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Abstract. Climate change presents a critical challenge to global supply chains, 

necessitating robust methods to evaluate and enhance supply chain resilience. 

This review systematically explores computational and quantitative methodolo-

gies employed to analyze climate change risks and resilience in supply chains. 

By critically assessing system dynamics modeling, network analysis, economet-

ric approaches, and hybrid computational models from highly-cited literature, the 

study identifies methodological strengths and gaps, highlighting the importance 

of dynamic adaptability, interdisciplinary integration, and sector-specific anal-

yses. Theoretical insights gained provide a comprehensive framework for under-

standing resilience, while practical recommendations guide supply chain manag-

ers and policymakers toward effective resilience strategies. Limitations are dis-

cussed, with suggestions for future research avenues. 
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1 Introduction 

Climate change represents an urgent and increasingly critical threat to the stability and 

functionality of global supply chains, characterized by complex interconnections and 

interdependencies. Recent studies highlight severe disruptions to manufacturing supply 

chains due to climate-induced events, such as floods in Europe and drought conditions 

affecting agricultural supply chains globally [1], [2]. As these climatic events intensify 

in frequency and severity, companies and policymakers face mounting pressures to pro-

actively evaluate and manage the resilience of their supply chains against such disrup-

tions. 

 Addressing climate change risks within supply chain management requires robust 

methodologies capable of capturing the complexity and dynamic nature of these sys-

tems. Computational and quantitative methodologies, particularly simulation and net-

work analysis, have increasingly been employed to address these complex challenges 

[3], [4], [5]. However, despite advancements in methodological rigor, considerable 
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gaps remain concerning the comprehensive integration and comparative evaluation of 

these quantitative methodologies. 

This review aims explicitly to explore computational and quantitative methodologies 

applied to the study of climate change risks and supply chain resilience. By systemati-

cally examining a selection of highly-cited recent academic contributions published in 

top-tier journals, the study seeks to identify key methodological strengths, limitations, 

and unexplored areas. Specifically, the review evaluates how these methodologies con-

tribute to the theoretical understanding of resilience and risk within global supply 

chains, highlighting both established insights and critical research gaps. 

The subsequent sections of this paper are structured as follows: Section 2 defines key 

conceptual frameworks related to climate change risks and supply chain resilience, es-

tablishing a clear theoretical foundation. Section 3 presents an in-depth analysis of ex-

isting computational and quantitative approaches, providing critical evaluations of their 

application and effectiveness. Section 4 discusses identified limitations and research 

gaps derived from the literature review. Section 5 proposes future research directions 

emphasizing methodological innovation, enhanced multi-dimensional modeling, and 

interdisciplinary approaches. Finally, Section 6 summarizes the review's contributions, 

theoretical implications, and practical insights for both academic researchers and in-

dustry practitioners. 

2 Conceptual Foundations: Climate Change Risks and Supply 

Chain Resilience 

2.1 Climate Change Risks: Definitions and Typologies 

Climate change risks encompass a wide array of potential adverse effects arising from 

the changing climate, including extreme weather events, gradual environmental degra-

dation, and socioeconomic disruptions. Climate-related risks are typically categorized 

into physical and transition risks, affecting supply chains both directly through severe 

weather impacts and indirectly through policy and market shifts aimed at decarboniza-

tion [6], [7]. 

Physical risks refer to the direct impacts of climate-related events such as floods, 

hurricanes, heatwaves, droughts, and sea-level rise. These risks significantly disrupt 

logistics infrastructure, production capacity, raw material availability, and distribution 

networks. For instance, severe flooding in Southeast Asia regularly affects manufactur-

ing hubs and disrupts global electronics and automotive supply chains [1], [2]. Transi-

tion risks emerge from societal responses to climate change, including policy changes, 

technological shifts, and market transformations aimed at reducing carbon emissions, 

influencing supply chain strategies and competitiveness [6]. 

2.2 Supply Chain Resilience: Conceptual Clarifications 

Supply chain resilience is broadly defined as the capacity of a supply chain to prepare 

for, respond to, and recover from disruptions while maintaining operational continuity 
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and minimizing negative impacts on performance. Effective supply chain resilience in-

tegrates multiple dimensions, including robustness, agility, adaptability, and recovera-

bility, as underscored by recent studies [8], [9], [10]. 

