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Abstract

Climate change will pose greater challenges to occupational safety and health, and advanced
approaches for risk and reliability modeling that can include sustainability perspectives are needed.
This scoping review aims to map and synthesize the current methodologies on modeling OSH risks
in the context of climate change and sustainability. We systematically searched the Scopus, Web of
Science, PubMed, ERIC, and other databases following the PRISMA-ScR guidelines for studies
published from 2010 to 2025. Seventeen studies met the inclusion criteria and were categorized into
four thematic groups: the reliability engineering and probabilistic models, climate-related
occupational risk models, hybrid and Al-based models, and the sustainability-oriented reviews.
Results The study indicates a methodological shift from deterministic toward probabilistic and
systems-based toward data-driven approaches, while heat stress is identified as the key climate-
related hazard. Sustainability considerations are increasingly embedded within the risk frameworks,
linking safety outcomes with productivity, labor capacity, and resilience. Still, the integration is
uneven, and key performance metrics are underreported. The advanced computational methods,
such as Bayesian networks and machine learning techniques along with hybrid models, show
promise but need further validation in a wide range of occupational settings. CONCLUSION This
review stresses the need for more integrative, transparent, and harmonized modeling practices,
providing support to climate resilient and sustainable OSH management systems.

Keywords: reliability analysis; sustainability; industrial systems engineering; risk modeling;
occupational safety; public health

1. Introduction

Climate change is one of the significant occupational health challenges of the twenty-first
century [1]. Workers in agriculture, construction, mining, waste management, and emergency
response are among the groups who are highly exposed to climate-related hazards, which can be
combined with recognized risks, like heat stress, vector-borne diseases, ergonomic strain, and
respiratory illnesses [2]. According to the recommendations by the World Health Organization
(WHO) and the International Labor Organization (ILO), addressing climate-related occupational
risks should connect safety management with sustainability and resilience measures [3].

The body of quantitative research applying reliability and risk-modeling methods to
occupational safety and health (OSH) under climate-related stressors remains limited. Existing
studies employ diverse methodological approaches ranging from probabilistic reliability analyses
that assess equipment performance and human factors under thermal and environmental strain to
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data-driven predictive frameworks incorporating machine learning, Bayesian inference, and hybrid
statistical models [4]. However, substantial variability in analytical techniques, outcome definitions,
and reporting of model performance metrics hampers methodological comparability across studies.

In OSH contexts, reliability analysis examines how effectively safety controls, protective
technologies, and management processes prevent accidents and health losses [5]. When applied to
climate-sensitive environments, reliability frameworks need to include unpredictable environmental
factors like temperature changes, humidity extremes, dust storms, and floods that can impair both
human performance and material systems [6].

There are several recent risk models have emerged that focus on sustainability and relate to
environmental, social, and governance (ESG) indicators aiming to balance economic efficiency with
workers” well-being and environmental responsibility while predicting accident probabilities.
Hybrid reliability-risk approaches are used to estimate industrial processes’ sustainability under
climate pressure, utilizing life-cycle assessments (LCA) and fuzzy fault-tree analyses. Resilience
metrics evaluate an organization’s ability to withstand climate shocks while maintaining safe
operations [7,8].

Despite this progress, critical knowledge gaps exist. First, the integration of climate parameters
into OSH risk modeling is inconsistent. Many traditional safety assessments depend on historical
exposure data, which do not adequately represent future climatic extremes. Second, performance
metrics like sensitivity, specificity, area under the curve (AUC), and reliability indices are often
underreported or vaguely defined. Third, the relationship between reliability outcomes and
sustainability goals is rarely quantified. We need empirical evidence to determine whether
sustainable workplaces lead to higher model reliability and reduced occupational risks in a changing
climate [9-11].

While some reviews have assessed occupational health risks or occupation-related health risks
due to climate change in the past, existing summaries are largely centered on particular health risks
or exposed outcome associations and/or traditional risk assessment in epidemiology. Furthermore,
few reviews regarding health outcomes due to climate change analyze work-related health outcome
models regarding their underlying architectures or concepts of reliability.

As far as the authors are aware, no previous literature review has explored in-depth the
reliability-based, probabilistic, and more advanced risk models that exist in OSH with respect to the
dual themes of climate change and sustainability. The purpose of this scoping literature review is
thus not centred on the sizing of effect but rather on the form, paradigm, and development of risk
model methodologies, even those that incorporate Al technology.

