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Nature-Based Solutions vs Conventional Infrastructure: Cost-Benefit and Sustainability Evaluations in Built Environments
Abstract: Urban areas face increasing pressure from climate change, ecological degradation, and rising infrastructure costs, prompting renewed interest in Nature-Based Solutions (NBS) as alternatives to conventional grey infrastructure. This study systematically reviews 87 peer-reviewed articles (2013–2025) to compare NBS and conventional infrastructure across economic, environmental, social, and resilience dimensions. Using a mixed-methods approach that integrates PRISMA-guided systematic review with bibliometric network analysis (VOSviewer), the study synthesizes lifecycle cost patterns, sustainability outcomes, and methodological trends. The results indicate that while NBS often involve higher initial capital investment, lifecycle cost analyses frequently report long-term savings, with median lifecycle cost differentials favouring NBS when maintenance regimes and co-benefits are included. Hydrological outcomes show consistent directional improvements, including reductions in peak discharge and runoff volume, although effect magnitudes vary significantly across climatic and design contexts. Ecological benefits are more consistently quantified than socio-cultural outcomes, revealing an imbalance in sustainability assessment frameworks. Bibliometric analysis demonstrates strong geographic concentration in high-income regions and increasing attention to governance and equity-related themes in recent years. The review identifies substantial methodological heterogeneity in cost accounting boundaries, discount-rate assumptions, monitoring duration, and indicator selection, limiting the feasibility of formal meta-analysis and constraining cross-context comparability. By integrating economic and sustainability dimensions within a single analytical structure, this study clarifies where comparative evidence converges, where it remains uncertain, and which standardization priorities are necessary to strengthen future infrastructure evaluation.
Keywords: Lifecycle Costing; Ecosystem Services Valuation; Urban Resilience; Infrastructure Adaptation; Sustainability Assessment; Multi-Criteria Evaluation.
1.1. Introduction 
Urban environments worldwide are confronting escalating pressures from climate change, rapid urbanisation, and the decline of ecosystem health (Almulhim, 2023; Zhang J. et al., 2020). Conventional or “grey” infrastructure solutions such as concrete channels, underground pipes, and engineered stormwater systems have historically dominated the urban built environment (Bertrand-Krajewski, 2021; Chen et al., 2021; Finewood et al., 2019). These systems are designed to control water flows, manage drainage, and support urban services in a deterministic, engineered way (Dhakal & Chevalier, 2017). However, several studies report limitations including high capital and maintenance costs, limited adaptability to extreme events, ecological degradation, and loss of co-benefits linked to natural systems (Alves et al., 2020; O’Donnell et al., 2017).
As an alternative, Nature-Based Solutions (NBS) are gaining recognition in urban planning and infrastructure (Gorm Dige, 2015). NBS broadly refer to interventions that harness natural processes such as green roofs, rain gardens, permeable pavements, bioswales, constructed wetlands, and urban forests to provide services traditionally achieved via grey infrastructure, while also restoring ecological functions (Alzahrani et al., 2025; Xing et al., 2017). Green Infrastructure (GI) and Blue Infrastructure (BI) are closely associated terms, emphasizing the integration of vegetation and water elements, respectively, into the urban fabric (Azmeer et al., 2024; Halder, Kumar, Deepak, Mandal, et al., 2025).
The concept of sustainability underpins the shift toward NBS (Hartmann et al., 2019). In our context, sustainability encompasses multiple dimensions: environmental impacts, including carbon sequestration, temperature regulation, habitat provision, and water quality improvement; social and cultural dimensions, such as enhancements in human well-being, recreational spaces, aesthetics, and social equity; and resilience and adaptability, referring to the capacity of infrastructure to respond, recover, and evolve under stressors like floods, droughts, climate change, or urban growth (Khan et al., 2025; Mir et al., 2024; Schellenberg et al., 2020; Sweta Rupapara et al., 2025). Equally critical is the economic perspective, often operationalized via cost benefit analysis (CBA), lifecycle costing, or economic evaluation, which compares the capital, operational, and maintenance costs of infrastructure solutions against direct and indirect benefits such as health improvements, energy savings, ecosystem services, and enhanced real estate values (Mahdiyar et al., 2016; Wouterszoon Jansen et al., 2020; Yao et al., 2020).
1.2. [bookmark: _Toc148456284]Previous Research and Global Trends
Globally, the academic and practitioner communities have increasingly assessed NBS versus grey infrastructure across sectors like stormwater management, urban cooling, flood mitigation, water purification, and biodiversity corridors (Donatti et al., 2022; Palomo et al., 2021). Many studies highlight that NBS can deliver comparable engineering performance at lower lifecycle cost while offering additional ecosystem and social benefits (Kumar, Maurya, Mandal, Mir, et al., 2025; Wei et al., 2016). For instance, urban green roofs and bioswales are often credited for reducing peak runoff, improving infiltration, cooling microclimates, and increasing urban biodiversity (Blackhurst et al., 2010; Cubi et al., 2016; Pearlmutter et al., 2021).
This suggests an opportunity for integrative reviews that bridge disciplinary divides and synthesise both economic and sustainability assessments holistically. Despite the increasing momentum behind NBS, urban decision makers and planners remain constrained by significant knowledge gaps when considering their implementation over conventional grey infrastructure (Aguilera-Rodríguez et al., 2025; Haque et al., 2022). Also, the diversity of evaluation methods, performance indicators, spatial and temporal scales, and valuation approaches across the literature complicates meaningful comparisons (Balzan, 2025; Fedele et al., 2019; Halder, Kumar, Deepak, Kumar, et al., 2025; Kumar & Shukla, 2022).  
The concept of sustainability forms the cornerstone of the contemporary shift from conventional grey infrastructure toward NBS (Khoshhalshaghaji et al., 2025). Within the context of urban built environments, sustainability transcends a single dimension and instead embodies a holistic integration of environmental, social, cultural, and resilience-related aspects (Barker et al., 2024; González-García et al., 2025). On the environmental front, NBS contribute to reducing the ecological footprint of cities by enhancing carbon sequestration, regulating urban microclimates, mitigating the urban heat island effect, improving water quality, and restoring natural habitats that are often lost to impervious grey structures (Lallemant et al., 2021; Ncube & Arthur, 2021; Wang et al., 2023). Beyond these biophysical benefits, NBS also offer significant social and cultural advantages by improving the quality of life and well-being of urban residents (Rathod, 2025). Features such as urban parks, vegetated roofs, wetlands, and green corridors create opportunities for recreation, aesthetic enjoyment, and cultural expression, while fostering a sense of community and social equity by providing accessible green spaces across diverse neighbourhoods (Hartig et al., 2014; Kabisch & Haase, 2014; Pelorosso et al., 2017). Equally important is the dimension of resilience and adaptability (Saqib et al., 2024). NBS are described in the literature as dynamic systems capable of responding to stressors such as floods, droughts, climate variability, and rapid urban growth (Chausson et al., 2020; Kristi Miley, 2020). This broader framing highlights the relevance of evaluating infrastructure choices not solely on immediate engineering function or capital cost, but on their capacity to generate sustained ecological and societal benefits under changing conditions (Depietri & McPhearson, 2017; Frantzeskaki, 2019). 
Several studies examine specific performance indicators such as runoff reduction, temperature regulation, or individual ecosystem service valuation (e.g., carbon sequestration), without always extending the analysis to cross-scale comparisons between NBS and conventional infrastructure (Coutts & Hahn, 2015; Das et al., 2022; Jiangyi, 2020; Lundholm, 2015; Sultana et al., 2017). In addition, a substantial portion of the literature originates from Europe and North America, which may influence the geographic distribution of case evidence (Baycan-Levent & Nijkamp, n.d.; Cotlier & Jimenez, 2022; Gies, 2006; Q. Li et al., 2023; Rojas et al., 2019; Sánchez Jiménez & de Adana, 2024). Bibliometric studies have documented rapid growth in NBS-related publications; however, comparatively fewer reviews integrate economic and sustainability dimensions within a single analytical structure (Herrera-Franco, 2021; Huesca-Domínguez et al., 2023).  Comparative cost-benefit assessments that directly contrast NBS with conventional infrastructure using standardized criteria remain relatively limited in number (Alshehri et al., 2023; Halder & Kumar, 2025). Existing studies frequently examine environmental, economic, or social dimensions separately rather than within fully integrated assessment frameworks (Kabisch et al., 2016; Raymond et al., 2017). 
In light of the patterns identified in the literature, this study systematically compares NBS and conventional infrastructure in urban built environments. The review examines economic dimensions, including capital, operational, and maintenance costs, alongside environmental and socio-cultural performance indicators. It also identifies the evaluation methods and metrics used in comparative assessments. The study is guided by the following research questions:
· How do NBS and grey infrastructure compare in terms of capital, operational, and maintenance costs across urban applications?
· What indirect economic and social outcomes are assessed in comparative studies?
· How are environmental sustainability, resilience, and adaptability measured?
· What tools and frameworks are employed in evaluations, and where do methodological differences occur?
By addressing these questions, the review aims to synthesize existing evidence and clarify areas of convergence and divergence within the literature. To guide the synthesis, key concepts used throughout this review were analytically clarified prior to coding. NBS are understood here as infrastructure-related interventions that intentionally employ ecological processes to deliver services within urban environments and that are evaluated in direct comparison with conventional grey infrastructure alternatives. This comparative framing is central to the scope of the review. Economic performance is examined primarily through lifecycle costing (LCC), cost–benefit analysis (CBA), and related valuation approaches that consider capital, operational, and maintenance expenditures over time. A lifecycle perspective is particularly important in comparative infrastructure assessment, as short-term capital comparisons alone may obscure longer-term maintenance dynamics and ecosystem-service flows.
Sustainability is treated as a multidimensional construct encompassing environmental performance (e.g., hydrological regulation, biodiversity, temperature moderation), socio-cultural outcomes (e.g., wellbeing, accessibility, equity), and resilience or adaptability under climatic and urban stressors. Resilience is considered analytically distinct from static environmental indicators, as it refers to the capacity of infrastructure systems to absorb disturbance, recover, and adapt over time. Finally, co-benefits are defined as indirect or secondary effects not captured in conventional engineering metrics, including public health improvements, property-value changes, and social cohesion impacts. These conceptual distinctions structured the thematic coding process and enabled consistent comparison across heterogeneous study designs.
While prior reviews have examined the environmental benefits of NBS or discussed economic valuation frameworks independently, fewer studies have systematically analyzed how lifecycle cost assumptions, sustainability metrics, and methodological heterogeneity jointly shape comparative conclusions between NBS and conventional infrastructure. This review advances existing knowledge in three ways. First, it identifies lifecycle framing and discount-rate sensitivity as central determinants of reported economic advantage. Second, it documents a structural imbalance in the evidence base, where ecological metrics are consistently quantified while socio-cultural and equity dimensions remain less standardized. Third, it demonstrates that heterogeneity in cost boundaries, monitoring duration, and outcome indicators precludes formal meta-analysis, thereby clarifying the conditions necessary for future quantitative synthesis. By explicitly linking methodological design choices to comparative conclusions, the review moves beyond thematic aggregation toward structural evaluation of the evidence base itself.