Resilience comprises several interconnected dimensions: 

• Robustness: the ability to withstand disruptions. 

• Agility: the ability to respond swiftly to disruptions. 

• Adaptability: the ability to adjust structures and processes. 

• Recoverability: the ability to return swiftly to normal or improved states. 

Effective resilience requires strategic investments in infrastructure redundancy, di-

versification of suppliers, inventory management strategies, collaborative relationships 

among stakeholders, and the implementation of advanced technologies [9], [10]. 

 

Table 1. Descriptive Statistics. 

Dimension Description Key Strategies 

Robustness  Withstand disruptions Redundancy, diversified suppli-

ers 

Agility  Swift response to disruptions Real-time monitoring, flexible 

logistics 

Adaptability  Structural and process adjustments Scenario planning, adaptable 

infrastructure 

Recoverabil-

ity 

 Rapid return to normal or improved 

states 

Contingency planning, recov-

ery protocols 

 

 

Computational and Quantitative Approaches: An Overview 

Computational and quantitative methodologies, such as system dynamics, network 

analysis, and hybrid models, are pivotal for comprehensively understanding these risks 

and resilience mechanisms [11], [12], [13]. These methodologies facilitate deeper in-

sights into complex interactions, dynamic behaviors, and potential vulnerabilities 

within supply chain systems. 

Primary categories include: 

• System Dynamics and Simulation Modeling: Utilized to model supply chain 

behaviors dynamically, capturing complex feedback loops and temporal effects 

of climate disruptions [3], [11]. 

• Network Analysis and Complex Network Approaches: Applied to identify 

crit ical nodes, vulnerable connections, and structural dependencies within 

global supply chains [2], [12]. 
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• Econometric and Statistical Models: Employed to quantitatively assess and 

pre dict the impact of climate-related events on supply chain performance and 

trade flows [14], [7]. 

• Hybrid and Integrated Computational Models: Combining multiple meth-

odol ogies to offer comprehensive, multidimensional analyses of resilience [8], 

[6], [13]. 

Subsequent sections provide a detailed review of these methodologies, high lighting 

their specific contributions, limitations, and potential future research directions. 

3 Quantitative and Computational Methods in Analyzing 

Climate Risks in Supply Chains 

3.1 System Dynamics and Simulation Modeling 

System dynamics modeling provides a robust framework for understanding complex 

and dynamic interactions within supply chains under climate risks [3], [11], [13]. This 

approach models supply chain behaviors by capturing complex feedback loops, nonlin-

ear relationships, and time-dependent effects. For instance, Kara et al. [3] used system 

dynamics modeling to simulate the impact of flooding on manufacturing supply chain 

performance, demonstrating quantitatively the effectiveness of different risk mitigation 

strategies like inventory management and supplier diversification. Zhao et al. [13] in-

tegrated system dynamics with agent-based simulation, effectively illustrating the prop-

agation paths of disruptions and identifying key leverage points to enhance resilience. 

Similarly, Ehrenstein et al. [11] applied system dynamics to quantify benefits of proac-

tive scenario planning, showcasing its capacity to support long-term resilience planning 

under uncertainty. 

Despite its strengths in capturing dynamic complexity, system dynamics modeling 

often relies heavily on data accuracy and availability, sometimes limiting its predictive 

precision and generalizability. Nevertheless, the method’s ability to provide scenario-

based analyses remains a significant advantage for decision-makers managing complex 

climate risks. 

3.2 Network Analysis and Complex Network Approaches 

Network analysis methods examine the structural characteristics of supply chains, iden-

tifying vulnerabilities, critical nodes, and overall robustness [2], [15], [12]. For exam-

ple, Hedlund et al. [2] used complex network methods to analyze global food trade 

networks under climate change, pinpointing critical countries whose disruption could 

severely affect global food security. Similarly, Scheibe and Blackhurst [12] demon-

strated the effectiveness of network analysis in identifying disruption propagation 

paths, providing valuable insights into how climate-related disruptions could cascade 

through supply chains. 

While network analysis excels in visualizing and quantifying structural dependencies 

and vulnerabilities, its primary limitation is the assumption of static network conditions, 
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which may oversimplify the inherently dynamic and evolving nature of real-world sup-

ply chains. 

