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Abstract The increasing complexity in the Fire Safety Engineering (FSE) field requires the
adoption of risk assessment and safety management methods which address such complex
behavior. In this context, complexity refers to systems of multiple interacting components
where non-linear and adaptive relationships generate emergent behaviors, i.e., outcomes
that cannot be anticipated solely by examining the individual parts. Systems Thinking (ST),
including tools such as System Archetypes, Causal Loop Diagrams, and System Dynamics
(SD) modeling, offers a holistic framework to address these challenges. This article presents
a literature review on the application of ST and SD in FSE, focusing on its use in enhancing
fire safety for buildings and infrastructures by identifying key trends, methodologies, chal-
lenges, and future research directions. A six-stage framework is adopted for the literature
review which examines the development of ST in FSE. In total 35 studies were found as rel-
evant for the FSE field due to their application of at least one ST tool. However, challenges
such as the complexity of modeling large-scale systems, the need for high-quality data, and
the integration of SD with other fire safety engineering methods remain. Overall, this review
underscores the value of ST as a powerful tool for addressing the complexities of FSE, test-
ing the effectiveness of different safety measures, and improving risk assessment in various
environments, while highlighting that its potential usage has not been fully developed yet.
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1 Introduction

Fire Safety Engineering (FSE) is a multidisciplinary field that integrates thermodynamics,

fluid mechanics, material science, human behavior, risk assessment, and structural engineer-
ing to protect life, property, and the environment from fire hazards through the design of
protection systemsand emergency strategies [1-3]. Fire safety relies on active measures—
such as detectors, alarms, sprinklers, and extinguishers—that automatically detect and
suppress fires [4], and passive measures—such as fire-resistant walls, doors, and compart-
mentation—that limit fire spread, preserve structural stability, and provide safe evacuation
routes [3]. The interaction between these systems is essential for effective fire control [5],
while consideration of human behavior ensures evacuation strategies supported by signage,
lighting, and communication guide occupants to safety [6-9].

Fire risk assessment identifies hazards, evaluates consequences, and determines mea-
sures to reduce risks by analyzing fire likelihood, vulnerabilities, and potential impacts
on people and property; it is carried out during design and updated as use, occupancy, or
regulations change, guiding decisions and prioritizing safety interventions [10]. FSE is also
shaped by national and international standards, such as NFPA codes in the USA and Euro-
pean Standards (EN), which prescribe requirements for protection systems and their design,
installation, and maintenance [5, 11].

Traditionally, FSE has relied on well-established principles, empirical data, and regu-
latory frameworks to propose fire safety solutions [12, 13]. However, the complexity of
modern buildings, urban environments, and the interdependencies within fire safety sys-
tems demand a framework which considers the feedback effects present in FSE [14, 15].
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As the field has been evolving, several authors have recognized the need for more holistic,
systems-based approaches within FSE. Early contributions by Beard [16] and Santos-Reyes
& Beard [17, 18] highlighted the importance of considering the interplay between technical,
human, and organizational factors. Subsequent works, such as Bjelland [19], and Gehan-
dler [20], further emphasized risk governance, systemic perspectives, and the integration
of multidisciplinary insights into fire safety practice. More recently, calls have been made
for integrating Systems Thinking (ST) into FSE frameworks [15, 21]. In this paper, ST is
understood at three levels: (i) as a philosophical perspective emphasizing interconnections,
feedback, and emergence; (ii) as a methodological approach expressed through frameworks
like System Dynamics (SD); and (iii) as a toolset including Causal Loop Diagrams (CLDs)
and System Archetypes (SAs) [22-26].

The ST paradigm has been widely used in different fields worldwide from business man-
agement to medicine, and engineering [27]. One of the main advantages of its application
is that it provides a holistic view of the analyzed system [28-30]. Using a ST approach pro-
vides insight for decision-making and developing long-term solutions to complex problems
[31]. The integration of the Complexity and Sustainability paradigms, and their interactions,
with the ST approach furthermore provide several benefits [28, 31]. ST also provides the
tools for exploring the complex interactions of a given system, i.e., SAs, CLD, and SD
models [27, 31]. Moreover, SD can be integrated with other tools by modeling the dynamic
behavior of variables [31-33].

ST is currently not yet a common conceptual framework within FSE, but there have
been applications of specific methodologies and tools in selected contexts. For example,
Meacham et al., [21] proposed a framework for advancing performance-based design (PBD)
for fire safety and move towards a Socio-technical systems (STS) approach. STS theory
originated in the work of Emery & Trist [34], who explored the complex interdependen-
cies between social actors and technological systems in organizational settings. These early
studies recognized that real-world systems are inherently complex, adaptive, and shaped by
both human and technical elements, thus challenging the adequacy of purely technical or
reductionist approaches [22, 35]. STS perspectives were developed to address this complex-
ity, emphasizing joint optimization of social and technical subsystems and acknowledging
that changes in one inevitably affect the other. This foundational understanding underpins
more recent applications of STS to FSE, where buildings and infrastructures can be viewed
as socio-technical entities whose fire safety performance emerges from the interaction of
people, technology, and regulatory frameworks [36]. STS development focused on optimiz-
ing the interaction between employees, organizations, and new technologies [37]. Varia-
tions of STS theory have been influenced by disciplines such as psychology, sociology,
engineering, political science, and economics. STS theories have been applied, additionally,
to areas such as accident analysis, risk management, interactions between building-hazards
and regulation, and critical infrastructure interdependencies [38, 39].

ST also offers a powerful methodology for understanding and managing the complex
interactions within (fire safety) systems through the implementation of SD [27, 31]. Unlike
traditional linear approaches, SD thus enables fire safety engineers to model the intercon-
nected components of a fire safety system as a whole, considering feedback loops, delays,
and non-linear behaviors [32, 33]. This holistic perspective is essential for capturing the
emergent behavior and properties of fire safety systems, such as, the spread of fire, the
effectiveness of suppression methods, and human evacuation behaviors, which are often dif-
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ficult to forecast using conventional techniques [4, 40]. The application of SD in FSE offers
several advantages as it facilitates the development of more robust models for simulating
real-world scenarios, helping engineers and decision-makers to anticipate potential issues
before they arise [5, 41].

