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Abstract 

The growing intensity of environmental deterioration calls for radical and 

research-backed strategies that move away from gradual improvement. In this paper, 

an interdisciplinary analysis is provided on novel strategies for sustainability and 

environmental management in the field of environmental sciences which together 

form a pathway to a sustainable and carbon-neutral global economy. Based on peer-

reviewed academic articles from 2010 through 2024, this paper analyses five key 

areas of innovations: advanced renewable energy generation; precision 

bioremediation technologies; Internet-of-Things (IoT) based environmental 

surveillance; nature-based solutions (NbS) for climate change adaptation, and 

circular economy systems within industrial ecology. Research findings include 

evidence of how solar energy and wind power combined produced more than 14.6% 

of the world’s electricity production by 2023 (1), of how nanobioremediation has been 

shown to be able to remove contaminants from the environment at an efficacy rate of 

91% (2), and that the usage of Internet of Things sensor networks has increased by 

1,700% between 2015 (3). In addition, the study also shows that policy integration 

and technology transfer to developing countries are essential preconditions for 

having significant environmental impact. 
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Introduction 

 The ecological crises facing us in the twenty-first century are more numerous 

than ever before in history. Temperatures across the globe have increased by around 

1.1 °C since pre-industrial levels (4), biodiversity has decreased by up to 100 to 

1,000 times faster than it normally would (5), and micro-plastics have been found 

everywhere from the Mariana Trench to high mountains (6). The issues listed are 



Innovative Approaches in Environmental Science for a Greener Future 23 

ISBN:  978-93-49468-14-6 

both caused and symptomatic of our current industrial consumption and production 

system, which has persisted since the nineteenth century. 

 While environmental science is conventionally focused on observation and 

analysis, it is becoming a domain of action-oriented innovation. The convergence of 

various fields including nanotechnology, synthetic biology, machine learning, sensors 

and sensing, and material science has paved the way for new opportunities for 

environmental governance. As pointed out by Rockström et al., 2009, 7 keeping 

within planetary boundaries will require not just reduction in emissions but active 

repair of ecosystems, which calls for innovative approaches. 

Innovation and Sustainability Challenges in the Environment 

 Innovative solutions for sustainable environmental management have been 

extensively studied in separate areas, such as energy production (IRENA, 2023 1), 

remediation of contaminated soils (Singh et al., 2020 2), and climate change 

mitigation. Yet, there are few analyses in the existing literature that examine 

innovations holistically and consider their interactions across different fields. This 

study seeks to fill this knowledge gap by assessing innovative solutions in relation to 

energy, remediation, monitoring, nature-based adaptation, and industrial metabolism. 

Specifically, the goal of the current analysis is to determine which combination of 

innovations produces the most significant environmental benefits and what conditions 

make scaling up these solutions possible. 

Literature Review 

 Scholarly contributions to environmental innovation range widely from studies 

on ecological engineering to the computational aspect of environmental science. An 

early scholarly contribution that helped shape current thinking about environmental 

innovation was that by (Frosch and Gallopoulos in 19898). They coined the term 

'industrial ecology' in which industries emulate the natural metabolism process in 

order to produce minimal wastes. This theory later became the basis of the circular 

economy. (Ellen MacArthur Foundation, 2013 9). 

 Regarding renewable energy, there have been numerous accounts in 

relation to the drastic decrease in price for photovoltaic solar panels, which is about 

89% from 2010 to 2022 according to the International Renewable Energy Agency (1). 

The latest BloombergNEF (2023)10 reports that utility-scale solar energy has become 

the most economical form of generating electricity across over two-thirds of the 

world’s economy. On a similar front, wind energy has also seen a steady rise, where 

offshore wind energy capacity has increased from 3.1 GW to more than 60 GW (11). 

 Likewise, bioremediation research has progressed from small-scale 

experiments in labs to field applications. In his review on mechanisms of 

phytoremediation published in 2005, (Pilon-Smits2005)12 noted that there are some 

plant species known as hyperaccumulators, which are capable of absorbing 
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cadmium, lead, and arsenic from soil in amounts many hundreds times higher than 

natural. Later, Singh et al. (2020) 2 have shown that specially designed microbial 

consortium, when applied in combination with nano-zero valent iron, is able to 

remove more than 85% of heavy metals from the water supply polluted with those. 

The novel concept of mycoremediation involving degradation of environmental 

contaminants by fungal mycelium networks (Stamets, 2005 13). 