Through the compilation or synthesis of the existing but fragmentary body of evidence, the
current scoping review aims to provide an overview of the methodologies used for modeling risks
associated with occupational safety and health due to climate change-related sustainability pressures.

2. Methodology

2.1. Search Strategy

The current scoping review was conducted according to the PRISMA-ScR (Preferred Reporting
Items for Systematic Reviews and Meta-Analyses extension for Scoping Reviews) checklist [12]
(Figure 1). A comprehensive search was conducted in multiple electronic databases including Scopus,
Web of Science, PubMed, Education Resources Information Centre (ERIC), Academic Consensus
App, as well as the reference lists of relevant studies, reviews, and meta-analyses. The studies
published between January 2010 and December 2025 in English language were considered eligible.

The search terms were outlined as: “occupational safety”, “workplace safety”, “occupational
health”, “risk assessment”, “risk modelling”, “risk analysis”, “probabilistic risk assessment”,
“Bayesian network”, “fault tree analysis”, “dynamic risk”, “hybrid risk model”, “systems thinking”,

“systems-theoretic”, “reliability”, “heat stress”, “ambient temperature”, “extreme weather”, “climate
change”, “sustainability”, “labor productivity”, “work capacity”, “resilience”, “artificial
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intelligence”, “Al”, “machine learning”, “predictive modelling”, “computational model”, and “data-
driven model” employing “OR” and/or “AND” Boolean operators.

Records identified: (n=2,305)
Scopus, Web of Science,
PubMed, Education Resources
Information Centre (ERIC), and ‘
Academic Consensus App

¢

Records screened:
(n=1,523) \

¢

Reports sought for retrieval:
(n=226) \

y

Reports assessed for eligibility: ‘
(n=139)

Records removed before screening:
Duplicate records removed (n = 782)

Records excluded:
(n=1297)

Reports not retrieved:
(n=87)

Full-text articles excluded with reasons: (n =122)

*  Studies not in English language:

*  Non-primary study designs, including
editorials, commentaries, letters,
conference abstracts without full texts,
dissertations, theses, and other publications
containing non-original or secondary data

@ *  Studies with unclear findings

Studies included in review:
(n=17)

' 11 3

Figure 1. PRISMA flow diagram of the study design process.

2.2. Study Selection Process

After duplicate records were removed, two reviewers independently screened the titles and
abstracts according to the predefined eligibility criteria. Articles that clearly failed to meet the
inclusion criteria were excluded at this stage. The full texts of potentially eligible studies were
subsequently retrieved and independently evaluated by the same reviewers. Any discrepancies were
resolved through discussion, and when agreement could not be achieved, a third reviewer was
consulted to make the final determination.

2.3. Inclusion and Exclusion Criteria

The following inclusion criteria were considered: 1) Primary empirical studies of any design,
including quantitative, qualitative, mixed-methods, modelling, and simulation-based studies, that
examined reliability, risk assessment, or risk modelling approaches within an OSH context; 2) Studies
focusing on workers, occupational groups, workplaces, or work-related systems, either in the general
workforce or in specific sectors or vulnerable occupational groups (e.g., construction workers,
agricultural workers, healthcare personnel, outdoor workers); 3) Studies that explicitly addressed
climate change, climate-related hazards, environmental stressors, or sustainability-related factors
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(e.g., heat stress, extreme weather events, air quality, energy transition, resource constraints) as part
of the OSH risk or reliability modelling framework; 4) Studies that clearly described the modelling
approach, including model structure, assumptions, input variables, or validation procedures, and
reported OSH-related outcomes (e.g., injury risk, accident probability, system reliability, safety
performance indicators); 5) Peer-reviewed original research articles published in English between
January 2010 and December 2025.

The following criteria were applied for study exclusion: 1) Non-primary study designs,
including editorials, commentaries, letters, conference abstracts without full texts, dissertations,
theses, and other publications containing non-original or secondary data; 2) Studies that addressed
climate change or sustainability without an occupational safety and health focus, or OSH studies that
did not incorporate risk, reliability, or modelling-based approaches; 3) Studies focusing solely on
descriptive exposure assessments, policy discussions, or qualitative narratives without a clearly
defined analytical or modelling framework relevant to OSH risk or reliability; 4) Studies for which
key methodological details or outcomes could not be extracted, or where the reported outcomes did
not align with the objectives of this scoping review; 5) Studies not published in English language.