This article aims to review and synthesize existing literature studies on the application of
ST and SD in FSE for buildings and infrastructures, by identifying key trends, methodolo-
gies, challenges, and research directions. Special emphasis is placed on providing a review
on the application of STS theory to FSE and on discussing developed SD models. In addi-
tion to ST, SD, and STS approaches, other systems-oriented perspectives are highly relevant
to fire safety. These include safety systems approaches, such as Leveson’s STAMP, CAST,
and STPA [42], and resilience thinking [43, 44] which emphasizes the adaptive capacity of
systems to anticipate, respond, and learn from disruptions. Although not the focus of this
review, these approaches provide complementary insights and underscore the breadth of
systems-oriented work in safety science.

1.1 Research Aims and Research Questions

As indicated in the problem description above, the application of ST and SD in FSE can pro-
vide important methodological and modelling benefits considering the increasing complex-
ity of modern buildings and urban environments. There is, however, a lack of consolidated
knowledge on how these methods have been applied to date, and on the opportunities they
offer for addressing emerging fire safety challenges.

This literature review aims to:

1. Systematically identify and synthesize existing studies applying ST tools in FSE.

2. Analyze the methods, contexts, and outcomes of these applications.

3. Identify gaps, challenges, and future research opportunities for integrating ST
approaches into FSE practice.

Research questions (RQ) guiding this review are:

e RQI: How has Systems Thinking, including SD, been applied to date in the context of
Fire Safety Engineering?
RQ2: What are the main benefits and limitations reported in these applications?

e RQ3: What research gaps and opportunities exist for further integrating ST approaches
into FSE?

1.2 Paper Structure

The structure of this literature review is as follows: Sect. 2 provides a theoretical back-
ground for understanding the principles of ST, SD, and STS. Section 3 contains the method-
ological framework adopted for the literature review. Section 4 discusses relevant literature
that developed or adopted SD modeling in fire safety, or can serve as a source of information
for such SD modeling. Additionally, a detailed discussion of the main SAs, Feedback loops,
CLD, and SD is provided. Section 5 identifies gaps and opportunities for future work as well
as the challenges and limitations associated with it. Finally, Sect. 6 presents the conclusions
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from this literature review and recommendations for advancing the integration of SD in
FSE. Although some of the initial content may be familiar to readers within FSE, this intro-
duction aims to also serve readers from other domains—especially those versed in ST—by
establishing the necessary FSE context for the interdisciplinary exploration that follows.

2 Theoretical Background

This section provides a theoretical overview of ST, SD, and STS theory to establish the
conceptual foundation for the literature review. These frameworks are presented as estab-
lished methodologies rather than being subjects of critical examination. The focus of this
paper is not to evaluate or compare ST, SD, or STS with alternative systems theories, but
rather to review how they have been applied in the context of FSE. While this is a deliberate
choice to maintain focus, it does represent a boundary of this study. Exploring alternative or
complementary perspectives to ST and SD could be a valuable direction for future research.
Additionally, the tools that can be used within an ST framework are explained, such as the
CLD, SAs, and SD.

ST encompasses a range of philosophical and methodological perspectives that vary in
their emphasis on qualitative or quantitative analysis. Two influential perspectives are often
highlighted:

e  Soft/phenomenological systems approaches—Exemplified by the work of Checkland
[22], this perspective emphasizes understanding systems through the lens of stakehold-
ers’ perceptions, experiences, and values. Known as Soft Systems Methodology (SSM),
this approach focuses on clarifying complex, ill-structured problems by engaging stake-
holders in iterative learning processes. It is particularly suited for situations where prob-
lem boundaries and objectives are contested or evolving.

e  Hard/quantitative systems approaches—Represented by Forrester’s System Dynam-
ics [23], this perspective is grounded in formal modeling and simulation of feedback
processes. It seeks to capture the structure and behavior of systems through quantifiable
variables, causal relationships, and time delays. This approach is effective in contexts
where system boundaries can be defined and sufficient data exist to support modeling.

Other foundational contributions to ST include von Bertalanffy’s [35] General System
Theory, which provided the theoretical basis for viewing systems holistically; Meadows’
[24] articulation of feedback loops and leverage points in Thinking in Systems; and Senge’s
[25] integration of ST into organizational learning.

In this review, both perspectives are relevant: the soft systems view offers insight into
socio-technical and stakeholder dimensions of fire safety, while the hard systems view
informs quantitative modeling through tools such as SD. Integrating these perspectives
enables a more comprehensive approach to complex problems in FSE, where both stake-
holder engagement and quantitative analysis are often necessary.

It is important to clarify the boundaries of ST when combining it with other analytical
approaches. As Leveson [42] notes, ST analyses focus on understanding system structure,
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feedback loops, and interdependencies, whereas traditional risk analyses quantify probabili-
ties and consequences, often within a predefined event space. In this review, ST-based tools
are understood to include SD, CLDs, and SAs. Non-ST tools such as CBA, Probabilistic
Risk Assessment (PRA), or Bayesian Networks can complement ST when carefully inte-
grated—for example, using SD to map dynamic interactions and PRA to quantify specific
risk pathways. Such combinations can provide a more comprehensive view of system per-
formance, but also introduce methodological challenges, including the need to reconcile
qualitative causal mapping with quantitative statistical modeling. Recognizing these bound-
aries helps prevent the misconception of ST as a ‘theory of everything’ and ensures its
application remains problem-focused and evidence-based.