2. Materials and Methods
[bookmark: page2][bookmark: _Toc477073411][bookmark: _Ref477084722]In this research, a mixed-methods approach was adopted by combining a systematic review using the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) framework with bibliometric analysis facilitated by VOS viewer (Arruda, 2022; Kirby, 2023; Page et al., 2021a; van Eck, 2010). PRISMA process leading to the selection of the papers used for both qualitative synthesis and bibliometric analysis. The mixed-methods approach has been instrumental in achieving the objectives of this study (J. Li et al., 2022). Expanding upon previous discussions, this study integrates the structured qualitative depth of a systematic review with the quantitative insights of bibliometric analysis to explore the integration of both economic and sustainability dimensions in a single analytical framework that systematically compares NBS and conventional infrastructure across urban environments. The research protocol for the study is shown in figure 1 on how the study is progressing. Study follows PRISMA guidelines and checklist (Page et al., 2021b).
2.1. [bookmark: _Toc148456287]The PRISMA Framework
The PRISMA framework was employed to systematically collect, screen, and analyse articles from the Web of Science (WOS) database. This method ensures transparency and reproducibility, which are vital for academic rigor (Chaudhuri & Kumar, 2022; Fu et al., 2022). A web search was done on September 24, 2025, as the initial step. Boolean operators (AND, OR) were applied to refine the results and ensure the selection of pertinent studies. "NBS” is first introduced in this paper and is not yet widely adopted. Furthermore, a comprehensive relevant literature retrieval is built on NBS in green infrastructure and conventional infrastructure. Criteria for eligible literature through WOS are further classified in Table 1. The specific search query used in basic search mode, the search term was - (“Nature-Based Solutions” OR “Green Infrastructure” OR “Blue-Green Infrastructure” OR “Grey Infrastructure” OR “Conventional Infrastructure” OR “Built Infrastructure”) AND (“Sustainability Assessment” OR “Environmental Impact” OR “Carbon Footprint” OR “Biodiversity” OR “Resilience” OR “Adaptability” OR “Social Sustainability” OR “Ecosystem Services” OR “Cost-Benefit Analysis” OR “Life Cycle Costing” OR “Economic Evaluation” OR “Capital Cost” OR “Operational Cost” OR “Maintenance Cost” OR “Indirect Benefits”) AND (“Urban Environment” OR “Built Environment” OR “Urban Planning” OR “Urban Infrastructure”) and then search method topic was selected. 
[bookmark: _Ref210504110]Table 1. Criteria for eligible literature through WOS (excluded if not meeting these criteria).
	No.
	Criteria

	1
	Search Terms (Topic/Title/Abstract)
	(“Nature-Based Solutions” OR “Green Infrastructure” OR “Blue-Green Infrastructure” OR “Grey Infrastructure” OR “Conventional Infrastructure” OR “Built Infrastructure”)
AND (“Sustainability Assessment” OR “Environmental Impact” OR “Carbon Footprint” OR “Biodiversity” OR “Resilience” OR “Adaptability” OR “Social Sustainability” OR “Ecosystem Services” OR “Cost-Benefit Analysis” OR “Life Cycle Costing” OR “Economic Evaluation” OR “Capital Cost” OR “Operational Cost” OR “Maintenance Cost” OR “Indirect Benefits”)
AND (“Urban Environment” OR “Built Environment” OR “Urban Planning” OR “Urban Infrastructure”)

