monitor 

consistency during manufacturing. By supporting reliable performance predictions, 

mathematics contributes to the adoption of greener construction materials across the 

building sector. 

4. Circular Economy and Mathematical Life-Cycle Assessment 

 Life-cycle assessment (LCA) uses mathematical models to quantify the total 

environmental impact of a material—from raw material extraction to disposal. Input-

output models calculate resource flows, while optimisation equations identify strategies 

for reducing waste and improving recycling efficiency. Cost-benefit modelling helps 

industries transition to circular practices by determining the most economically viable 

sustainable alternatives. 
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