2.1 Systems Thinking Approach and Interactions with Complexity and
Sustainability Paradigms

ST can be understood at the philosophical level as the holistic conceptual framework for
analyzing systems by recognizing feedback loops, interdependencies, and emergent proper-
ties [22, 24, 35]. ‘System Dynamics’ (SD), developed by Forrester [23], is a quantitative
simulation method within the ST paradigm (i.e., the methodological level of ST), translating
conceptual models into computational representations to test policies over time. SAs rep-
resent recurrent behavioral patterns in systems [25] (toolset level of ST), while STS theory
views systems as the product of interactions between social and technical components [34].
These definitions form the conceptual basis for the analyses presented in this review.

Thus, while ST is a broad conceptual framework for understanding the interconnections
within complex systems, SD is a specific methodological tool within that framework. ST
helps identify relationships, feedback loops, and leverage points conceptually, often using
qualitative tools like CLD. In contrast, SD takes this a step further by translating these
relationships into quantitative models that simulate system behavior over time. In other
words, ST frames the problem and structure, while SD allows for computational modeling
and scenario testing.

For example, consider an FSE scenario involving an automatic sprinkler system in a com-
mercial building. A ST approach would help identify the system elements (e.g., detection,
water supply, maintenance routines) and map out their interrelations, such as how delayed
maintenance reduces system effectiveness over time. Building on this, a SD model could
simulate how sprinkler effectiveness evolves based on factors such as maintenance fre-
quency, detection accuracy, and fire growth rate. This simulation would help engineers test
the long-term impact of different maintenance schedules on fire suppression performance,
allowing them to optimize intervention strategies and allocate resources more effectively.

ST is a structured approach to address complexity. The Complexity paradigm recog-
nizes that many real-world systems, including those related to fire safety, exhibit hardly
predictable behaviors due to their intricate structures and interactions [28]. More explicitly,
complexity is understood as a property of systems in which numerous interdependent ele-
ments interact in dynamic and/or non-linear ways, leading to emergent patterns that are not
directly traceable to individual components [22, 24]. In the FSE context, such complexity
may manifest in scenarios where technical systems, human actors, and regulatory frame-
works interact—such as during an emergency evacuation—producing outcomes that are
difficult to predict using reductionist approaches. ST allows decision-makers to account for
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these complexities by modeling the system as a whole, from a holistic perspective, rather
than analyzing components in isolation [45].

As touched upon earlier with regard to ST, in this review, Systems Thinking (ST), Com-
plexity, and Sustainability are considered across three levels of understanding (Table 1). At
the philosophical level, ST represents a worldview emphasizing interconnections, feedback,
and emergence; Complexity reflects a scientific perspective on adaptive, non-linear sys-
tems; and Sustainability provides a normative vision for long-term viability. At the method-
ological level, ST is expressed through approaches such as System Dynamics, qualitative
system mapping, or hybrid socio-technical modeling; Complexity is treated as a conceptual
orientation for analyzing interdependent system behavior; and Sustainability is framed as
a principle guiding assessment methods and design strategies. Finally, at the tool level,
ST is operationalized through techniques such as Causal Loop Diagrams (CLDs), System
Archetypes (SAs), and simulation models; Complexity is represented through indicators or
metrics of interdependence and adaptivity; and Sustainability is applied through tools like
life cycle assessment, resilience metrics, or multi-criteria evaluation frameworks.

This multi-level framing highlights how these perspectives interact in Fire Safety Engi-
neering: philosophical principles shape methodological choices, which are then imple-
mented through practical tools. This distinction is particularly relevant for fire safety
challenges that require balancing immediate performance with long-term resilience [28] and
aligns closely with recent work on dynamical systems modeling in social-ecological sys-
tems [46]. For example, choosing suppression agents for fire suppression systems requires
a deep understanding of how these agents impact ecological health and resource use [47].
Similarly, evacuation strategies must consider the diverse needs of different populations by
ensuring equitable protection for all building occupants [48, 49]. ST thus fosters a proactive
approach to sustainability by modeling how interventions affect both immediate outcomes
and lifecycle performance [50].

Table 1 Definition of terms and representation of concepts covered in this article considering three levels of
understanding

Term Philosophical level Methodological level Tool level
Paradigm Overarching worldview or N/A N/A
conceptual lens for interpret-
ing systems and problems
System Conceptual model of interact- Frameworks for analyzing System maps, stock-
ing elements forming a whole system boundaries, interac-  and-flow diagrams, net-
tions, and functions work representations
Systems Think- A worldview emphasizing Approaches such as System  Causal Loop Diagrams
ing (ST) interconnections, feedback, Dynamics, qualitative system (CLDs), System Arche-
emergence, and holistic fram- mapping, hybrid socio-tech-  types (SAs), simulation
ing [22-26] nical modeling models
Complexity Perspective on adaptive, Conceptual orientation to Complexity indicators,
non-linear, emergent system  study interdependence and resilience measures,
behaviors dynamics in FSE sensitivity analyses
Sustainability Normative paradigm guiding  Assessment methodologies  Tools like LCA soft-

Socio-technical
systems (STS)

design toward long-term
viability

Perspective integrating social
and technical subsystems

such as life cycle analysis,
resilience frameworks, or
multi-criteria evaluation
Analytical frameworks to
study human—technology—in-
stitution interactions in FSE

ware, sustainability
metrics, cost—benefit
models
Socio-technical
models, agent-based
simulations, stakehold-
er mapping
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Overall, the integration of these three paradigms ST, Complexity, and Sustainability, may
foster the development of fire safety solutions that are efficient, resilient, adaptable, and
aligned with long-term sustainability goals.