	2
	Document Type
	Article

	3
	Language
	English

	4
	Database
	Web of Science (WOS) database

	5
	Irrelevant Disciplines 
	Subject categories retrieved excluding:

	
	
	Physics and Astronomy;

	
	
	Chemical Engineering;

	
	
	Computer Sciences;

	
	
	Biochemistry, Genetics and Molecular Biology;

	
	
	Decision Sciences

	
	
	Pharmacology, Toxicology, and Pharmaceutics; 


The selection of search terms was guided by the primary objective of the study, which focuses on comparative economic and sustainability evaluations of NBS and conventional infrastructure. Therefore, terms such as “carbon footprint,” “cost-benefit analysis,” “life cycle costing,” and “indirect benefits” were included to capture studies that quantitatively assess environmental and economic performance. Broader terms such as “climate change” or “urban ecology” were not used as standalone search keywords because they retrieve a substantially wider body of literature not necessarily focused on infrastructure comparison or cost-based evaluation. Instead, these themes are implicitly captured within sustainability-related terms (e.g., environmental impact, resilience, biodiversity). This approach ensured that the search remained targeted toward studies directly relevant to comparative infrastructure assessment while minimizing retrieval of conceptually adjacent but methodologically unrelated literature. The systematic review followed the PRISMA framework shown in Figure 1, encompassing four key phases (identification, screening, eligibility, and inclusion) to ensure a transparent and rigorous methodology.
No explicit publication year restriction was applied in the search strategy. The database search was conducted without temporal limits to capture the full evolution of comparative studies between NBS and conventional infrastructure. Following screening based on relevance and eligibility criteria, the earliest study meeting the inclusion criteria was published in 2013. Therefore, the final dataset spans the period from 2013 to 2025. The year 2013 does not represent a predefined starting point but reflects the emergence of eligible comparative research within the selected database and thematic scope. The emergence of studies from 2013 onward is consistent with the growing formalisation of the NBS concept in academic and policy discourse during the early 2010s.


[image: ]
Figure 1. PRISMA framework of the study, Source: PRISMA 2020 (Page et al., 2021a)
2.2. [bookmark: _Toc148456288]Bibliometric Analysis
For the bibliometric analysis, VOSviewer (version 1.6.19) was used to construct and visualize bibliometric networks based on the 87 studies included in the final dataset. VOSviewer is a software tool designed to build and analyze networks of co-occurring terms, citations, authors, and countries (Arruda, 2022; van Eck, 2010). It generates maps in which nodes represent items (e.g., keywords), and links represent co-occurrence relationships. The size of a node reflects the frequency of occurrence, while the proximity and thickness of links indicate the strength of association between terms. The bibliometric dataset was exported directly from the WOS Core Collection in plain text format and imported into VOSviewer. Keyword co-occurrence analysis was conducted using author-provided keywords and Keywords Plus (index keywords) supplied by WOS. No external or manually generated keywords were introduced. A minimum occurrence threshold of 3 was applied to filter infrequent terms and improve the interpretability of the network visualization.
Emerging research trends were identified based on (1) frequency growth over time, (2) clustering of newly appearing or rapidly increasing keywords, and (3) temporal overlay visualization in VOSviewer, which assigns average publication year to keywords. Keywords with higher average publication years were interpreted as representing more recent thematic developments within the field. These analyses allowed identification of dominant themes, evolving conceptual clusters, and areas of increasing scholarly attention.
Overlay visualization was applied to assess the temporal evolution of keywords, where node color represents the average publication year of documents in which a term appears. Terms with higher average publication years were interpreted as relatively more recent within the dataset.
2.3. Study quality appraisal and scoring framework
All included studies (n = 87) were assessed using a two-stage quality appraisal procedure consisting of (1) title-and-abstract screening and (2) full-text scoring. The final scoring rubric contained seven criteria:
· clarity and replicability of the methodology;
· appropriateness and resolution of outcome metrics;
· monitoring duration (empirical) or calibration/validation adequacy (modelling);
· transparency of assumptions, parameterization and data sources;
· reporting of uncertainty or sensitivity analyses;
· strength of causal inference; and
· external validity and contextual detail.
Each criterion was scored 0–2 (maximum 14). Quality tiers were defined as: High (≥10), Moderate (6–9), Low (≤5). During full-text review, several studies initially classified as Moderate were upgraded to High because the full texts revealed methodological rigor not evident in the abstracts, including multi-year monitoring, calibrated model verification, explicit uncertainty analysis, transparent cost accounting, or multi-method triangulation. In total, 11 studies were upgraded. Low-tier studies remained few (n = 6), typically due to insufficient methodological detail for reproducibility. Final tier distribution: High = 30 studies (34%), Moderate = 51 studies (59%), Low = 6 studies (7%).
A detailed record of individual-study scoring is provided in Supplementary Table S1, and harmonized metadata for all 87 studies is provided in Supplementary Table S2.
2.4. Sensitivity analysis and risk-of-bias procedures
To evaluate whether results were sensitive to the quality of included studies, descriptive statistics were recomputed under three scenarios:
· full set of studies;
· excluding all Low-tier studies; and
· retaining only High-tier studies.
Excluding Low-tier studies did not materially alter directional conclusions. Restricting analyses to High-tier studies reduced the numerical sample but preserved the dominant patterns in hydrological, economic and social outcomes. Because modelling and empirical designs were unevenly distributed across quality tiers, we did not apply numerical weighting by quality; instead, all quality scores are reported transparently to enable reader-driven weighting. This procedure aligns with PRISMA recommendations for transparent reporting of risk-of-bias handling in heterogeneous bodies of evidence.
3. Results AND ANALYSIS
The initial database search yielded 937 records from the Web of Science Core Collection. After excluding non-English publications, review articles, and early access records (n = 403), 534 records proceeded to screening. A further 84 records were excluded based on disciplinary irrelevance. Title and abstract screening resulted in the exclusion of 363 articles that did not directly compare NBS and conventional infrastructure in built environments. Following full-text assessment of 87 eligible studies, all were retained for final inclusion in the synthesis.
Finally, 87 studies met the predefined eligibility criteria and were included in the final synthesis. A complete list of the included studies is provided in the Supplementary Materials, including authors, year of publication, title, and citation details to ensure transparency of the review corpus.
3.1. [bookmark: _Toc311549612]Publication trends
Figure 2 illustrates the temporal distribution of publications related to Nature Based Solutions (NBS) and conventional infrastructure in urban environments from 2013 to 2025. The data reveals a clear exponential growth in scholarly interest, as evidenced by the fitted exponential trend line (R² = 0.89), which indicates a strong correlation between publication year and the number of articles published. Initial research activity remained minimal between 2013 and 2017, with only one publication per year. However, a noticeable uptick began in 2018, followed by a marked increase after 2020. The number of publications rose from just 2 in 2020 to 10 in 2021, and continued to accelerate significantly, reaching 16 in 2023, 21 in 2024, and peaking at 24 in 2025.
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[bookmark: _Ref210504221]Figure 2. Exponential growth trend of “NBS”- related research and year wise data.
3.2. [bookmark: _Toc311549614]Analysis of co-occurring keywords
The keyword co-occurrence network (Figure 3), generated using VOSviewer, illustrates the conceptual structure of the research field by mapping the frequency and strength of relationships between terms. At the core of the network, the dominant terms include “ecosystem services,” “biodiversity,” “infrastructure,” “urban,” and “urban green infrastructure,” indicating their centrality to discussions surrounding Nature Based Solutions (NBS) in urban contexts. These core clusters suggest that much of the existing research revolves around the ecological benefits and service delivery potential of NBS when implemented as part of urban planning and infrastructure strategies. Closely connected terms such as “resilience,” “urban ecology,” “restoration,” and “sustainable cities” reflect the growing emphasis on adapting urban systems to environmental and social challenges through integrated, nature-driven approaches.
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[bookmark: _Ref210504244]Figure 3. Co-occurring keyword map visualization using VOSviewer.

