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Abstract- India's coastal megacities are confronted with 

the peculiar problems of climate change, sea-level rise, 

and extreme weather events and will require out-of-the-

box solutions for urban resilience and carbon 

management. This conceptual paper aims to advance an 

innovative biomimetic carbon sequestration framework 

through mangrove-based design for urban 

infrastructure. Drawing from the marvelous carbon 

capture ability of mangrove ecosystems, the study 

proposes engineered urban systems that mimic the 

biological function of salt-tolerant vegetation, aerial root 

networks, and sediment trapping. 

The theoretical framework attempts to fill the gaps found 

in current biomimicry studies, which mostly revolve 

around water management and energy efficiency, 

thereby ignoring the huge potential of mangrove-

inspired carbon capture structures. By systematically 

analyzing the functions of the mangrove ecosystem along 

with its possible translation into urban design principles, 

the study arrives at some conceptual models for the 

implementation of nature-based carbon sequestration 

solutions in Indian coastal cities. 

These biomimetic infrastructure systems exhibit a two-

way benefit of carbon capture and coastal resilience with 

climate mitigation and adaptation, respectively. An 

interdisciplinary approach is followed comprising 

marine ecology, urban planning, and biomimetic 

engineering in innovating solutions for sustainable 

coastal megacity development with an original 

theoretical basis inculcating urban climate 

infrastructure paradigms for providing a path for Indian 

cities to be carbon negative and thereby resilient. 

Keywords: mangrove biomimicry, coastal carbon 

sequestration, biomimetic infrastructure, urban climate 

resilience, nature-based solutions 

 

I. INTRODUCTION 

With rapid urbanization and climate change presenting 

unique threats to India's coastal twin megacities-

Muslim, Chennai, Kolkata, and others, the population 

of which numbers anything above 200 million, these 

cities and their ever-expanding populace face sudden 

pressures against rising sea levels and more frequent 

and intense weather events, thus, having set the dire 

and pressing need for transition toward carbon-neutral 

urban systems. We have learned that the traditional 

ways of coastal protection and carbon management 

cannot address the scale and complexity of these 

issues-that working in tandem-which now call for 

worthy innovations to yield urban resilience and 

concomitantly contribute to the global effort of climate 

mitigate 

Mangrove systems of ecosystems can sequester 

carbon more efficiently than any other in nature; they 

can hold, per unit area, down to five times more carbon 

than any given terrestrial forest, while at the same time 

providing exceptional services in coastal protection. 

Such extraordinary ecosystems disallow the 

achievement of such high performance through very 

sophisticated biological mechanisms, ranging from 

specialized architectures of roots to salt-filtering 

abilities, from sediment-trapping processes to unique 

carbon-storage pathways that keep them stable in what 

otherwise would be dynamic environments in coastal 

zones. This biomimetic potential of natural systems for 

designing urban infrastructure is still largely 

unexplored and thus represents a great opportunity for 

next-generation solutions to challenges faced by 

coastal megacities. 
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The study establishes a broad theoretical framework 

for engineering mangrove-inspired urban 

infrastructure systems for the ultimate purpose of 

enhancing carbon sequestration times coastal 

resilience. 

II. REVIEW OF LITERATURE 

2.1 Coastal Climate Adaptation and Urban Resilience 

Existing literature on coastal adaptation for climate 

stresses how urgent it is to now consider innovative 

approaches toward urban resilience amid a rapidly 

changing environment. Busayo and Kalumba (2020) 

accentuate that disaster risk reduction must be 

integrated with sustainable planning outcomes. 

According to their findings, although various 

approaches have been adopted, they have glaring gaps, 

especially about erecting holistic solutions addressing 

short-term needs for resilience and long-term needs for 

sustainability. Wang et al. (2020) dive deeper into 

impacts of coastal inundation and adaptation means 

available for built environments to draw vital lessons 

from past interventions and challenges faced. Their 

studies concomitantly infer the need for more 

integrated approaches capable of considering the 

complex interactions between urban development 

patterns and coastal environmental dynamics while 

providing the important backdrop to understanding 

henceforth the limitations of conventional approaches 

and the potential that biomimicry offers. 