2.2 Socio-technical Systems (STS) an Emerging Approach for FSE

Buildings and infrastructures can be viewed as Socio-Technical Systems (STS), where
performance emerges from interactions among actors, components, and regulatory pro-
cesses, making fire safety design a sociotechnical challenge rather than a purely technical
one [21, 37, 48, 51]. This perspective represents a paradigm shift in performance-based
design (PBD), emphasizing the safe operation of the building or infrastructure throughout
its lifecycle rather than merely achieving regulatory approval [51]. Originating from studies
of organizational dynamics, STS theory highlights interdependencies between social and
technological elements across three levels: primary work systems (e.g., a sprinkler sys-
tem installation), organizational systems (e.g., the processes governing the operation of the
building), and macrosocial systems involving wider institutions and communities (e.g., fire
and rescue service) [51, 52]. The theory recognizes that multiple stakeholders with diverse
goals continuously reshape systems, which—unlike centrally designed technologies such as
smartphone operating systems—cannot be fully controlled or fixed but evolve through these
interactions [37, 51].

The emerging complexity in FSE can according to STS theory be addressed by the study
of the interrelations among societal, regulatory, and technological aspects. This STS vision
is aligned with the main focus of this review article, because it offers a new framework for
applying a ST paradigm to FSE, and provides a pathway for exploring the interdependen-
cies among the Complexity, Sustainability, and ST paradigms, which were discussed in the
previous subsection. The quantitative study of system interrelations as well as their complex
dynamics is within the scope of SD modeling.

It is relevant to highlight as part of this review that related systems-based approaches
have been influential in safety science. Leveson’s Systems-Theoretic Accident Model and
Processes (STAMP), along with CAST and STPA, provide structured methods for analyz-
ing accidents and hazards within a systems-theoretic framework [42]. Similarly, the field of
resilience engineering highlights system adaptability, learning, and robustness under uncer-
tainty, with foundational contributions from Woods [43] and Hollnagel et al. [44]. These
approaches align with many principles of ST and could enrich fire safety research through
integration with FSE practices (see also Salmon et al., [26]). In the context of FSE, early
frameworks such as the NFPA 550 Fire Safety Concepts Tree [53, 54] provided structured
approaches for conceptualizing fire safety design. While not fully aligned with the ST per-
spective adopted in this paper, they can be seen as important precursors that shaped the
evolution of system-based thinking in FSE.

In conclusion, the STS perspective offers a compelling lens for understanding fire safety
as an emergent property of the interplay between social and technical components. This may
appear at odds with current building codes which often (nominally) enforce simple require-
ments —such as requiring full evacuation without assistance or disregarding fire service
intervention for structural fire protection. This does not constitute a limitation of the STS
approach, however. On the contrary, STS approaches allow to evaluate the “real” system
performance given the nominally enforced requirements. Thus, while the STS framework
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is not intended to replace current regulations, it can (i) complement performance-based
design by encouraging a broader view of fire safety that includes interdependencies often
overlooked by traditional methods, and (ii) provide input towards improving the effective-
ness of regulatory requirements.

2.3 System Archetypes: Structure and Meanings

SAs are recurring patterns of system behavior that can be observed across various com-
plex systems, regardless of their domain [55-57]. These archetypes provide insight into
the underlying structures that drive system behaviors, enabling practitioners to recognize
and address issues more effectively. As stated in [58, 59] with regard to the construction
industry in general, understanding SAs can provide a clear visualization of the main interac-
tions among safety, accident investigation, and productivity. Applied to FSE, such improved
insight can contribute to the design of more robust fire safety strategies. SAs are built upon
feedback loops (both reinforcing and balancing) and illustrate how a system’s structure
leads to specific behavioral patterns. Figure 1 shows specific SAs architecture. By identify-
ing these SAs within fire safety systems, engineers can gain a deeper understanding of why
certain problems persist and how interventions might produce unexpected outcomes [57].
Table 2 elaborates on these SAs and their relevance to FSE.

Understanding and identifying SAs in FSE provides several opportunities. First, it allows
engineers to anticipate and mitigate common pitfalls that may arise in complex fire safety
systems. For example, recognizing the “Shifting the Burden” archetype can help prevent
overreliance on temporary fixes by encouraging the development of long-term, root-cause
solutions. Similarly, awareness of the “Limits to Growth” archetype can lead to more sus-
tainable fire safety designs that account for system limitations and prevent deterioration
over time.

- - e \\ /
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N\ p \ \ Symptomatic (g A Problem Q BL2 |  Fundamemal
\ \ solution \ ] Symptom . ) solution
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Limits to snccess
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Corrective
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Eroding goals

Fig. 1 System Archetypes architecture. The arrows indicate the polarity of the causality: positive (in blue)
(indicating an increasing effect), or negative (in red) (indicating a reducing effect)
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Table 2 Potential applications of relevant SAs to the FSE field

System Archetype [55, 56]

Structure

Possible meaning/application in FSE

Limits to success—
Growth initially occurs
but slows or reverses
when a limiting factor

or constraint is reached
(e.g., safety interventions
improving evacuation
efficiency may plateau due
to physical bottlenecks)

Shifting the burden—reli-
ance on short-term fixes
diverts attention from
long-term solutions (e.g.,
increased reliance on
suppression systems rather
than addressing underly-
ing fire risks).

Eroding goals—per-
formance standards are
gradually lowered when
goals are not met, lead-
ing to long-term decline
(e.g., fire safety codes

are relaxed over time to
reduce costs, resulting in
progressively lower safety
levels)

Tragedy of the Commons-
Individual actors overuse
shared resources, reducing
system performance

(e.g., reliance on fire and
rescue service to achieve
adequate safety).

A reinforcing loop (RL)
initially drives the system
performance toward growth or
improvement, but a balancing
loop (BL) eventually counters
this growth due to constraints
or limits (/imiting action)
within the system. The RL and
the BL are connected, with the
latter being triggered by the
system reaching its limits

This archetype involves two
feedback loops: a symptomatic
solution that provides immedi-
ate relief (but addresses only
the symptoms of the problem)
and a fundamental solution
that targets the root cause.
Overreliance on the symptom-
atic solution can weaken the
system’s tendency to imple-
ment the fundamental solution,
leading to reduced system
performance.