Overlay visualisation based on average publication year indicates that terms such as “justice,” “access,” and “collaborative governance” are associated with more recent publications within the dataset. As shown in the overlay map (Figure 4), these keywords appear in comparatively later average publication years, suggesting increasing scholarly attention to social equity, governance structures, and participatory dimensions of NBS.
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[bookmark: _Ref222777173]Figure 4. Keyword co-occurrence network with overlay visualization (average publication year).
3.3. Analysis of country distribution
The country-wise distribution of publications indicates a geographic concentration of research on Nature-Based Solutions and conventional infrastructure within urban environments. As shown in Figure 5, Germany leads with 14 publications, followed by England and Australia, each contributing 13 studies to the dataset. Austria and Finland follow with 8 and 7 publications, respectively. Other countries such as Denmark (4), Colombia (3), and Canada, France, and the Czech Republic (each with 2) are also represented. Overall, the dataset is predominantly composed of studies originating from European countries and Commonwealth nations, with comparatively fewer contributions from other regions. Contributions from countries in the Global South are comparatively limited within the current dataset.
Analysis of the geographic spread of the 87 studies revealed pronounced regional clustering. Europe accounted for 46 % of publications, Australia 13 %, North America 12 %, Asia 15 %, Latin America 8 %, and Africa 6 %. When grouped by World Bank income classification, 78 % originated from high-income countries, 18 % from upper-middle, and only 4 % from lower-middle or low-income regions. This bias toward temperate, high-income contexts limits the generalizability of observed economic and environmental outcomes. Urban form, labour costs, and governance capacity differ markedly in developing regions, potentially altering both the cost-effectiveness and performance of NBS. Future research should prioritize under-represented tropical and low-income cities to enhance external validity and policy transferability.
[image: ]
[bookmark: _Ref210504259]Figure 5. Geographical distribution of publications. Source: WOS
3.4. Quantitative synthesis 
Although there is directional consensus that Nature-Based Solutions (NBS) frequently outperform or match grey infrastructure across hydrological, ecological and socio-economic dimensions, we did not conduct a meta-analysis. A formal pooled effect-size calculation is precluded by three persistent features of the literature:
1. Inconsistent cost definitions and accounting boundaries
Economic studies use non-comparable cost scopes (capital, O&M, or full lifecycle cost), differing time horizons (10–50 years) and discount rates (0–10%). Even among high-quality studies, monetary outcomes are not standardized sufficiently to compute comparable effect sizes without reconstructing harmonized LCC baselines or re-contacting authors for raw cost inputs.
2. Heterogeneous outcome metrics and units
Hydrological performance is reported variously as peak discharge reduction, runoff coefficient change, volume retention, or pollutant load removal. Thermal, biodiversity and social metrics also vary widely. These incompatibilities violate the assumptions needed for a meaningful meta-analysis.
3. Mixed study designs and variable methodological transparency
The corpus spans field experiments, observational designs, calibrated models, uncalibrated spatial models, hedonic pricing analyses, choice experiments, surveys and conceptual frameworks. After full-text scoring, many upgraded High-tier studies remained methodologically incompatible with empirical field studies due to different assumptions, boundary conditions and measurement scales.
Instead, we adopted a transparent descriptive synthesis approach. All studies reporting comparable numerical values are summarised in standardized tables in Supplementary Table S2, including units, base values, design type and quality tier.
The evidence base reveals several consistent patterns across the included studies. Hydrological findings (n = 41) show a clear directional trend toward reduced peak flows, lower runoff volumes and improved pollutant attenuation across diverse NBS. Descriptive pooled estimates indicate an average peak-flow reduction of approximately 34% (SD ± 17%) and a mean volume reduction of roughly 29% (SD ± 13%), although variability remains substantial due to differences in site conditions, design specifications and monitoring methods. Economic outcomes (n = 36 reporting monetary values) similarly suggest favourable performance, with LCC differentials between NBS and grey alternatives ranging from −65% to +20% and a median saving of −28%, while sensitivity analyses highlight persistent dependence on discount rates, maintenance regimes and assumed service lives. Ecological and social outcomes are also broadly positive: most ecological studies report enhancements in species richness, functional connectivity or habitat quality, whereas social outcomes commonly document improved wellbeing, environmental perceptions and in several cases measurable uplift in property values. However, despite these consistent directional effects, the heterogeneity of metrics, methods and reporting conventions prevents the calculation of statistically defensible pooled effect sizes.
3.5. [bookmark: _Hlk210428709]Content Analysis and Thematic Synthesis
This section presents the results of the content analysis and thematic synthesis of the 87 included studies. Based on systematic coding and classification, five dominant thematic categories were identified: (1) economic cost and benefit dimensions, (2) environmental sustainability contributions, (3) socio-cultural impacts and urban livability, (4) infrastructure resilience and adaptability, and (5) evaluation tools and methodological frameworks. These themes structure the comparative analysis of NBS and conventional infrastructure across the reviewed literature.
3.5.1.  Economic Cost and Benefit Dimensions
A prominent theme across the selected studies is the economic evaluation of NBS versus conventional infrastructure. Several studies emphasize that while NBS often entail higher upfront capital costs, they tend to deliver long-term economic advantages due to lower operational and maintenance costs, as well as indirect societal and environmental benefits. For example, green roofs and urban forests were shown to reduce energy consumption in adjacent buildings, lowering utility costs over time (Pradilla & Hack, 2024; Proebstl-Haider et al., 2025; van Oorschot et al., 2021). In a comparative assessment, NBS demonstrated higher cost-effectiveness for stormwater management than piped systems, especially when accounting for avoided flood damage and improved groundwater recharge (Fagerholm et al., 2025; He et al., 2023).
Despite these advantages, cost assessments vary considerably among studies. Some employ life cycle costing (LCC) and cost-benefit analysis (CBA), while others adopt less structured economic models (Andrade et al., 2013; Kato-Huerta & Geneletti, 2023). Studies that included indirect benefits—such as improved mental health, increased property values, or avoided healthcare costs—tended to favor NBS more strongly (Haghani et al., 2023; Silveira et al., 2025). However, a recurring limitation lies in the fragmented valuation of non-market benefits, often excluded or inconsistently calculated across case studies. This highlights an opportunity for standardized, integrative economic assessment frameworks that consider both direct and indirect returns on investment in urban NBS.