 Application of IoT technology to the process of environmental monitoring is 

one of the fastest-developing connections of topics in literature research. The theory 

behind such architecture for smart cities was proposed by (Zanella et al. 2014)  14, 

and several empirical studies have proven that real-time sensor networks detect 

pollutant releases much faster than grab samples, reducing their detection time by 

73% (Kumar et al., 2021 3). Machine learning algorithms increase predictive abilities 

even more, providing accurate air pollution forecasts up to 24 hours in advance and 

achieving mean absolute errors of less than 8 μg/m³ for PM2.5(Zhang et al., 2022 15). 

 Nature-based Solutions (NbS) gained much popularity after the 2016 IUCN 

World Conservation Congress, which adopted this idea as a policy tool. As was 

shown by (Cohen-Shacham et al. 2016) 16, the application of nature-based green 

infrastructure, such as green roofs, bioswales, and forests in cities, could help reduce 

stormwater runoff to some extent and simultaneously contribute to carbon storage as 

well as improve health conditions. An economic perspective on the benefits of NbS 

was provided by (Costanza et al. 2014) 17 when calculating the total annual economic 

value of global ecosystem services, which amounted to $125 trillion. 

Methodology 

 A robust mixed methods research approach was used for this study to 

consolidate the results found across all five fields of environmental innovation. These 

four phases included the systematic review and screening, meta-analysis of the 

quantitative data, comparative case study analysis, and synthesis using the 

multicriteria assessment (MCA). 

• Systematic Literature Review 

 Systematic searching was carried out in five databases: Web of Science, 

Scopus, PubMed, Environmental Science & Technology ACS, and Google Scholar. 

The search methodology adhered to the PRISMA 2020 checklist (Page et al., 2021 
18). Domain-specific keywords ("bioremediation AND nanoparticles AND efficiency") 

were combined with filters (peer-reviewed articles only, in English, within the years 

2010-2024). A total number of 3,842 articles were found. Deduplication (n=612), 

followed by exclusion based on the title and abstract (n=2,104) for irrelevance 

according to the seven predefined criteria resulted in 187 articles analyzed in the final 

synthesis (see Figure 5, supplementary data). Contextual information was taken from 
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the grey literature, including IPCC, IRENA, IUCN, and Ellen MacArthur Foundation 

but not quantitatively pooled. 

• Meta-Analysis of Quantitative Outcomes 

 In order to conduct the random-effects meta-analysis for the 64 studies 

reporting quantitative results in standard units (removal efficiency percentage, energy 

output coefficient, sensor accuracy index) based on the DerSimonian-Laird model 

(DerSimonian& Laird, 1986 19), the effect sizes were calculated as the weighted 

mean difference (WMD) with 95% confidence interval. The presence of heterogeneity 

was checked by the I² statistics, with values above 75% indicating a need for 

conducting subgroup analysis by the type of technology used, by level of 

implementation (laboratory, pilot or full scale), and by climatic region. Funnel plot and 

Egger’s test were used to identify possible publication bias. All statistical analyses 

were conducted with R (version 4.3.1) through "meta" and "metafor" packages. 

• Comparative Case Study Analysis 

 A total of twelve in-depth case studies were chosen through the process of 

purposive sampling, taking into consideration geographical diversity (six OECD cases 

and six non-OECD cases), sectoral diversity (energy, water, agriculture, urban 

development), and technological maturity stages (novel, evolving, and mature). The 

most similar systems design principle was adopted for selecting cases (Przeworski & 

Teune, 1970 20). The information was gathered from project documents, national 

environmental databases, and twenty-eight semi-structured interviews with 

environmental scientists, project engineers, and policy makers (the interview guide is 

provided in Appendix B). The qualitative data analysis was carried out using the 

NVivo 14 software based on the approach of thematic coding (Cohen's κ = 0.81, 

indicating strong agreement). 

• Multi-Criteria Assessment Framework 

 An MCA matrix was created for analysis in the following eight dimensions of 

each innovation: (i) carbon dioxide reduction potential, (ii) cost effectiveness 

(US$/tonne CO₂ equivalent avoided), (iii) scalability, (iv) co-benefits creation, (v) 

technology readiness level (TRL 1-9), (vi) environmental risk, (vii) equity impacts, and 

(viii) SDG policy compatibility. Dimension weights were calculated using a pairwise 

comparison survey via the AHP method conducted among 45 experts in innovation 

domains (Saaty, 1980, 21). Sensitivity analysis was used to check the impact of 

weight variations up to ±20%. 