3.3 Econometric and Statistical Models 

Econometric and statistical models quantify relationships between climate risks and 

supply chain performance through empirical data analysis [14], [16], [7]. Ding et al. 

[14] utilized econometric methods to measure how climate-induced agricultural yield 

variations impacted China's import patterns, providing concrete evidence for policy-

makers regarding adaptive strategies. Similarly, Hall et al. [7] employed regression 

analysis to quantify the financial impact of climate exposure on various industry supply 

chains, providing actionable insights into risk mitigation strategies. 

The primary strength of econometric methods is their empirical grounding and robust 

statistical validation. However, these models typically require extensive historical data 

and may face limitations in forecasting unprecedented climate scenarios not represented 

in historical records. 

3.4 Hybrid and Integrated Computational Models 

Hybrid and integrated models combine several quantitative methods, such as simula-

tion, optimization, and statistical analyses, to provide comprehensive insights into sup-

ply chain resilience [8], [6], [10]. Yuan et al. [8] developed an integrated framework 

combining quantitative resilience metrics and scenario analysis to assess agricultural 

supply chains under climate stressors. Mora et al. [6] created a hybrid approach inte-

grating simulation and accounting frameworks to quantify indirect climate risk expo-

sure through global supply chains. 

Hybrid models' key advantage is their comprehensive, multi-dimensional approach 

to assessing resilience. However, these models typically require significant computa-

tional resources and sophisticated interdisciplinary knowledge, which might limit their 

broader adoption. 
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3.5 Summary and Comparative Analysis of Quantitative Approaches 

Table 2. Comparative Analysis of Quantitative Methods 

Method Strengths Limitations Data Re-

quire-

ments 

Key Applica-

tion Scenarios 

System Dynamics Dynamic com-

plexity, scenario 

analysis 

Data-intensive, ac-

curacy-dependent 

Historical 

data 

Strategic resil-

ience planning 

Network Analysis Structural clarity, 

vulnerability 

identification 

Static assumption, 

limited dynamics 

Network 

structure 

data 

Risk propaga-

tion analysis 

Econometric and 

Statistical 

Empirical valida-

tion, robustness 

Extensive historical 

data required 

Historical 

statistical 

data 

Quantifying 

impacts, fore-

casting 

Hybrid and Inte-

grated Models 

Comprehensive, 

multidimen-

sional 

Computationally 

intensive 

Combined 

data sets 

Complex sys-

tem assess-

ment 

 

Each quantitative method presents distinct advantages and challenges, highlighting 

the importance of selecting appropriate methodologies based on specific research ob-

jectives, available data, and analytical needs. 

4 Identified Research Gaps and Limitations 

4.1 Methodological Limitations and Gaps 

Despite substantial advancements in quantitative and computational methods, several 

methodological limitations persist. Many studies heavily rely on historical data, which 

constrains the ability to model unprecedented or extreme climate scenarios not previ-

ously recorded [14], [7]. For instance, econometric and statistical models depend sig-

nificantly on the quality and comprehensiveness of historical datasets, restricting their 

predictive capability when encountering novel climatic events or emerging climate pat-

terns. 

Moreover, network analysis approaches often adopt static network structures that 

may oversimplify dynamic real-world conditions [12]. For example, static models fail 

to capture evolving supply chain adaptations and real-time responsiveness, potentially 

underestimating the true vulnerability or resilience of supply chains. 

4.2 Empirical and Contextual Limitations 

Empirical research frequently exhibits geographic and industry-specific biases, limiting 

generalizability. For instance, Ding et al. [14] focused exclusively on China’s 
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agricultural imports, leaving uncertainties about how similar models perform in differ-

ent geographic contexts or sectors such as manufacturing or energy. Similarly, research 

by Hedlund et al. [2] emphasizes food supply chains, raising questions regarding the 

applicability of their findings to other types of supply chains facing different structural 

and operational constraints. 

Further, there is limited empirical validation of hybrid and integrated computational 

models due to their complexity and high computational demands, which restrict their 

broader practical adoption and testing in diverse real-world contexts [8], [6]. 