3.5.2.  Environmental Sustainability Contributions
Environmental performance was the most frequently addressed theme among the reviewed studies. A substantial proportion of the literature reported positive outcomes associated with ecosystem service provisioning and urban sustainability indicators in NBS-focused case studies. Green infrastructure elements such as bioswales, permeable pavements, and green corridors were widely recognized for their contributions to urban biodiversity, air quality improvement, and temperature regulation (Brunbjerg et al., 2018; Hansen et al., 2023; Perrotti & Stremke, 2020). For instance, vegetated systems were more effective than concrete channels in reducing surface runoff and pollutant loadings in stormwater, especially in dense urban cores (Ring et al., 2021; Vallejo et al., 2024).
In terms of biodiversity support, studies reported that urban parks, wetlands, and green roofs provide critical habitats for native species and pollinators that are otherwise displaced by grey infrastructure (Grilo et al., 2025; Thorsson et al., 2025; B. Zhang, 2025). Additionally, the carbon sequestration potential of tree-based interventions and soil systems within NBS designs was acknowledged as a viable climate mitigation strategy, contributing to carbon neutrality goals in cities (Dondina et al., 2025; Hoover et al., 2023; Lonsdorf V et al., 2021). However, challenges remain in measuring and comparing these benefits consistently across geographical and climatic contexts. Only a limited number of studies utilized spatial modeling tools or long-term ecological monitoring to validate environmental gains (Miller et al., 2023; Zenglein et al., 2025). This gap underscores the importance of integrating geospatial and temporal metrics into sustainability evaluations of NBS, particularly for cities in the Global South where empirical data is often scarce.
3.5.3.  Socio-Cultural Impacts and Urban Livability
Socio-cultural dimensions were addressed in a subset of the reviewed studies, with emphasis on indicators related to human well-being, public perception, accessibility, and urban livability. Several studies highlight how NBS contribute to urban livability by enhancing aesthetic values, providing recreational spaces, and promoting community engagement (Longato et al., 2023; van Oorschot et al., 2024; Wilczynska et al., 2021). Urban parks, greenways, and vegetated public spaces have been linked to improved mental and physical health outcomes, particularly in high-density neighborhoods where access to nature is limited (Dorst et al., 2021; du Toit et al., 2018). These benefits are not typically provided by conventional infrastructure, which often lacks multifunctional or interactive design components.
A recurring theme in the reviewed literature is the role of NBS in promoting environmental justice and equitable access to green spaces. Studies reported disparities in the distribution of NBS across socioeconomic groups, with wealthier communities more likely to benefit from investments in green infrastructure (Hoover et al., 2020; C. Li et al., 2024). As a result, recent research calls for participatory planning and inclusive design processes to ensure that NBS contribute to social cohesion and do not exacerbate urban inequalities (Battisti et al., 2024; Fagerholm et al., 2021; Kosma et al., 2023). Cultural identity and heritage were also occasionally considered, especially in the context of community-managed green spaces and indigenous landscape practices (Shu et al., 2022; Suarez et al., 2025). However, such cultural aspects remain underexplored in the literature, pointing to a research gap in understanding the socio-spatial dynamics and long-term social impacts of NBS in diverse urban settings.
3.5.4.  Infrastructure Resilience and Adaptability
Infrastructure resilience and adaptability represent a critical lens through which the performance of NBS is increasingly evaluated, particularly in the context of climate change and urban risk. A growing body of research suggests that NBS can enhance the capacity of urban systems to absorb, recover from, and adapt to shocks such as flooding, heatwaves, and extreme precipitation events—challenges that are expected to intensify in the coming decades (Davey et al., 2024; Longato et al., 2024; Uribe-Aguado et al., 2025). Unlike conventional grey infrastructure, which is often rigid, centralized, and expensive to retrofit, NBS are described as flexible, modular, and capable of co-evolving with dynamic environmental and social conditions (Badura et al., 2021; Derkzen et al., 2017; Grabowski et al., 2023).
Several studies highlighted the role of specific NBS types, such as retention ponds, green roofs, permeable pavements, and riparian buffers—in mitigating the impacts of urban flooding by slowing surface runoff, enhancing infiltration, and storing excess water (Clauzel et al., 2025; M. Li et al., 2025; Morgenroth et al., 2025). These functions contribute not only to disaster risk reduction but also to longer-term urban adaptation. Additionally, the adaptive value of NBS was linked to their multifunctionality and capacity to deliver benefits across scales and time horizons. For example, urban forests were found to support both immediate microclimate regulation and long-term carbon storage (de Oliveira, 2025; Mahmoud et al., 2025; Wanner et al., 2025). However, empirical evidence of resilience performance remains fragmented, with few studies conducting longitudinal assessments or testing NBS under extreme climate scenarios. This gap indicates the opportunity for future research to incorporate resilience metrics, performance thresholds, and failure analysis into comparative evaluations of NBS and grey infrastructure systems.
3.5.5.  Tools, Indicators, and Evaluation Frameworks
A key limitation identified across the reviewed studies is the lack of standardized tools and indicators for assessing and comparing the performance of NBS with conventional infrastructure. Although multiple methodologies have been proposed—ranging from cost-benefit analysis (CBA) and LCC to ecosystem service valuation and multi-criteria decision analysis, there is little consensus on which frameworks best capture the multi-dimensional nature of NBS benefits (Adams et al., 2024; Cook et al., 2024; Nygaard, 2024). As a result, many assessments rely on context-specific metrics that hinder cross-study comparability and transferability of findings.
Several studies emphasized the opportunity for integrative evaluation frameworks that account for environmental, social, and economic indicators simultaneously (Bechtel et al., 2025; Kumar, Maurya, Mandal, Halder, et al., 2025; Mell et al., 2016; Thorn et al., 2025). Efforts to operationalize the concept of co-benefits were evident in studies employing ecosystem service typologies or resilience-based indices (Kirk et al., 2021; Maurer et al., 2023; Megyesi et al., 2024). Tools such as GIS, hydrological modeling, and participatory mapping were occasionally used to enhance the spatial and stakeholder dimensions of evaluation (Hautamaki et al., 2024; Jerome et al., 2019; Morpurgo et al., 2024). However, these methods were applied inconsistently and often lacked clear guidelines for quantifying outcomes.
Additionally, few studies addressed the uncertainty and trade-offs involved in NBS implementation. Only a limited number employed sensitivity analyses or scenario modeling to explore how NBS might perform under different climatic or urban development conditions (Lu et al., 2023; Rahaman et al., 2024; Vasco et al., 2024). This methodological fragmentation underscores the urgent opportunity for harmonized, interdisciplinary tools that can inform evidence-based decision-making and policy development. Establishing robust, adaptable evaluation frameworks will be critical for scaling up NBS and ensuring their integration into mainstream urban infrastructure planning.
To further elucidate the methodological diversity within the reviewed literature, a synthesis of tools and software used across the 87 studies is presented in Table 2. This table groups studies according to the primary analytical instruments they employed, highlighting five dominant categories: Geographic Information Systems (GIS), simulation or modelling tools, evaluation frameworks, indicator indices, and general analytical tools. 
[bookmark: _Ref210504285]Table 2. Tools and Software Used in NBS Evaluation.
	Tool/Software
	Primary Analytical Purpose
	Application Context
	References

	Evaluation Frameworks
	Structured qualitative or semi-quantitative assessment of sustainability and co-benefits
	Assessment of ecological performance, biodiversity enhancement, ecosystem services, and multi-criteria sustainability evaluation
	(Adams et al., 2024; Bush & Doyon, 2019; Di Marino et al., 2024; Dorst et al., 2021; Hansen et al., 2023; Jerome et al., 2019; Mahmoud et al., 2025; Uribe-Aguado et al., 2025)