2.4. Software and Data Analysis

All references were imported into Mendeley software for de-duplication. Data from the included
studies were charted using Microsoft Excel following the Joanna Briggs Institute (JBI) guidelines for
scoping reviews.

3. Results

3.1. Study Selection

The literature search identified a total of 2,305 records. Following the removal of 782 duplicate
records, 1,523 unique records remained for title and abstract screening. During the screening phase,
1,297 records were excluded based on predefined inclusion and exclusion criteria, leaving 226 reports
for full-text retrieval. Of these, 87 reports could not be retrieved, resulting in 139 full-text articles
assessed for eligibility.

Subsequently, 122 full-text articles were excluded for the following reasons: publication in
languages other than English; non-primary study designs (including editorials, commentaries,
letters, conference abstracts without full texts, dissertations, theses, and other sources reporting
secondary or non-original data); and studies with unclear or insufficient findings relevant to the
review objectives.

Ultimately, 17 studies met all eligibility criteria and were included in the final review. The study
selection process is summarized in Figure 1.

3.2. Overview of the Included Studies

A total of 17 studies were included in this scoping review, spanning multiple countries including
Australia, Canada, China, Greece, India, Iran, Italy, and the USA, as well as international
collaborations (Table 1). The studies were categorized into four thematic groups based on their
primary focus and methodological approach:

1) Reliability engineering and probabilistic risk models (five studies): This group focused on
foundational and advanced frameworks for general OSH and engineering system safety, utilizing
reliability, uncertainty, Bayesian, and systems-theoretic models.

2) Climate change-related occupational risk modelling (six studies): These studies directly
addressed the impacts of heat exposure, employing epidemiological, time-series, meta-analytic, and
survey-based models to quantify injuries, productivity loss, and perceptual risks among vulnerable
worker populations.
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3) Hybrid, Al-based, and advanced risk modelling (five studies): This category encompassed
studies applying innovative computational techniques, including hybrid decision-making
frameworks, fuzzy logic, machine learning (ML), and artificial neural networks (ANNs) to assess and
prioritize general or heat-specific OSH risks.

4) Sustainability and systems-oriented reviews (one study): This group consisted of conceptual
and narrative reviews that integrated sustainability principles into safety management and provided
high-level syntheses of modelling approaches.

The majority of studies (12 out of 17) employed quantitative or qualitative modelling
approaches. The remaining studies were conceptual, narrative, or systematic reviews that provided
methodological frameworks and syntheses for OSH risk assessment.

Table 1. Characteristics of the included studies.

Refer Autho Ye Countr Study Hazard Modelli Climate/Sust Main
ence  1(s) ar y Type Focus ng ainability Finding
Approa Link s/Contri

ch bution

[13] Aven 20 Interna Concept General Reliabili Indirect; Provides
et al. 16 tional  wual OSH/Safety  ty & framework core
Review Risks uncertai applicableto  concept
nty sustainable ual
modelli  safety framewo
ng management rk for
reliabilit
y and
uncertai
nty
modellin
&
highligh
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advance
s in risk
assessm
ent

methods

[14] Zioet 20 Italy Concept  Engineering  Probabil Indirect; can  Discusse

al. 18 ual/Narr & OSH istic & be appliedto s
ative Systems hybrid  sustainability advance
Review reliabilit -oriented risk d
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3.3. Key findings

3.3.1. Reliability Engineering and Probabilistic Risk Models

The foundational reliability engineering and probabilistic approaches in OSH were the subject
of five studies. Conceptual frameworks for probabilistic and hybrid reliability modeling were
presented by Aven et al. [13] and Zio et al. [14], emphasizing the significance of uncertainty
quantification in risk assessment. Khakzad et al. [15,16] demonstrated that probabilistic approaches
can capture intricate interactions and system dependencies in industrial settings by using Bayesian
networks to model dynamic occupational hazards in their 2012 and 2015 studies. A systems-theoretic
approach was presented by Leveson et al. [17], with a focus on sustainability-oriented safety design.
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Together, these studies highlight how probabilistic and systems-based approaches have replaced
traditional deterministic methods in OSH risk assessment.

3.3.2. Climate change—Related Occupational Risk Modelling

Occupational risks associated with climate stressors, especially heat exposure, were specifically
addressed in six studies. Xiang et al. [18] and Adam-Poupart et al. [19] established relationships
between ambient temperature and work-related injuries, especially among outdoor workers, using
quantitative and time-series exposure-risk models. While Han et al. [21] used observational modeling
to measure climate-sensitive injury risks in construction, Messeri et al. [20] used survey data to
examine differences in heat stress perception and productivity loss between native and migrant
workers. Spector et al. [22] identified methodological gaps and the need for better predictive tools by
synthesizing modeling approaches in a narrative review. Together, these studies demonstrate how
important climate-sensitive risk assessment is to worker safety in the face of rising global
temperatures.