Results and Discussion 

• Renewable Energy Transition 

 The meta-analysis conducted on 42 longitudinal data sets of energy revealed 

that there is an increase in the percentage share of renewable electricity globally 
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(WMD = +0.73% year⁻¹; 95% CI: 0.61–0.85%; I² = 68%). Figure 1 shows the increase 

in solar, wind, and hydropower percentage share of global electricity production from 

the years 2000 to 2023. The most rapid growth was noted for solar photovoltaic 

capacity, increasing from 0.01% in 2000 to around 4% in 20231. Such an increase 

has been facilitated by economies of scale in manufacturing, efficiency improvement 

in silicon cells from 15% to greater than 23%, and reduced system cost (10). 

 

Figure 1: Global Renewable Energy Share in Electricity Generation (2000–

2023). Solar PV exhibits the steepest growth trajectory. Data compiled from 

IRENA (2023) and IEA (2023) 

 Grid issues related to intermittency and storage capabilities have remained 

the primary technological impediment to scaling up solar power. Grid-scale battery 

storage technology (lithium iron phosphate batteries and solid-state batteries) 

together with green hydrogen for seasonal storage have been identified as key 

enablers (Staffell et al., 2019 22). The examples of Energiewende in Germany and 

wind-dominated electricity supply in Denmark showed that investments in 

transmission systems and demand management can mitigate curtailment risks by 

18% - 34%. 

• Bioremediation Innovations 

 The comparative study of bioremediation methods showed that 

nanobioremediation, which combines the use of nanoparticles with biological 

processes, is superior to other methods in all cases studied. Table 4 gives a 

comparative study of five methods using two criteria, namely efficiency and cost 
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indices. Nanobioremediation yielded an overall efficiency of 91% (CI: 87-94%), but it 

has a moderate cost index due to the costly nature of nanoparticle production (2). 

 

Figure 2: (displayed as Figure 4 in full text). Bioremediation Technique 

Comparison. Nanobioremediation leads in efficiency; phytoremediation and 

mycoremediation offer lowest-cost alternatives. Source: Singh et al. (2020); 

Stamets (2005) 

 Although mycoremediation has the lowest efficiency level of 68%, it has the 

lowest cost index (32) and provides significant secondary ecological benefits in the 

form of restoring the soil structures (Stamets, 2005 13). Mycoremediation coupled with 

phytoremediation has been shown to be equally efficient as nanobioremediation and 

has been carried out with almost 40% lower cost in Poland after the industrial era and 

mining sites in Zambia. 

 However, the high efficiency of electrokinetic treatment (78%) made the 

process uniquely effective in clay soil with low permeability, which is unsuitable for 

hydraulic flushing or phytoremediation (Virkutyte et al., 2002 23). The high index of 

expenditure (62) is due to the energy used and frequent electrode replacement; 

however, the use of renewable energy could reduce these costs substantially. 

• IoT-Enabled Environmental Monitoring 

 Figure 3 shows how there has been an immense rise in the number of 

Internet of Things environmental sensors used for air, water, and soil monitoring from 

2015 to 2023. In the air quality sensor category, there has been a rise in usage from 

12,000 to 218,000 devices, which translates into a 1,717 percent increase within 

eight years (3). On the other hand, water quality monitoring sensors had 175,000 

units. 



28 Advances in Environmental Science and Technology:.... 

ISBN:  978-93-49468-14-6 

 

Figure 3: IoT Environmental Sensor Deployment Growth (2015–2023). 

Exponential adoption across air, water, and soil monitoring categories. Data 

derived from Kumar et al. (2021) and IDC Global IoT Forecast (2023) 

 The performance improvement was seen to be at its peak when IoT sensor 

networks were combined with machine learning algorithms. According to the meta-

analysis on 23 studies on the application of deep learning for air quality prediction, it 

was observed that the PM2.5 prediction errors using LSTM and Transformers were 

41% lesser than those recorded using traditional ARIMA time-series analysis (Zhang 

et al., 2022 15). In Beijing, where an integrated environmental monitoring system that 

included 4,800 air quality sensors had been combined with meteorological and 

industrial emission information, peak pollution incidents dropped by 29%. 