	GIS-Based Spatial Analysis
	Spatial mapping and geographic assessment
	Spatial distribution of NBS, ecosystem service mapping, microclimate regulation, and urban heat island mitigation
	(Alves et al., 2024; Andrade et al., 2013; Battisti et al., 2024; Dawson et al., 2023; de Oliveira, 2025; Derkzen et al., 2017; Fagerholm et al., 2021, 2025; Kindvall et al., 2025; Maurer et al., 2023; Thorn et al., 2025; van Oorschot et al., 2021; B. Zhang, 2025)
	Environmental Simulation / Modelling Tools
	Predictive modelling and scenario-based simulation
	Hydrological modelling, microclimate simulation, ecosystem service forecasting, and performance evaluation under alternative scenarios
	(Dushkova et al., 2024; Focacci et al., 2025; Haghani et al., 2023; Hautamaki et al., 2024; Kato-Huerta & Geneletti, 2023; Kirk et al., 2021; M. Li et al., 2025; Llodra-Llabres & Carinanos, 2022; Megyesi et al., 2024; Nygaard, 2024; Proebstl-Haider et al., 2025; Raum et al., 2024; Vallejo et al., 2024; Wilczynska et al., 2021; Zenglein et al., 2025)

	Economic & Indicator-Based Assessment Tools
	Life-cycle costing, cost-benefit analysis, composite indices
	Economic comparison of NBS and conventional infrastructure; long-term financial and ecological trade-offs
	(Bechtel et al., 2025; Hysa et al., 2025; Ring et al., 2021)

	Socio-Institutional & Governance Analysis
	Qualitative or mixed-method institutional and governance analysis
	Land-use planning, stakeholder engagement, governance structures, ecosystem service valuation (e.g., pollination), and institutional resilience
	(Clauzel et al., 2025; Dondina et al., 2025; Grilo et al., 2025; Haghani et al., 2023; He et al., 2023; Hoover et al., 2020; Kilbane et al., 2019; Kosma et al., 2023; Leppanen et al., 2024; C. Li et al., 2024; Lonsdorf V et al., 2021; Machac et al., 2022; Miller et al., 2023; Parsa et al., 2019; Perrotti & Stremke, 2020; Rahaman et al., 2024; Shaamala et al., 2025; Silveira et al., 2025; Thorsson et al., 2025; van Oorschot et al., 2024; Wanner et al., 2025)



Several studies address multiple thematic dimensions; classification reflects the primary analytical method employed in each study. GIS-based approaches were primarily used for spatial mapping, suitability analysis, and ecosystem service assessment (Halder et al., 2026; Kanwal et al., 2026). Simulation and modelling tools were applied to examine hydrological performance, urban climate dynamics, and scenario-based infrastructure evaluation. Evaluation frameworks and indicator-based tools were employed to assess sustainability dimensions, co-benefits, and economic performance (Kranti Kumar Maurya, 2026; Pradeep Kumar Kori, 2026). Socio-institutional analyses addressed governance structures, land-use considerations, and stakeholder engagement processes. The visual classification in Figure 6 further illustrates how each evaluation framework integrates one or more analytical dimensions—environmental, social, economic, or cultural—demonstrating the interdisciplinary nature of NBS performance assessments. Together, the table and figure highlight not only the diversity of tools in use but also the fragmentation in methodological approaches, reinforcing the opportunity for more integrative, standardized frameworks in future comparative evaluations.
[image: ]
[bookmark: _Ref210504317]Figure 6. Evaluation Frameworks in NBS Assessment. Source: Author
The methodological heterogeneity identified in the Results section highlights the need for greater standardization in comparative assessments. Based on recurring measurement patterns and identified inconsistencies, a harmonized set of indicators may improve comparability in future research. Economic indicators could include 30-year life-cycle cost (LCC) reported as net present value (NPV) using a 3% real discount rate with sensitivity analysis at 1% and 5%, along with maintenance-cost ratios separated into establishment (0–5 years) and steady-state (6–30 years) phases. Hydrological indicators may include runoff coefficient and peak discharge reduction measured via continuous monitoring or calibrated models, supported by pollutant removal metrics (TSS, TN, TP). Ecological indicators could incorporate habitat area, species richness with standardized field effort, and functional connectivity indices, where spatial modelling is applied. Social indicators may include green-space accessibility (m² per person within 300 m), using standardized well-being assessment instruments such as the WHO-5 (World Health Organization Five Well-Being Index) and SF-12 (12-item Short Form Health Survey), which measure psychological and health-related quality of life outcomes. Detailed definitions and metadata requirements are provided in the Supplementary Materials.
To holistically capture these interconnected dimensions, we developed a conceptual framework (Figure 7) that reflects the logic of comparison used in this study. The framework is organized into three layers: (i) infrastructure types (NBS and conventional infrastructure), (ii) evaluation dimensions—including cost-benefit analysis, sustainability outcomes (environmental and social), and resilience and adaptability—and (iii) assessment methods and tools, which include both quantitative and qualitative approaches such as GIS, hydrological models, MCDA, participatory mapping, and ecosystem service valuation. This visual model not only summarises the analytical trajectory of the study but also provides a transferable structure for future comparative research.
[image: ]
[bookmark: _Ref210504352]Figure 7. Conceptual Framework for Evaluating NBS vs Conventional Infrastructure
To further understand how NBS and conventional infrastructure are deployed in urban contexts, Table 3 presents a typology of application contexts derived from the classification of the reviewed studies. The table categorizes Nature-Based Solutions (NBS) practices and their conventional infrastructure counterparts into functional themes such as biodiversity support, ecosystem services, urban planning and policy, urban heat mitigation, economic valuation, flood control, stormwater management, and general environmental management. Biodiversity support was the most frequently represented category, accounting for 28 studies (32.18%), followed by ecosystem services (19.54%) and urban planning/policy (13.78%). Other categories, including urban heat mitigation, economic valuation, flood control, and stormwater management, were represented with smaller shares. The distribution of study counts and percentages across categories is detailed in Table 3.
[bookmark: _Ref222777271]Table 3. Typology of NBS and Conventional Infrastructure Applications Across Reviewed Studies, with Study Counts and Percentage Distribution.
	Application Type
	NBS Example
	Grey Equivalent
	Study Count
	Percentage (%)

	Biodiversity Support
	Wetlands, green corridors
	Fenced parks, single-species lawns
	28
	32.18

	Ecosystem Services
	Blue-green infrastructure
	Engineered systems
	17
	19.54

	Urban Planning/Policy
	GIS, participatory tools
	Zoning plans, masterplans
	12
	13.78

	Urban Heat Mitigation
	Urban forests, green roofs
	Air conditioning, reflective surfaces
	8
	9.2

	Economic Valuation
	LCC, co-benefit models
	Cost-based decision tools
	7
	8.05

	Flood Control
	Retention ponds, wetlands
	Dykes, levees
	6
	6.9

	Stormwater Management
	Green roofs, swales
	Concrete channels, drainage systems
	6
	6.9

	General Environmental Management
	NBS combinations
	General grey infrastructure
	3
	3.45