4.3 Lack of Interdisciplinary Integration 

Another significant limitation is the limited interdisciplinary integration within existing 

research. Most computational models are rooted heavily within singular disciplinary 

perspectives, neglecting the integration of economic, social, and environmental dimen-

sions comprehensively [5], [6]. For instance, Mora et al. [6] highlighted the need for 

deeper integration of accounting, economic, and environmental metrics, pointing to-

ward an interdisciplinary approach as essential yet currently underdeveloped. 

Additionally, the interaction between policy-making processes, technological ad-

vancements, and market mechanisms within computational models remains inade-

quately explored, limiting the capability of these models to fully inform actionable and 

strategic decisions [16], [10]. Thus, there remains a critical need for integrative research 

frameworks that can bridge various disciplinary perspectives effectively to enhance the 

resilience and adaptive capacity of supply chains comprehensively. 

4.4 Summary of Identified Research Gaps and Additional Limitations 

In summary, this review has systematically identified critical methodological, empiri-

cal, and interdisciplinary gaps within the current computational and quantitative ap-

proaches to assessing climate risks and supply chain resilience. Methodologically, ex-

isting approaches frequently suffer from limitations such as data dependence, static as-

sumptions, and inadequate representation of unprecedented climate scenarios. Empiri-

cally, geographic and industry-specific biases limit the generalizability of current find-

ings, highlighting the need for more diverse contextual studies. Additionally, the lim-

ited interdisciplinary integration observed in existing research restricts the capacity of 

models to provide holistic and actionable insights. Beyond these core limitations, other 

notable gaps include insufficient exploration of the long-term economic impacts of cli-

mate-driven supply chain disruptions, a lack of robust models explicitly accounting for 

socio-political uncertainties, and relatively limited consideration of small and medium-

sized enterprises (SMEs) and their unique resilience challenges. Addressing these com-

prehensive sets of limitations and research gaps is crucial for advancing both theory 

and practice in supply chain risk management under climate uncertainty. 
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5 Future Research Directions: A Quantitative and 

Computational Agenda 

5.1 Advanced Computational Methods and Emerging Techniques 

Future research should prioritize adopting advanced computational techniques, such as 

machine learning, artificial intelligence (AI), and big data analytics. These methods 

hold significant promise for enhancing predictive accuracy, handling complex datasets, 

and uncovering hidden patterns within supply chain systems [15], [16]. For example, 

the European Union's Horizon Europe program actively supports research applying AI-

driven analytics for enhancing supply chain resilience against climate risks. Similarly, 

the U.S. National Science Foundation (NSF) has funded several projects exploring ma-

chine learning applications to improve supply chain responsiveness to climate-induced 

disruptions. The key challenges include ensuring data quality and accessibility, inte-

grating disparate data sources, and developing interpretable models. Crucial factors for 

success will include interdisciplinary collaboration, increased computational capacity, 

and advanced algorithm development. Policymakers and industry stakeholders should 

invest in digital infrastructure and data governance frameworks to leverage these tech-

nologies effectively. 

5.2 Enhancing Multi-Level and Multi-Stage Modeling 

Research needs to further develop multi-level and multi-stage models capable of cap-

turing the intricate interdependencies across supply chains [11], [13]. Such models 

would allow for a comprehensive understanding of climate impacts and resilience 

mechanisms across different operational stages (e.g., procurement, manufacturing, lo-

gistics). The Massachusetts Institute of Technology (MIT) Global Supply Chain and 

Logistics Excellence Center is developing frameworks for multi-level dynamic model-

ing. Primary challenges include model complexity, computational demands, and data 

integration across supply chain stages. Researchers should prioritize modular modeling 

approaches, sensitivity analyses, and advanced scenario-planning methodologies. 

5.3 Sectoral and Regional Quantitative Studies 

More focused sectoral and regional studies are necessary to better understand unique 

vulnerabilities and resilience strategies specific to different industries and geographic 

areas [8], [14], [16]. For example, Tsinghua University in China conducts in-depth re-

gional studies on carbon emissions and climate risks in manufacturing supply chains. 