3.3.3. Sustainability and Systems-Oriented Reviews

A single conceptual review in this category integrated sustainability principles into high-level
safety frameworks. Kjellstrom et al. [23,24] conducted modelling and review studies that examined
the impacts of climate change on work capacity and developed exposure-response functions linking
heat to human performance, thereby integrating a sustainability perspective directly into
occupational health analysis and intervention planning.

3.3.4. Hybrid, Al-Based, and Advanced Risk Modelling

Advanced computational techniques, such as hybrid decision-making and Al-based models,
were investigated in five studies. To increase prediction accuracy, Marhavilas et al. [25] combined
conventional and sophisticated risk assessment methods. An Artificial Neural Network (ANN)
model was created by Aliabadi et al. [26] to forecast heat strain based on individual and
environmental factors. The use of machine learning for predictive occupational risk models was
shown by Sarkar et al. [27]. In order to prioritize OHS risks by weighting criteria based on causal
relationships, Dabbagh & Yousefi [28] proposed a hybrid approach that integrates Failure Mode and
Effect Analysis (FMEA), Fuzzy Cognitive Maps (FCM), and the MOORA method. Lastly, Han et al.
[29] identified vulnerable subgroups and quantified heat-related productivity loss using a meta-
analytic modeling approach. These studies illustrate a trend toward leveraging advanced
computational and statistical techniques for dynamic and context-specific occupational risk
assessment.

3.4. Summary of Modelling Approaches and Links to Climate/Sustainability

Probabilistic/Bayesian networks, systems-theoretic models, hybrid decision-making
frameworks, statistical/epidemiological exposure-risk models, and Al/machine learning techniques
were identified as important modeling approaches across all included studies. Ten studies, which
mostly focused on heat stress, productivity, labor capacity, and vulnerable populations, had a clear
conceptual or practical connection to climate change or sustainability. The remaining research offered
risk assessment methodological frameworks that are tangentially relevant to sustainable OSH
management. In order to improve occupational safety outcomes, the evidence suggests that
integrative modeling, which integrates reliability engineering, predictive analytics, and climate-
sustainability perspectives is becoming more and more important.

4, Discussion

This scoping review offers a synthesis of state-of-the-art research evidence available for the
reliability methods, risk modeling practices, and approaches in occupational safety and health in the
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context of climate change and sustainability. It is clear from the findings that there is a shift in risk
assessment methods from being deterministic to probabilistic risk modeling.

Heat exposure and work capacity remained the primary methods of operationalizing the
climate-sensitive risk models in the studies included in the review. As a result, increasing ambient
temperature has been promoted as the most significant globally prevalent occupational health stress.
Both quantitative exposure-response models and time series have indicated significant associations
of high temperature with the potential enhanced injury risks or diminished work capacity in the
occupations that have been classified as outdoor/physically taxing. This supports earlier
epidemiological data on the issue while pushing the frontiers of research forward through the
development of models that enable climate-related prognostication in the future.

As for the level of reliability engineering, it can be noted from the reviewed studies that climate
variability challenges traditional notions of reliability in a fundamental manner. Bayesian networks
with probabilistic models of reliability are highly capable of addressing complex dependencies on
human-environmental system elements, as presented by such works as Khakzad et al. [15,16].
Climate-related variables like temperature and humidity are included as prior inputs, hence
providing a more realistic view for system performance when operating in non-stationary
environments. This particular aspect is highly suitable to climate-dependent sectors like mining,
construction, and agriculture, where system deterioration due to weather conditions as well as
human performance influence is increasing.

An important thematic development in the reviewed literature is derived from the growing
integration of sustainability views in models of risk and reliability in occupational health and safety.
Some of the identified papers have linked outcomes of occupational risk to losses in productivity,
capacity, and resilience of labor, in a combination of health objectives with sustainability ones.
Modelling efforts by Kjellstrom et al. [23,24] and Han et al. [21] make important points in that reduced
work capacity and productivity by heat exposure affect not only health outcomes but also overall
sustainability in the financial sense. In doing so, the models go beyond those developed for injury
prevention in health and safety, and rather integrate health and sustainability considerations.