To understand the systemic factors affecting NBS implementation, we classified and quantified the most cited enablers and barriers into five core thematic categories: policy/institutional, technical/knowledge, financial, social/cultural, and ecological/environmental (Figure 8). Financial barriers were the most frequently reported challenge, cited in 29% of studies, often linked to the lack of long-term funding and valuation metrics for ecosystem services. Technical and knowledge-related barriers were also prevalent (25%), including fragmented data, absence of unified standards, and complexity in modeling multifunctional outcomes. Policy and institutional structures, while often rigid, also acted as enablers in cases where governance frameworks integrated NBS into urban planning (22%). Social and cultural dynamics showed a mixed role—serving as barriers where public resistance or awareness gaps existed, yet also functioning as key enablers through community engagement and co-design processes. The ecological and environmental category was least cited as a direct barrier, although it remains relevant in relation to site-specific limitations and monitoring challenges. This distribution suggests that barriers to NBS implementation extend beyond environmental considerations and involve institutional, financial, and societal dimensions.
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[bookmark: _Ref210504366]Figure 8. Enablers and Barriers to NBS Implementation in Urban Environments.
4. Discussion
This review systematically addressed the core research questions guiding the study through a structured analysis of 87 peer-reviewed studies comparing NBS and conventional grey infrastructure in urban built environments. The key findings are synthesized across three major dimensions: economic performance, sustainability outcomes, and evaluation methodologies.  The methodological heterogeneity observed across studies suggests that future meta-analyses would require either restricting inclusion to studies using comparable measurement frameworks (e.g., multi-year empirical monitoring with standardized hydrological metrics) or reconstructing harmonized cost and hydrological effect sizes from primary data. The harmonized indicator framework proposed in this Section may provide a structured basis for improving comparability in subsequent research.
4.1. Empirical research agenda
The synthesis of the reviewed literature reveals persistent evidence gaps that constrain robust cross-context comparison and long-term inference. Addressing these gaps requires greater methodological convergence and improved empirical design consistency.
First, comparative field-based studies employing paired-catchment or matched-site designs across climatic zones would strengthen hydrological inference. Continuous monitoring over multiple storm events and standardized reporting of runoff coefficients, peak discharge reduction, and pollutant removal would enhance cross-case comparability and enable more reliable performance benchmarking.
Second, controlled experimental or quasi-experimental designs examining microclimate regulation and building-energy interactions—particularly for green roofs and urban tree canopies—would improve understanding of thermal and energy-related co-benefits. Replicated measurements under varying seasonal and urban-density conditions are necessary to isolate intervention effects from background climatic variability.
Third, socio-economic evaluations would benefit from longitudinal and quasi-experimental approaches, such as before–after–control–impact (BACI) frameworks, combined with property transaction datasets and validated wellbeing instruments. Such designs would allow clearer causal inference regarding distributive impacts, equity outcomes, and long-term community benefits.
Fourth, pollutant-removal performance and ecological functionality require more standardized monitoring protocols. Mesocosm experiments and multi-site field trials could clarify the influence of substrate composition, vegetation selection, and maintenance regimes on hydraulic and ecological performance.
Fifth, integrated LCA and life-cycle costing (LCC) models incorporating probabilistic sensitivity analysis would strengthen economic robustness. Transparent reporting of discount rates, service-life assumptions, and uncertainty distributions would enable more defensible cross-study comparison and facilitate future meta-analytic synthesis.
Across all domains, harmonized indicator reporting and open-data practices remain critical for advancing cumulative knowledge. Without improved standardization of cost boundaries, temporal horizons, and sustainability metrics, the evidence base will remain directionally consistent but quantitatively fragmented. Strengthening empirical rigor, geographic diversity, and longitudinal depth will be essential for enhancing external validity and informing policy translation in varied socio-ecological contexts.
4.2. Synthesis of main findings
The synthesis of the reviewed literature reveals several structural patterns that shape the comparative evaluation of NBS and conventional grey infrastructure in urban environments. Rather than indicating uniform superiority of one approach over the other, the evidence demonstrates that comparative outcomes are highly sensitive to methodological framing, temporal scope, and indicator selection.
From an economic perspective, lifecycle framing emerges as the most decisive variable influencing conclusions. Although NBS frequently require higher upfront investment and greater design coordination, long-term operational savings, avoided damage costs, and ecosystem-service flows often offset initial expenditures (Battisti et al., 2024; Bush & Doyon, 2019; Dawson et al., 2023; de Oliveira, 2025; Derkzen et al., 2017; Kirk et al., 2021; Morgenroth et al., 2025; Proebstl-Haider et al., 2025; Vallejo et al., 2024; B. Zhang, 2025). However, the magnitude and even direction of this advantage depend strongly on discount-rate assumptions, cost-boundary definitions, and the inclusion or exclusion of indirect benefits. Studies applying lower real discount rates tend to favor NBS due to the extended horizon over which ecological and social returns accrue, whereas higher discount rates compress long-term benefits and reduce apparent cost competitiveness (Dondina et al., 2025; Hautamaki et al., 2024; Mahmoud et al., 2025; Thorsson et al., 2025; Uribe-Aguado et al., 2025). This sensitivity suggests that economic comparisons are not purely technical calculations but reflect normative assumptions regarding intergenerational valuation and long-term urban investment priorities (Clauzel et al., 2025; Kilbane et al., 2019; Morgenroth et al., 2025; Parsa et al., 2019; Wanner et al., 2025).
Across sustainability dimensions, ecological outcomes are the most consistently quantified and reported. Hydrological regulation, peak-flow attenuation, temperature moderation, and biodiversity enhancement appear as recurrent strengths of NBS (Battisti et al., 2024; Dorst et al., 2021; Dushkova et al., 2024; Hysa et al., 2025; Llodra-Llabres & Carinanos, 2022; Nygaard, 2024; Ring et al., 2021; Shaamala et al., 2025; Suarez et al., 2025). Socially, they support physical and mental health, recreational use, community engagement, and cultural values (Chalmin-Pui et al., 2021; Grilo et al., 2025; Hansen et al., 2023; Leppanen et al., 2024; M. Li et al., 2025; Rahaman et al., 2024; Zenglein et al., 2025). However, a clear imbalance exists between ecological and socio-cultural metrics. Environmental indicators are typically supported by measurable biophysical data and modelling tools, whereas social outcomes—such as wellbeing, equity, and cultural value—are more frequently assessed through qualitative or perception-based approaches (Fagerholm et al., 2021; Hautamaki et al., 2024; Horvat et al., 2024; Kosma et al., 2023; van Oorschot et al., 2024), indicating a critical gap that must be addressed to ensure inclusive sustainability transitions. This asymmetry may reflect both data availability and disciplinary bias, potentially shaping policy narratives toward measurable ecological gains while underrepresenting distributive justice and long-term social inclusion. The limited integration of equity metrics further constrains understanding of who benefits from NBS investments and under what governance conditions (Focacci et al., 2025; Koranyi et al., 2021; Parsa et al., 2019).
Methodological heterogeneity represents another defining characteristic of the evidence base. The reviewed studies span engineering experiments, ecological field assessments, economic valuations, spatial modelling, and participatory governance analyses (Bush & Doyon, 2019; Di Marino et al., 2024; He et al., 2023; C. Li et al., 2024; Lonsdorf V et al., 2021; Lubaina et al., 2025; Silveira et al., 2025; van Oorschot et al., 2021). While this interdisciplinarity enriches conceptual understanding, it also restricts cumulative comparability (Dorst et al., 2021; Ge et al., 2019; Hoover et al., 2020; Kilbane et al., 2019; Rahaman et al., 2024). Divergent cost scopes, inconsistent service-life assumptions, variable monitoring durations, and heterogeneous outcome metrics limit the feasibility of formal meta-analysis and complicate policy benchmarking. The absence of harmonized reporting standards remains a structural barrier to synthesizing quantitative effect sizes across contexts. The visualisation of tools and frameworks in Table 3 and Figure 6 further demonstrated the variation in dimensions (economic, environmental, social, cultural) considered in performance assessments (Adams et al., 2024; Breed et al., 2023; Leppanen et al., 2024; Llodra-Llabres & Carinanos, 2022; Scott et al., 2018; B. Zhang, 2025).
Geographic concentration further influences interpretive validity. A substantial proportion of studies originates from high-income, temperate regions with established governance capacity and formalised planning systems. Urban morphology, labor costs, institutional capacity, and climatic conditions differ significantly in rapidly urbanizing tropical and lower-income contexts (Brandner et al., 2025; Kilbane et al., 2019; Norton et al., 2023). Consequently, cost structures, maintenance feasibility, and performance outcomes documented in the existing literature may not transfer directly to cities with different socio-ecological configurations (Derkzen et al., 2017; Fagerholm et al., 2025; Machac et al., 2022; Mahmoud et al., 2025; Rahaman et al., 2024; Wu et al., 2023). This concentration suggests that the current evidence base provides stronger internal consistency than global generalizability.
Across dimensions, the durability of observed benefits appears closely linked to governance structures and maintenance regimes. Financial and institutional barriers are cited more frequently than ecological limitations, indicating that implementation challenges are often systemic rather than technical. Where policy integration, long-term funding, and community engagement mechanisms are present, NBS outcomes tend to be more stable and scalable. Conversely, fragmented governance and uncertain maintenance responsibilities weaken lifecycle performance claims, regardless of biophysical effectiveness.
4.3. Theoretical and Methodological Progress in Comparative NBS Research
Despite rapid growth in publication volume, theoretical development within comparative NBS research appears incremental rather than transformative. Early studies primarily framed NBS as environmentally beneficial alternatives to grey infrastructure, often emphasizing ecosystem-service provision without explicit economic integration. More recent contributions increasingly adopt lifecycle and co-benefit perspectives, suggesting gradual convergence toward multi-dimensional evaluation frameworks. However, a unified theoretical model linking economic valuation, governance dynamics, and resilience theory remains underdeveloped. As a result, comparative assessments are often pragmatic and case-specific rather than grounded in a coherent conceptual paradigm.
Methodologically, the field demonstrates both diversification and fragmentation. Advances are visible in the increasing use of lifecycle costing, spatial modelling, and probabilistic sensitivity analysis. However, progress toward harmonized reporting standards remains limited. Discount-rate assumptions, service-life parameters, and ecosystem-service valuation boundaries vary substantially across studies, impeding cumulative synthesis. While technical sophistication has increased, comparability has not improved proportionally, indicating that methodological expansion has outpaced standardisation.
The comparative evidence is not uniformly convergent. While many studies report lifecycle cost competitiveness of NBS, others identify higher maintenance burdens or site-specific underperformance, particularly in high-density urban contexts with limited space. Similarly, hydrological benefits are directionally consistent, yet effect magnitudes vary widely depending on soil conditions, vegetation maturity, and maintenance regimes. These inconsistencies suggest that performance claims are context-dependent rather than universally generalizable.
Three structural gaps persist in the literature. First, long-term empirical monitoring beyond 10–15 years remains scarce, limiting confidence in lifecycle durability claims. Second, distributive equity outcomes are rarely quantified using standardized indicators, constraining understanding of who benefits from NBS investments. Third, cross-climatic comparative field studies are limited, restricting generalizability across socio-ecological contexts.
Taken together, the findings indicate that NBS cannot be evaluated solely through short-term engineering efficiency metrics. Their comparative performance depends on temporal scale, accounting assumptions, governance capacity, and the integration of ecological and social valuation frameworks. The current body of evidence supports the potential of NBS to deliver multi-functional benefits; however, methodological fragmentation and geographic bias limit definitive cross-context generalization. Strengthening standardization, expanding longitudinal empirical studies, and improving equity-oriented assessment remain essential for advancing evidence-based comparative infrastructure planning.
Several limitations of this review should be acknowledged. First, the analysis is restricted to peer-reviewed English-language publications indexed in the Web of Science Core Collection. While this ensures academic rigor and methodological transparency, it may exclude relevant case studies, policy reports, and regionally published research, particularly from non-English-speaking and lower-income contexts. Second, despite applying structured inclusion criteria and quality screening, variability in study design, monitoring duration, cost-accounting boundaries, and indicator selection introduces heterogeneity that constrains direct quantitative comparability. The absence of standardized reporting frameworks prevented formal meta-analysis and limits the ability to derive pooled effect estimates. Third, lifecycle economic assessments are sensitive to discount-rate assumptions, service-life parameters, and the monetization of indirect benefits. As these assumptions vary across studies, synthesized cost comparisons should be interpreted as context-dependent rather than universally generalizable. Fourth, bibliometric analysis reflects publication trends rather than implementation intensity and may overrepresent regions with stronger research infrastructure. Finally, although thematic coding was conducted systematically, interpretive synthesis inherently involves researcher judgment. While transparency measures were applied, some degree of analytical subjectivity cannot be fully eliminated.
These limitations suggest that the conclusions of this review should be interpreted as structured synthesis of available evidence rather than definitive performance rankings across all urban contexts.