This archetype occurs when
there is a gap between the
desired performance (goal)
and the actual performance.
Instead of addressing the root
causes of underperformance,
the system lowers its goals or
standards, leading to a down-
ward spiral.

This archetype involves mul-
tiple actors sharing a common
resource. Each actor seeks to
maximize their benefit (gains),
leading to overuse of the re-
source and eventual depletion,
harming the entire system.

This SA can appear when the introduction of
additional fire protection measures initially
reduces the fire risk. However, as more
safety measures are introduced, factors such
as limits to maintenance (e.g., due to limited
maintenance resources) or unforeseen limi-
tations (e.g., evolving fire risks due to the
introduction of new materials which are not
targeted by fire safety measures available on
the market) can stop further risk reduction
Recognizing this archetype helps engineers
design systems that account for long-term
sustainability and maintenance needs

This archetype can manifest when short-
term fixes (e.g., increasing a product clas-
sification requirement) are implemented to
address fire hazards without addressing the
underlying issues (e.g., poor building design
or inadequate fire prevention measures).
Relying too heavily on these quick-fix solu-
tions may prevent the development of more
effective, long-term fire safety strategies,
leading to a cycle where the underlying risk
remains unaddressed

This archetype can be seen when fire safety
standards are compromised over time due
to cost pressures, lack of enforcement, or
complacency. Recognizing this archetype
allows engineers and policymakers to resist
the temptation to lower safety standards and
instead focus on continuous improvement.

This archetype can occur in scenarios where
multiple stakeholders share responsibility
for fire safety in a building or community,
such as in mixed-use developments or
urban planning. Each stakeholder may
prioritize their interests (e.g., cost savings
or maximizing space utilization), which

can lead to collective neglect of fire safety
measures. Recognizing this archetype helps
in promoting collaborative fire safety efforts
and shared responsibility.

The System Archetypes presented here are adapted from established literature [24, 25, 60] and selected for
their relevance to FSE contexts. They are not newly developed by the authors, but rather represent recurring
patterns of system behavior that have been applied in this review to illustrate fire safety challenges

Moreover, SAs can be used as diagnostic tools to analyze existing fire safety challenges.
By mapping the feedback loops and structures that underpin a particular problem, engineers
can better understand why certain issues persist and how to intervene effectively. Hence,
SAs provide a valuable framework for understanding the recurring behavior patterns in
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fire safety systems, anticipating unintended consequences, and creating interventions that
address root causes rather than symptoms. Finally, different SAs can be properly connected
within a CLD, which can in turn be further transformed into an SD model.

2.4 Causal Loop Diagrams, A Visualization Tool for Complex Interactions

CLDs are powerful tools used in ST for visualizing and understanding the complex inter-
actions within a system. CLDs provide a graphical representation of how different vari-
ables within a system influence one another through feedback loops, helping to identify
the dynamic behavior of the system over time. CLDs are ideal for dealing with complex
systems because they allow to consider simultaneously interconnected factors, assess risks,
predict outcomes, and therefore, inform effective interventions [31].

At the core of a CLD are variables, which represent anything from a physical quantity
(such as temperature, and smoke concentration) to more abstract concepts (such as per-
ceived safety or response time). These variables are connected by arrows that indicate the
polarity of the causality. A positive causality between two variables (“A” and “B”) means
that (all else remaining equal) an increase in the variable “A” will lead to an increase in the
value of the variable “B” above what it would otherwise have been. On the contrary, a nega-
tive causality means that an increase in the variable “A” will lead to a decrease of the value
of the variable “B” below what it would otherwise have been. The connections between
variables form feedback loops, which can be reinforcing (positive feedback) or balancing
(negative feedback) [33].

In FSE, CLDs can thus help model complex interactions that are difficult to capture
using traditional linear approaches. A good example is considering a scenario involving fire
spread in a building. A CLD can visually represent how factors such as fuel availability, ven-
tilation, and suppression systems interact with one another to influence fire growth [61, 62].
Feedback loops can illustrate how an increase in fire intensity leads to higher temperatures,
which, in turn, accelerates combustion (reinforcing loop). At the same time, a balancing
loop captures how the activation of sprinklers can reduce the fire’s intensity, thus control-
ling its spread. These CLDs make it easier to identify which variables are key drivers of the
system’s behaviour and how interventions may ripple through the system [63].

Additionally, one of the primary advantages of CLDs is their ability to simplify complex
systems into a more digestible format, making it more feasible for engineers, policymakers,
and other stakeholders to communicate and collaborate effectively. By visualizing the rela-
tionships and feedback loops within a fire safety system, CLDs allow stakeholders to better
understand how different interventions (such as changes in building materials, fire suppres-
sion methods, or evacuation strategies) will impact the overall system. This clarity helps in
decision-making processes, ensuring that actions taken to improve fire safety are informed
by a comprehensive understanding of the SD at play [55].

CLDs also serve as a foundation for developing simulation models, such as those used
in SD-based models. By first mapping out the qualitative relationships between variables
in a CLD, engineers can then move on to developing quantitative models that simulate the
behaviour of the system under different scenarios. For example, a CLD of an evacuation
process can highlight how crowd density, exit availability, and evacuation routes interact,
which can then be translated into a more complex quantitative simulation to optimize evacu-
ation strategies under various fire conditions [5, 6].
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2.5 System Dynamics Overview: Flows, Stocks, and Delays

SD is a powerful quantitative modeling approach used to simulate the behavior of complex
systems over time. Originally developed by Jay W. Forrester in the 1960s [32], it has since
been applied across several fields, including economics, environmental studies, and engi-
neering. In FSE, SD offers a framework to model the dynamic interactions within fire safety
systems, allowing engineers to predict how different variables change over time, evaluate
the impacts of policies, and optimize the overall system performance [14, 64].