According to Storbjörk and Hjerpe (2021), the shift 

from envisioning to enacting multifunctional solutions 

for waterfront climate adaptation faces several 

implementation barriers that they consider crucial. 

Their analysis supports the development of solutions 

where multifunctionality is balanced with 

effectiveness in various urban settings, thereby 

highlighting the possibilities of biomimetic 

approaches. 

2.2 Nature-Inspired Solutions for Coastal Ecosystems 

For coastal applications, nature-based solutions 

recently saw higher momentum, with increasingly 

more researchers now recognizing nature-inspired 

solutions for complex coastal problems. Geukes et al. 

(2023) provide vital insight into decision-making 

frameworks for nature-based solutions in relation to 

coastal climate adaptation, further emphasizing 

systematic approaches to selecting solutions and 

implementing them. 

The present-day state of knowledge and key research 

gaps have been illustrated by Louarn et al. (2025) who 

made a comprehensive bibliometric analysis. Interest 

in nature-based approaches has been increasing while 

less attention has been paid to biomimetic applications 

strictly inspired by mangrove ecosystems. Motta 

Zanin et al. (2024) delve into NBS for coastal risk 

management in Mediterranean contexts, thus 

contributing key perspectives toward implementation 

challenges and opportunities that exhibit potentials to 

transfer successful approaches across distinct 

geographical contexts while adopting local conditions. 

2.3 Mangrove Ecosystems and Carbon Sequestration 

Especially in mangrove ecosystems, the knowledge 

possessed regarding the extraordinary carbon 

sequestration capacities of such systems forms 

fundamental knowledge with which to design 

biomimetic applications. Fan et al. (2021) unravel the 

land-sea-scape carbon flow dynamics and explain how 

such flows could reflect anthropogenic destruction or 

restoration potential of coastal carbon sequestration 

systems. Their research provides significant insights 

into how mangrove ecosystems work with exceptional 

carbon storage efficiency. 

Recently, Xiong et al. (2024) have illuminated novel 

methodologies for the assessment of carbon 

sequestration efficiency in coastal waters, thereby 

deepening the quantitative investigation of coastal 

carbon systems. This knowledge system can provide 

primary tools to calculate the theoretical carbon gains 

of biomimetic systems inspired by naturally occurring 

coastal processes. In another recent development, 

Winterwerp et al. (2025) have shown that the 

mangroves could be restored via nature-based 

solutions, providing useful information on the 

conditions conducive to the actual restoration of 

mangrove ecosystems and, hence, the functionality of 

biomimetic systems. 

2.4 Blue-Green Infrastructure Integration 

This quickly enlarging research segment of research 

connecting bio-mimicry with coastal adaptation is just 

as relevant. García Sánchez and Govindarajulu (2022) 

focus on blue-green infrastructure integration in 

Indian urban settings, drawing lessons from Chennai 

and Kochi representing both potential and constraints 

in implementing nature-based systems. Tiwari et al. 

(2022) explore the use of ecosystem-based approaches 
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to adaptation within coastal channel living labs, 

systematically analyzing implementation strategies 

and outcomes, thus creating possibilities for iterative 

approaches in real urban settings. 

Albert et al. (2021) provide in-depth guidance toward 

the design of nature-based solutions, underscoring 

systematic approaches to the design and 

implementation and evaluation processes wherein 

these approaches would constitute the underlying 

premises of effective biomimetic systems. 

2.5 Urban Infrastructure and Climate Resilience 

For biomimetic system design, climate-resilient urban 

infrastructure systems widened the scope of 

architectural considerations. Dal Cin et al. (2020) 

investigate the climate adaptation plans about coastal 

settlements to derive understanding of the planning 

processes which influence decisions in infrastructure 

development, stressing the importance of designing 

solutions that integrate well with current urban 

systems. Toledo et al. (2024) study the implementation 

of nature-based solutions in specific coastal contexts 

and conduct in-depth studies of factors that determine 

and doom the success of solutions in actual scenarios, 

which offer invaluable teachings for biomimetic 

system design. 

 Vasseur (2021) captures and reflects on the reality, 

methods, and weaknesses of ecosystem-based 

adaptation for coastal communities through 

collaborative planning processes and gives an 

overview of the importance of community 

engagement and integration of local knowledge in 

successful infrastructure solution development. 