5. [bookmark: _Toc148456303]CONCLUSION
This review synthesizes comparative evidence on Nature-Based Solutions (NBS) and conventional infrastructure across economic, environmental, socio-cultural, and resilience dimensions. The findings indicate that lifecycle framing is central to cost comparisons: while NBS frequently involve higher upfront investment, long-term cost trajectories often converge or favor NBS when maintenance regimes and ecosystem-service flows are incorporated. Hydrological and ecological outcomes demonstrate consistent directional benefits, yet effect magnitudes vary substantially across climatic, spatial, and governance contexts. A defining characteristic of the evidence base is methodological heterogeneity. Variability in discount-rate assumptions, cost boundaries, monitoring duration, and sustainability indicators limits cross-study comparability and precludes formal meta-analytic synthesis. Moreover, the literature remains geographically concentrated and disproportionately focused on ecological metrics relative to social and equity-oriented outcomes.
Rather than establishing universal superiority of one infrastructure paradigm, the review clarifies the conditions under which comparative advantages are most likely to emerge and identifies structural barriers to cumulative knowledge production. By linking lifecycle economic assumptions, sustainability metrics, and governance capacity to reported performance outcomes, the study advances understanding of how comparative conclusions are constructed and where evidence remains uncertain.
[bookmark: _GoBack]Strengthening standardization, expanding long-term empirical monitoring, and improving geographic and socio-cultural representation will be essential for enhancing the robustness and transferability of comparative infrastructure evaluation in future research.
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Figure 5. Evaluation Frameworks in NBS Assessment: Dimensions Covered
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