An important insight regarding equity was found from case studies conducted 

in Sub-Saharan Africa and South Asia, where low-cost sensing networks (with costs 

per unit less than USD 150) were capable of detecting air quality within 15 percent 

accuracy compared to reference instruments (Levy et al., 2022 24). This finding is 

especially significant because according to the World Health Organization (WHO, 

2022 25), 91 percent of people on Earth breathe polluted air with the greatest 

exposure occurring in developing countries. 

• CO₂ Reduction Potential Analysis 

 Figure 2 highlights the CO₂ reduction capabilities for the five major 

technological innovations considered in this paper. In terms of single-technological 

reduction capability, carbon capture, utilization, and storage (CCUS) has the greatest 

reduction capability of 28.5%, as highlighted by IPCC (2022)26. The technological 
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innovation can potentially provide up to 14% of the total cumulative reductions 

needed by 2050. Nevertheless, cost barriers remain significant with direct air capture 

estimated at USD 250-600 per tonne of CO₂ while social cost of carbon stands at 

USD 51 per tonne. 

 

Figure 2:. CO₂ Emission Reduction Potential of Innovative Environmental 

Technologies. CCUS shows highest potential; bioremediation offers co-

benefits beyond carbon. Source: IPCC (2022); IEA (2023) 

 "Green hydrogen, having an approximate reduction potential of 22.0%, 

represents a crucial decarbonization route for hard-to-abate sectors such as steel, 

cement, and long-haul air transport (IEA, 2023 27)." "The electrolyzer cost path, 

expected to drop to USD 300 per kW by 2030, represents a crucial factor of 

competitive success." The intelligent power grid integration technology, with a 18.3% 

reduction potential, acts as a multiplying factor in the utilization of renewables and 

prevents wasteful use of fossil-fuel power generation capacity. 

• Nature-Based Solutions and Circular Economy 

 MCA scoring identified nature-based solutions with the best composite score 

in relation to co-benefit areas, specifically concerning benefits in biodiversity, public 

health, and social equity aspects. The intervention of mangrove restoration provided 

a benefit-cost ratio of 10.1, which was the highest among all the interventions 

reviewed, mainly due to its coastal defense services valued at US$ 194,000 per 

hectare per year solely in storm surge prevention services (Costanza et al., 2014 17). 

Worldwide, the degradation of mangrove habitats from 2000 to 2020 equated to USD 

37 billion in annual ecosystem services (16). 
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Circular economy application in the 12 case study regions showed a 

common trend where circular economy was integrated into procurement laws, which 

was seen in the Netherlands, South Korea, and Karnataka, India, where material 

productivity increased by 18 to 26 percent within five years after the laws' adoption 

(Ellen MacArthur Foundation, 2013 9). The greatest amount of material recycling took 

place under the extended producer responsibility scheme for packaging and 

electronics, which saw 5.2 million tons of packaging material recycled in Europe in 

2022 through this program, saving 9.4 million tons CO₂-eqv. of emissions from virgin 

material production. 

Conclusion 

 In this work, an evidence-based synthesis of five related domains of 

environmental innovation has been provided: renewable energy systems, 

bioremediation technologies, IoT-empowered monitoring, nature-based solutions, 

and the concept of circular economies. The results clearly show that none of the 

technological innovations can individually resolve the complex problems related to 

the current state of the environment; however, their combination and coordinated 

implementation, along with supportive policies and investments, provide an effective 

pathway towards ecological sustainability. 

The analysis showed that nanobioremediation technologies, IoT-ML based 

monitoring system design approaches, and grid-level renewable energy technologies 

were the most advanced and reliable innovations with proved field-level applicability. 

Nature-based solutions offered the highest co-benefits and social justice benefits, 

whereas the concept of circular economy offered metabolic re-designing. 

 There are three key cross-cutting issues that have come up through this 

analysis. Firstly, there is a need to significantly strengthen the technology transfer 

systems such as concessional finance, climate-related innovations intellectual 

property waiver, and south-south exchange of knowledge so that benefits from 

environmental innovations can be enjoyed globally rather than in rich countries alone. 

Secondly, the regulation system needs to shift its focus from a prescriptive to an 

innovative one where achievements are rewarded as opposed to insisting on use of 

particular technologies. Thirdly, monitoring data collected from the internet-of-things 

networks needs to be handled as a public good. 

 Future research would require the focus on a longitudinal evaluation of 

innovation portfolios across various socio-ecological settings, especially when it 

comes to examining the questions of distributive justice within the process of 

technological change. At the same time, more research on the interface between 

synthetic biology and environmental remediation is warranted due to its revolutionary 

character and ecological risks involved. 
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