Figure 2 shows the basic structure of a generic SD model. There are three main compo-
nents in an SD-based model: stocks, flows, and delays. Also, there are auxiliary variables
which simplify the definition of relationships for the simulation. Stocks represent the accu-
mulation of resources, materials, or other quantifiable entities in a system at any given time.
Stocks are essentially the “state” of the system and can be thought of as containers that hold
quantities of something. In FSE, examples of stocks can include the amount of combustible
material present in a building, the number of operational fire extinguishers, or the current
temperature of a room during a fire event. Stocks change over time as they are filled or
drained by flows (see below). Stocks represent the system’s memory, storing information
about past actions and conditions. They also provide inertia, meaning that changes in the
system often occur gradually rather than instantaneously [32].

Flows represent the rates at which stocks increase or decrease. In other words, flows are
the processes that fill or drain the stocks in a system. Flows can be seen as the movement of
resources into or out of a stock over a certain time. Flows are driven by decisions, policies,
physical processes, and external influences. Understanding the factors that influence flows
is crucial for predicting the behavior of a fire safety system. For instance, the rate at which
fire spreads (a flow) can be influenced by factors such as ventilation, fuel type, and fire sup-
pression activities. Engineers can manipulate flows to achieve desired outcomes, such as
slowing the spread of fire by increasing fire suppression efforts [31].
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Delays represent the time lag between an action or decision and its effect on the sys-
tem. Delays are inherent in many real-world systems and can significantly influence sys-
tem behavior, often contributing to unexpected outcomes. Delays can create instability and
oscillation within a system, especially when feedback loops are involved. For example, in a
fire evacuation scenario, a delay in the decision to evacuate can result in increased danger as
conditions deteriorate. Identifying and accounting for delays is essential when designing fire
safety interventions, as they can influence the timing and effectiveness of responses [5, 9].

The interactions between stocks, flows, and delays form the basis of dynamic behavior
in systems. By mapping these interactions, SD models can capture the complex, non-linear
behaviors often observed in real-world fire safety systems. This holistic view allows for the
identification of critical points in the system where interventions can have the most signifi-
cant effect, ultimately improving fire safety outcomes.

While SD modeling can most readily be applied in FSE to represent fire phenomena and
safety system performance, it also has the potential to capture dynamics at the level of entire
STS. By explicitly modeling the interactions between social, organizational, and technical
components, SD could support analyses of how regulatory frameworks, occupant behavior,
and emergency response interact with physical fire dynamics. Such applications have been
explored in related fields, including social-ecological systems and infrastructure resilience
[46], and could be adapted to FSE. However, modeling large STSs requires careful bound-
ary definition, extensive data, and robust validation, which present both methodological
challenges and opportunities for future research.

3 Methodology

This section explains the general framework employed in this literature review which is
divided into six main stages: starting (stages 1-2), core (stages 3—4), and applications (stages
5-6). Stage 1 focuses on identifying the key terms essential for investigating the application
of ST and SD in the FSE field. Stage 2 outlines the literature review methodology, including
the filtering and selection of articles for analysis. Stage 3 outlines the main applications of
the ST framework to FSE as derived from the identified studies and SAs. Stage 4 examines
the identified studies for current applications of SD. Stage 5 proposes hypothetical applica-
tions of ST tools to FSE based on the existing state of the art. Finally, Stage 6 highlights
future research directions by addressing the challenges and limitations of the approaches
discussed, based on the current research needs for the FSE profession reported by SFPE
[65]. Figure 3 illustrates the general framework proposed in this review article.

3.1 Stage 1: Identification of Keywords

The first stage involves identifying the primary keywords necessary for exploring the appli-
cation of ST tools in the FSE field. In this literature review, the focus is on studying the use
of SD in FSE. Therefore, a combination of ST-related keywords with FSE-specific key-
words is considered (as shown in Table 3). The identification process is divided into two
main steps. The first step focuses on studies that directly applied SD to FSE, while the
second step includes studies that utilized an ST approach in related fields connected to
FSE. In some cases, broader keywords (e.g., ‘sustainability’) were paired with ‘Systems
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Fig. 3 Applied framework for the literature review

Thinking’ or ‘System Dynamics’ to identify relevant studies in related domains, due to the
limited number of direct applications in FSE. To maintain relevance, a two-step filtering
process was implemented: (1) initial screening of titles and abstracts to confirm the use of
a predefined ST tool and a safety-related context relevant to FSE, and (2) application of the
inclusion criteria in Table 3, ensuring that the study either directly addressed FSE or could
be reasonably adapted to it.

The keywords were used to search academic databases, including Scopus, Web of Sci-
ence, Google Scholar, and IEEE Xplore, resulting in the identification of relevant peer-
reviewed journal articles, conference papers, technical reports, and books. The literature
search was conducted until February 2025. Two main search codes were applied. The
first code—(“Systems Thinking” OR “System Dynamics” OR “System Archetypes” OR
“Causal Loop Diagram”) AND (“Fire Safety Engineering”)—yielded 191 results and tar-
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Table 3_ Co.mb.ination of kc?y— Combination of Systems System System Causal
words in this literature review keywords thinking ~ dynamics Archetypes loop
article diagram
Fire Safety Primary focus
Engineering

Aim: To explore the main studies which directly

In this review. ‘ST tool’ applied a Systems Thinking approach to the FSE

refers specifically to System field

Archetypes, Causal Loop Risk Secondary focus

Diagrams, System Dynamics, Emergency Inclusion criteria: The article has to include at least
or the Socio-Technical Systems one application of an ST tool that can be expanded
framework, as defined in to the FSE field. The study needs to contain a
established Systems Thinking structured application of an ST tool related to
literature and selected a priori fire safety, construction safety, risk management,
by the authors. Broader search emergency response, or sustainability in safety
terms (e.g., “sustainability”) systems. The inclusion of papers in this category
were paired with ‘Systems was stopped when it was observed that the inclu-
Thinking’ or ‘System sion of further papers in this category no longer
Dynamics’ to identify potential influenced the (preliminary) conclusions drawn
cross-domain studies. All from the analyses

results were screened and Construction

filtered to retain only those Design

relevant to FSE or closely L

related safety contexts Sustainability

geted studies directly linking ST tools to the FSE domain. The second code—(*“Systems
Thinking” OR “System Dynamics” OR “System Archetypes” OR “Causal Loop Diagram”)
AND (“Specific field” AND “Fire Safety”)—was run separately for each ‘Specific field’:
Risk (1770 results), Emergency (1190 results), Construction (1560 results), Design (2190
results), and Sustainability (1160 results). After removing duplicates from the combined
results, titles and abstracts were screened to confirm the use of at least one predefined ST
tool in a safety-related context relevant to FSE. The full texts of the remaining papers were
then reviewed according to the inclusion criteria in Table 3. This process resulted in 35 stud-
ies being retained for detailed analysis in this review.