III. RESEARCH METHODOLOGY 

3.1 Conceptual Framework Development 

This paper uses the systematic approach to concept 

development, integrating insights from marine 

ecology, biomimetic engineering, and urban planning 

theories. The method sought to identify the key 

functional characteristics of mangrove ecosystems so 

they might be translated into engineering concepts for 

the urban infrastructure systems that retain their 

essential performance capabilities.  

The overarching framework development process 

calls for the comprehensive analysis of mangrove 

ecosystem functions through the lens of biological, 

chemical, and physical processes behind the system-

level mechanism of high carbon sequestration 

performance; this analysis studies the individual 

mechanisms employed by mangrove organisms and 

the emergent interactions at the system level that 

realize the emergent properties at the ecosystem level. 

3.2 Biomimetic Translation Process 

The biomimetic translation process involves the 

systematic identification of design principles to guide 

the development of engineered systems inspired by the 

functioning of the mangrove ecosystems. This process 

must consider the constraints and opportunities 

presented by urban environments to ensure the 

feasibility of biomimetic solutions, given that some 

compromises should be made without greatly 

affecting the performance of the original idea.  

The translation process emphasizes the understanding 

of both the form and function of natural systems, thus 

understanding that a successful biomimetic 

application will never be one that merely copies 

superficial features but one that embraces and applies 

underlying principles. Such an approach permits 

formulating innovative solutions that can be adapted 

to urban contexts without compromising their bio-

inspired effectiveness. 

3.3 Systems Integration Analysis 

Systems integration analysis considers the current 

urban systems and infrastructure networks into which 

a biomimetic carbon sequestration infrastructure can 

be properly integrated. It takes into consideration the 

technical, economic, and social aspects affecting 

feasibility in implementation and long-term 

sustenance. 

This integration analysis is undertaken with a multi-

scale approach that considers the requirements for 

integration at the building, neighborhood, and city 

scale because a well-thought-out biomimetic system 

should function coherently at these various scales. In 

this manner, the suggested solutions will be able to 

more directly work towards increasing the overall 

sustainability of an urban area while at the same time 

retaining effectiveness at the local level. 

3.4 Performance Evaluation Framework 

The performance assessment framework further 

provides criteria and metrics by which to assess the 

potential performance of biomimetic carbon 

sequestration systems in urban coastal contexts. In 

particular, the framework considered quantitative 

measures of carbon sequestration performance and 
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qualitative measures of resilience benefits and urban 

integration success. 

The framework for evaluation combines absolute 

performance measures with comparative assessments 

to weigh the performance of biomimetic systems 

against that of conventional alternatives. An evidence-

based decision-making method can help us identify the 

full-scale yet unexplored potential for research and 

development on biomimetic systems. 

IV. RESULTS AND THEORETICAL 

FRAMEWORK 

4.1 Mangrove-Inspired Design Principles 

Analyzing the functions of the mangrove ecosystem 

yields key design principles for carbon sequestration 

biomimetics. These principles cover structures, 

functions, and systems that enable mangrove 

ecosystems to achieve phenomenal performance in 

harsh coastal-ecological environments. 

Structural principles concern the special construction 

adaptations extant in mangrove organisms, such as a 

system of aerial roots maximizing surface contact with 

air and water, mechanisms for filtering salt to allow the 

organism to function in high-salinity environments, 

and flexibility in growth patterns toward 

accommodating the changeability of the environment. 

These adaptations inspire design systems for use in 

dynamic urban coastal environments. 

Functional principles look at the biological and 

chemical processes during which mangrove 

ecosystems accomplish carbon sequestration: 

photosynthesis tuned to coastal conditions, root-zone 

processes mediating carbon storage in sediments, and 

decomposition processes leading to stable long-term 

carbon storage. Understanding these mechanisms help 

create engineered systems able to replicate the 

processes using an appropriate technology. 

 
Figure 1: Theoretical Framework for Mangrove-Inspired Biomimetic Systems 

Systemic principles consider interactions at the 

ecosystem level, where emergent features emerge, and 

enhanced performance is created synergistically. This 

means Integrated systems should be structured in a 

way so that these systems muster strength from 

interaction among the components, rather than only 

serve the motivation of individual component 

performance within the system. 