Advanced computational methods such as hybrid models and artificial intelligence (Al) can be
viewed as an emerging but still evolving area in the literature. Aliabadi et al. [26] presented the use
of an artificial neural network (ANN) in the prediction of heat strain, whereas predictive models with
risk by machine-learning methods were proposed by Sarkar et al. [27]. Hybrid models like that of
Dabbagh & Yousefi [28] can integrate methods such as risk prioritization in FMEA and use Fuzzy
Cognitive Maps with promising results. These methods presented improvements in predictive
models and the ability to handle complex situations with multiple criteria. However, more
generalizability was observed in controlled environment applications in manufacturing systems and
heat-related risk prediction. However, generalization in general occupational environments needs
further understanding. Still, the general movement towards data integration, sensing, and predictive
analytics indicates an evolution in systems engineering with significant potential in proactive and
climate-resilient OSH risk management.

Significantly, some of these studies also identified psychosocial and organizational aspects of
occupational risk in the context of climate change and sustainability transitions. The research
undertaken by Messeri et al. [20], for instance, focused on cultural and linguistic differences
influencing perceptions and communication of heat risks among migrant workers and indicated a
need for psychosocial and organizational adaptations. This means that occupational reliability could
be understood not just from a technical perspective but also from a perspective of mental and social
resilience to hazards and risks, and this corresponds to some current models of sustainability-
oriented safety management systems and could be an unexplored research frontier for modeling
studies.

In general, the findings from the collection of studies demonstrate innovation in the
methodology for risk and reliability modeling in the domain of occupational safety and health.
However, there seems to be poor integration with climate change and sustainability. Though a large
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number of studies [18&19, 29] have already included climate factors, sustainability factors have not
been completely measured or addressed in the performance metrics in the selected studies.

Policy Implications

In a political and strategic sense, the integration of reliability analysis in sustainability models
presents many advantages, including better accuracy in forecasting, better risk management, and
enhanced safe infrastructure systems. The application of quantitative models in dealing with climate
change is integral in national strategies in ensuring better Occupational Safety and Health [30-32].
The significance of predictive models in occupational risk, stress, and burnout among public health
inspectors is becoming more prominent, considering the persistent health threats brought about by
climate change [30 & 31, 33]. This report explores how Al models can be effectively used in dealing
with this problem. This report highlights how Al models can be undertaken in better risk
classification and management in public health inspectors amid the global climate crisis [30 & 31, 32].

The assessment within the framework encompasses a hybrid risk assessment system, which
seeks to enhance confidence in network meta-analysis, particularly with regards to bias
categorization [33]. This particular strategy not only targets the likelihood of risk but also offers
evidence-based opportunities which might serve towards improving working conditions for public
health inspectors, hence promoting a healthier workforce capable of dealing with emerging public
health challenges [32,33].

Limitations

There are some limitations to the scoping review that should be noted. First, the search
conducted was limited to English-language publications; this might mean that studies conducted in
other languages were excluded. Additionally, the review was constrained by the nature of the studies
included, which were comprised of varied designs, models, and reporting quality. Thirdly, even
though the study endeavored to include a vast scope of study methodologies, the eventual sample
size was rather low; this might be attributed to the nascent stage at which research at the nexus of
OSH, climate change, and sustainability models lies. Fourthly, being a scoping review, the study did
not aim to validate the quality of the included studies.

5. Conclusion

This scoping review confirms the changing environment for reliability and risk modeling in the
workplace in the framework of climate change and a concern for sustainability. It can be noted that
there has been a marked shift from deterministic models to dynamic models in the realm of climate
change. The most common form of climate change related to workplace safety has been related to
heat stress. There has also been a marked relevance between exposure to injury risk. The application
of sustainable perspectives to risk models related to occupational safety and health is an interesting
trend, which aligns occupational health, safety, and well-being strategies with other societal
objectives. The application of new computational models, such as Bayesian networks, machine
learning, or hybrid models, enables improved predictive power, although generalizability to practical
contexts remains to be investigated. Nevertheless, there are some lacks in comparability and
standardization due to irregularities in model reporting, performance measures, and integration of
climate-related parameters. Future studies must focus on making model reporting more transparent
and open, validating models for various work-related scenarios and developing models that could
address issues related to reliability, risk, adaptation in a changing climate, and sustainability
measures altogether. This would be very helpful in making an appropriate OSH system that can
protect workers under a changing climate.
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