Similarly, the EU Joint Research Centre (JRC) performs sector-specific resilience re-

search, particularly in agriculture and energy sectors. Critical challenges include ob-

taining granular data and contextualizing findings to local conditions. Policymakers 

could facilitate such studies by promoting regional research initiatives and sector-spe-

cific resilience guidelines. 
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5.4 Integration of Interdisciplinary Approaches 

Enhanced interdisciplinary integration remains essential to capture the full spectrum of 

climate risks and resilience strategies [6], [17]. Universities such as Oxford and Cam-

bridge have initiated interdisciplinary research integrating economics, environmental 

science, and policy analysis to develop comprehensive frameworks. The primary diffi-

culty lies in fostering effective interdisciplinary communication and cooperation. Aca-

demic institutions and funding agencies should actively encourage interdisciplinary 

collaboration through dedicated research grants and knowledge-sharing platforms. 

5.5 Summary and Recommendations for Future Research 

In summary, future quantitative and computational research should leverage advanced 

technologies, embrace complexity through multi-level modeling, conduct focused sec-

toral and regional studies, and foster interdisciplinary integration. Addressing these di-

rections can provide substantial practical and theoretical benefits, enhancing our col-

lective ability to mitigate climate risks effectively and sustainably. Policymakers and 

academia should jointly facilitate these efforts by providing the necessary resources, 

infrastructure, and incentives to encourage innovative, collaborative research that ad-

dresses real-world resilience challenges. 

6 Conclusions and Scholarly Contributions 

6.1 Key Findings and Insights from the Review 

This review systematically analyzed the existing computational and quantitative meth-

odologies addressing climate change risks and supply chain resilience. Key findings 

reveal a diverse methodological landscape where system dynamics, network analysis, 

econometric models, and hybrid computational approaches provide critical insights but 

also exhibit significant limitations. Notably, methodological rigidity due to data de-

pendency, insufficient dynamic adaptability, limited geographical and sectoral scope, 

and inadequate interdisciplinary integration emerged as prominent issues. 

The review underscores the necessity of developing and adopting innovative com-

putational tools capable of handling uncertainty, complexity, and dynamic interactions 

prevalent in climate-affected supply chains. Moreover, it highlights the criticality of 

sector-specific and regional studies to provide nuanced and actionable insights tailored 

to diverse operational contexts. 

6.2 Theoretical Contributions and Implications 

The primary theoretical contribution of this review lies in its structured synthesis and 

systematic comparison of quantitative methodologies. By clearly delineating the 

strengths and weaknesses of each method, the review deepens theoretical understanding 
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regarding appropriate applications, capabilities, and constraints of various modeling 

techniques in managing climate risks. 

Moreover, by integrating diverse methodological perspectives, the review proposes 

a comprehensive theoretical framework that emphasizes interdisciplinary connections, 

enhancing theoretical robustness. This framework facilitates a deeper conceptual un-

derstanding of resilience mechanisms and the multifaceted nature of climate-induced 

disruptions across global supply chains. 

6.3 Theoretical Contributions and Implications 

Practically, this review provides critical insights and actionable guidelines for supply 

chain managers and policymakers. It emphasizes the importance of investing in ad-

vanced predictive analytics, robust infrastructure, and interdisciplinary frameworks. 

Managers should leverage computational tools to enhance risk prediction accuracy, fa-

cilitate real-time responses, and develop contingency strategies tailored to specific sec-

toral and regional contexts. 

Policymakers are advised to support initiatives that enhance data accessibility and 

quality, foster sector-specific resilience strategies, and promote interdisciplinary re-

search funding. Strategic investment in digital infrastructure, particularly big data ana-

lytics and AI-driven solutions, is highlighted as a crucial component for building long-

term supply chain resilience. 

6.4 Limitations and Further Opportunities for Research 

Despite the comprehensive approach, this review has inherent limitations. Primarily, 

its scope is limited to the selected 37 high-impact articles, potentially excluding rele-

vant studies published in less prominent journals or different research traditions. Thus, 

future reviews might benefit from broader literature scopes, including emerging re-

search from diverse sources and additional regional studies. 

Further opportunities for research include detailed empirical validation of the pro-

posed theoretical frameworks, extended exploration of SME-specific resilience strate-

gies, and deeper integration of socio-political factors into quantitative modeling. Addi-

tionally, longitudinal studies examining long-term impacts of climate risks on supply 

chain dynamics would significantly enrich the academic literature and practical 

knowledge base. 
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