 
Figure 2: Mangrove Ecosystem Components and Biomimetic Applications 
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4.2 Urban Integration Strategies 

Developing effective urban integration strategies 

requires careful assessment of constraints and 

opportunities in coastal megacity contexts. These 

strategies address complex interactions between 

biomimetic infrastructure systems and existing urban 

networks while ensuring compatibility with ongoing 

development processes. Regarding physical 

integration strategies, these are developed with respect 

to spatial and structural requirements, with 

consideration of space availability, integration with 

current transport systems, compatibility with existing 

utilities, and aesthetics, which are all factors that 

influence public acceptance. 

Functional integration strategies explore how 

biomimetic systems will complement the existing 

infrastructure and maintain objectives within carbon 

sequestration, having benefits such as flood 

management, air quality enhancement, and urban 

cooling. On the other hand, institutional integration 

strategies concern governance, incorporation of 

regulatory, and management views, all of which 

develop frameworks describing system ownership, 

implementation, and monitoring of operation 

performance to ensure the best interests prevail 

throughout its lifespan. 

4.3 Carbon Sequestration Mechanisms 

In this context, biomimetic translation of mangrove 

carbon sequestration mechanisms could mean 

developing engineered systems that replicate those 

processes that lead to an exceptionally high 

performance in the natural system. These processes 

occur at various scales with complex biological, 

chemical, and physical interactions. 

Atmospheric carbon capture mechanisms imitate 

enhanced photosynthetic processes found in mangrove 

vegetation, including metabolic pathways that allow 

the highest efficiency of carbon fixation and provide 

salt tolerance to hostile coastal environmental settings. 

Sediment carbon storage mechanism studies focus on 

how these processes allow mangrove ecosystems to 

establish a stable, long-term carbon storage in coastal 

sediments through the complex interaction of root 

systems with microbial communities and sediment 

chemistry. 

Water column carbon processing is for those 

mangrove ecosystem operations that include 

processing carbon compounds in coastal water 

systems: filtration processes that remove carbon 

compounds and biological processes that convert 

dissolved carbon into stable forms of storage. 

 
Figure 3: Carbon Sequestration Pathways in Biomimetic Urban Systems 

4.4 Resilience Enhancement Functions 

Besides acting to sequester carbon, these biomimetic 

systems inspired by mangrove ecosystems have ample 

potential to provide multiple pathways to increase 

coastal urban resilience. These functions constitute 

resilience benefits that would serve as additional 

justification for investing in biomimetic infrastructure 

on top of their contribution towards urban 

sustainability goals. 
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Wave attenuation and coastal protection correspond to 

one of the mechanisms through which mangrove 

ecosystems provide natural coastal protection, i.e., 

energy dissipation through their complex root 

structure, along with sediment stabilization processes, 

which ensures coastal integrity. Engineered systems 

inspired by this mechanism might be able to provide 

coastal protection while at the same time working in a 

carbon sequestration mode. 

 
Figure 4: Comparative Performance Analysis - Biomimetic vs Conventional Systems 

Flood management and water regulation functions 

examine how biomimetic systems may contribute to 

urban flood resilience through enhanced water storage, 

infiltration, and controlled release capabilities. These 

functions recognize potential for biomimetic systems 

to integrate with broader urban water management 

strategies while providing specialized coastal 

adaptation benefits. 

Ecosystem service provision functions consider 

broader environmental benefits that biomimetic 

systems can provide: habitat creation, air quality 

improvement, and cooling effects that enhance urban 

environmental quality. These functions highlight the 

ability of biomimetic systems to achieve multiple 

urban sustainability objectives simultaneously. 

4.5 Implementation Pathways 

The development of viable implementation pathways 

involves the systematic consideration of technical, 

economic, and institutional factors affecting the actual 

deployment of biomimetic carbon sequestration 

systems under coastal megacity contexts. These 

pathways must simultaneously consider short-term 

implementation opportunities and long-term scaling 

strategies. 

Strategies for pilot projects look at defining contexts 

and scales of initial deployment of biomimetic 

systems, including site selection criteria and 

performance monitoring protocols, all in hopes that 

this fosters demonstration projects that can be 

successfully implemented. It is important that these 

strategies emphasize the construction of evidence and 

experience to aid in the wider scale out of such 

endeavors. 