3.2 Stage 2: Literature Review Process

This stage focuses on developing the literature review process. Initially, a first search and
filtering of the identified studies is conducted, taking into account the aim and inclusion
criteria outlined in Table 3. Specifically, for an article to be included, it must either directly
apply an ST-related tool to the FSE field or present a developed model in a related field
that adds value to FSE. For the purposes of this review, ‘ST tool’ refers to a predefined
set of methodologies widely recognized in the ST literature: SAs, CLDs, SD, and the STS
framework. These tools were selected a priori based on established definitions [60, 66].
Following the filtering, a thematic categorization is performed for clustering the identified
studies depending on which ST tool has been used and if this is directly connected to FSE
or considers a related field. Finally, a detailed analysis of the selected papers is conducted,
which is further expanded upon in subsequent stages.
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3.3 Stage 3: Applications of Systems Thinking in Fire Safety Engineering

This stage identifies the main applications of ST theory to FSE as identified through the
literature search. For this purpose, the main studies which have conducted a theoretical
or a practical application of ST are evaluated in depth based on their potential to be fur-
ther expanded to an SD approach. Specifically, the following aspects are investigated: (1)
reported case studies. (2) STS application, and (3) SAs for capturing FSE principles.

3.4 Stage 4: Application of System Dynamics in Fire Safety Engineering

In stage 4, a detailed analysis of key case studies is conducted considering their application
of SD to the FSE field. The investigation focuses on the main feedback loops, CLDs, and SD
models, as well as the availability of equations and performed simulations. Specifically, the
following aspects are examined: (1) reported case studies; (2) feedback loops for analyzing
interactions within the FSE field; (3) CLDs developed for FSE; and (4) SD modeling tech-
niques for FSE. To group the results, research categories are adopted which cluster chapters
from the SFPE Handbook of Fire Protection Engineering and key topics from the European
Symposium on Fire Safety Science (ESFSS 2024) conference.

3.5 Stage 5: Discussion on Applying Systems Thinking Tools To the FSE Field and
Formulation of Hypothetical Applications

This stage focuses on formulating possible applications of ST tools in the FSE field, based
on the current state of the art identified in the previous stages. These potential applications
are aligned with the previously defined research categories and with the research needs for
the FSE profession proposed by SFPE [65].

3.6 Stage 6: Future Research Directions: Challenges and Limitations
The final stage aims to identify gaps in the current literature and outline potential future
research directions, taking into account the challenges and limitations associated with the

SD approach. Additionally, guidelines are provided to facilitate the exploration of each pro-
posed research line.

4 State-of-the-Art of Applications of Systems Thinking and System
Dynamics in Fire Safety Engineering

This section outlines the results of the literature review, considering the methodology out-
lined in Sect. 3.

4.1 Studies Included in this Literature Review Article (Stages 1-2)
This section presents the main results from Stages 1-2 of the applied literature review

framework (see Fig. 3). The initial keyword searches yielded a large set of publications.
Following the two-step filtering process described in Stage 1, this pool was narrowed to 35
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retained studies that either directly addressed FSE or could be meaningfully adapted to it.
Tables 4 and 5 show the retained studies. Figure 4 shows the categorization for each study
depending on which ST-related approach was developed or adopted, the research field, and
the interactions among tools, concepts, and keywords.

As can be noticed from Fig. 4, a limited number of studies have so far proposed an inte-
gration between ST tools such as CLD + SD and FSE. The most complete research studies
included the development of a CLD and a further translation to a Forrester diagram (an
SD model), such as in I, I, III, VIII, and IX [7, 67, 68, 72, 73]. Additionally, some studies
developed SD models in the FSE field such as IV, V, VII, X, XI, XII, XIV, and XVI [69-71,
74-76, 78, 80]; while others only developed a CLD d such as VI, XIII, and XV [6, 77, 79].
These first 16 studies are directly connected to FSE. Moreover, there are eight other stud-
ies which meet the inclusion criteria proposed in this framework. These focused on fields
related to the FSE, adopting at least one ST-related tool that can be used in the FSE field.
The most used tool among the 35 identified articles was the SD-modeling (19 studies), fol-
lowed by the CLD (12 studies), the STS (11 studies), and finally SAs (2 studies). Fourteen
of the studies explicitly presented the used equations for the development of their models,
and 20 of the studies performed simulations.

4.2 Application and Discussion of the ST Theory To the FSE Field (Stage 3)

Stage 3 of the literature review examines the identified papers for their application of ST.
Three aspects are considered: (1) reported case studies; (2) STS application, and (3) SAs for
capturing FSE principles.

4.2.1 Case Studies Applying ST Theory To the FSE Field

The case studies consider the application of STS and SAs in fire safety and building regula-
tion. Meacham et al. [90] and Meacham and van Straalen [89] proposed a risk-informed,
performance-based approach integrating acceptable risk levels and performance expecta-
tions within regulatory systems, recognizing complex stakeholder interactions. Meacham
[21] emphasized treating fire safety as an emergent property of infrastructure. Frantzich et
al. [38] introduced the SAFR-B framework using risk indexing and decision-support tools
to balance sustainability and fire resilience. STS and ST principles were also applied to
tunnel fire safety management (TFSM), integrating risk management, feedback loops, and
adaptive decision-making. Furthermore, two studies explored the use of SAs in safety engi-
neering, proposing eight SAs that could be adapted for FSE [58, 59]. Overall, these studies
demonstrate the potential of the ST approach in advancing fire safety regulation through
interdisciplinary, systems-based thinking.