 
Figure 5: Phased Implementation Strategy for Biomimetic Carbon Sequestration Systems 
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Scaling strategies examine pathways through which 

successful pilot projects can be expanded to achieve 

city-wide impact, including technology transfer 

mechanisms, financing strategies, and institutional 

capacity development requirements, addressing 

transition from experimental implementations to 

mainstream urban infrastructure systems. Integration 

strategies investigate how biomimetic carbon 

sequestration systems can be incorporated into broader 

urban planning processes. 

5. DISCUSSION 

5.1 Theoretical Contributions and Innovation 

The biomimetic carbon sequestration framework is a 

major theoretical advancement in urban climate 

infrastructure, a new paradigm linking knowledge of 

natural systems to the development of engineering 

solutions. This framework tries to fill a gap by 

formulating a more systematic methodology to 

transfer biological knowledge practically for urban 

uses. 

The novelty of the approach lies in its integration of 

carbon sequestration as an objective into the urban 

resilience function, hence creating systems that 

address more than one climate threat simultaneously. 

While conventional approaches work on either 

mitigation or adaptation, the reason for which 

biomimetic systems as explained for mangrove 

ecosystems contribute to both is that they are 

multifunctional systems enabling enhanced 

applications of core functional principles. 

5.2 Practical Implementation Challenges 

Biomimetic carbon sequestration systems 

implementation faces several fundamental challenges 

demanding further R&D. Technical challenges include 

developing materials and technology capable of 

replicating the performance of natural systems, and yet 

durable and cost-effective in urban settings. On the 

economic side, funding is a major issue, while no 

established supply chain exists yet. Coming from the 

possibility of multiple benefits are opportunities for 

developing novel financing approaches that capture 

value across different benefit streams. Institutional 

challenges include establishing regulatory frameworks 

and governance structures that support 

implementation while ensuring performance standards 

and public accountability. 

5.3 Scaling and Transfer Potential 

Growing the biomimetic carbon sequestration 

framework across diverse coastal urban settings holds 

quite a pull. Design principles distilled from the study 

of mangrove ecosystems can be tuned according to 

local conditions without loss of inherent functional 

features. Given that it is modular, it can be 

implemented in ways that fit into different constraints, 

situations, and needs, thus enabling them to undertake 

either stepwise or holistic transformations. 

5.4 Future Research Directions 

This research presents a first-of-its-kind theoretical 

framework for the biomimetic carbon sequestration of 

an urban infrastructure that brings up key concerns 

with coastal megacity resilience and climate action. It 

is in this context that the framework demonstrates that 

through the systematic translation of the principles of 

natural systems, innovative solutions can be found that 

address carbon sequestration and urban resilience at 

once. 

According to the theoretical analysis, mangrove-

inspired setups open a whole realm of urban climate 

infrastructure possibilities with their multifunctional 

aegis and performance prowess. While conventional 

systems might focus on solving the traditional one-to-

one problem, biomimetic ones satisfy as many 

sustainability targets as are possible within their 

integrated design and operational principles. 

Implementation obstacles emphasize the need for 

continued interdisciplinary collaboration and the 

systematic development approaches translating 

theoretical insights into practices leaving 

transformational impact on implementation aspect 

 

6. CONCLUSION 

This research introduces a pioneering theoretical 

framework for biomimetic carbon sequestration 

through mangrove-inspired urban infrastructure, 

addressing critical gaps in coastal megacity resilience 

and climate action. The framework demonstrates how 

systematic translation of natural system principles 

enables innovative solutions simultaneously 

addressing carbon sequestration and urban resilience 

objectives. This theoretical analysis indicates 

potentially unprecedented ability of mangrove-

inspired systems to transform urban climate 

infrastructure through inherent multifunctionality and 
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performance capacities. Whereas in the more classical 

treatment buildings and other infrastructure have only 

one function and address only one objective, a 

biomimetic system addresses more than one 

sustainability goal owing to its integrated design and 

operation principles. Implementation challenges 

emphasize importance of continued interdisciplinary 

collaboration and systematic development approaches 

translating theoretical insights into practical solutions. 

Global significance of coastal urbanization and 

climate change creates urgent need for innovative 

solutions achieving transformational impact at 

required scale and speed. 
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