4.2.2 Socio-technical Systems Applications

Performance-based building codes encourage innovation but face skepticism due to goals
and requirements that are deemed unclear, and insufficient data, tools, and methods to meet
safety expectations [90]. To address these challenges, Meacham et al. [90] and Meacham
and van Straalen [89] proposed a risk-informed, performance-based approach integrating
acceptable risk levels, performance expectations, and design criteria within the regula-
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Table 4 Retained studies considering the SD application included in this literature review

Codetitle Source Type of Year Refer-
source ences

-I- System Dynamics analysis for petrochemical enter- Procedia Confer- 2018 [67]
prise fire safety system. Engineering ence paper
-1I- Probability prediction and cost-benefit analysis Process Safety Journal 2018 [68]
based on SD. and Environmen-  paper

tal Protection
-I1I- Study on evacuation behavior of urban under- Sustainability Journal 2022 [7]
ground complex in Fire Emergency based on SD. paper
-IV- Dynamic simulation of the group behavior under ~ Procedia Confer- 2018 [69]
fire accidents based on SD. Engineering ence paper
-V- Subway fire cause analysis model based on SD: a  Procedia Journal 2016 [70]
preliminary model framework. Engineering paper
-VI- A system thinking approach for evacuation during IEEE Confer- 2022 [6]
fire incidents considering SD. ence paper
-VII- The research of high-rise building fire safety Applied Mechan-  Journal 2014 [71]
simulation model based on SD. ics and Materials  paper
-VIII- A simulation model for studying the imple- Automation in Journal 2008 [72]
mentation of performance-based fire safety designin ~ Construction paper
buildings.
-IX- A study of the use of a performance-based ap- Structural Survey  Journal 2008 [73]
proach to fire safety design in buildings. paper
-X- Using System Dynamics for Cost-Benefit Analysis ESFSS 2024 Poster 2024 [74]
of fire safety engineering features. Conference
-XI- Impact of Technical, Human, and Organiza- Applied Sciences  Journal 2020 [75]
tional Risks on Reliability of Fire Safety Systems in paper
High-Rise Residential Buildings—Applications of an
Integrated Probabilistic Risk Assessment Model.
-XII- Sensitivity and Uncertainty Analyses of Human  Applied Sciences Journal 2021 [76]
and Organizational Risks in Fire Safety Systems for paper
High-Rise Residential Buildings with Probabilistic
T-H-O-Risk Methodology.
-X1II- Applying systems thinking concepts in the Safety Science Journal 2010 [77]
analysis of major incidents and safety culture. paper
-XIV- Incorporation of technical, human, and organi-  Fire and Materials Journal 2021 [78]
zational risks in a dynamic probabilistic fire risk model paper
for high-rise residential buildings.
-XV- Lessons learned from critical accidental fires in ~ Tunnelling and Journal 2021 [79]
tunnels. Underground paper

Space Technology
-XVI- Blowout fire probability prediction of offshore  Journal of Loss Journal 2019 [80]
drilling platform based on system dynamics. Prevention in the  paper

Process Industries
-XVII- Developing safety archetypes of the construc-  Journal of Safety ~ Journal 2018 [58]
tion industry at the project level using SD. Research paper
-XVIII- Identifying safety archetypes of construction  Safety Science Journal 2020 [59]
workers using SD and content analysis. paper
-XIX- System dynamics research of non-adaptive Journal of Loss Journal 2021 [81]
evacuation psychology in toxic gas leakage emergen-  Prevention in the  paper
cies of chemical park. Process Industries
-XX- Sustainable building materials assessment and Journal of Build-  Journal 2021 [82]
selection using system dynamics. ing Engineering  paper
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Table 4 (continued)

Codettitle Source Type of Year Refer-

source ences

-XXI- Modelling of safety performance in building Safety Journal 2024 [83]

construction projects using system dynamics approach paper

in Tanzania.

-XXII- Risk analysis and simulation of large bridge Buildings Journal 2024 [84]

construction based on system dynamics. paper

-XXIII- A system dynamics-based environmental ben- Journal of Cleaner Journal 2018 [64]

efit assessment model of construction waste reduction  Production paper

management at the design and construction stages.

-XXIV- Use of system dynamics as a decision-making Building and Journal 2010 [85]

tool in building design and operation. Environment paper

Table 5 Relevant studies related to the STS application included in this literature review

Codeftitle Source Type of Year  Refer-
source ences

-XXV- Decision Support Framework for Sustainable Fire Technology  Journal paper 2024 [38]

and Fire Resilient Buildings (SAFR-B).

-XXVI- Tunnel fire safety management and systems  Fire Safety Journal paper 2024 [86]

thinking: Adapting engineering practice through Journal

regulations and education.

-XXVII- Conceptual Basis for a Sustainable and Fire Fire Technology = Journal paper 2023 [37]

Resilient Built Environment.

-XXVIII- Risk and Performance Assessment Frame-  Society of Fire Report 2023 [39]

work for a Sustainable and Fire Resilient Building Protection Engi-

Environment (SAFR-BE). neers Foundation

-XXIX- Fire safety of existing residential buildings: ~ Fire Safety Journal paper 2023 [48]

Building regulatory system gaps and needs. Journal

-XXX- Sustainable and Fire Resilient Built Environ-  Springer Interna- Chapter 2023 [87]

ment (SAFR-BE). tional Publishing

-XXXI- Toward a Sociotechnical Systems Framing  Springer Interna- Chapter 2022 [51]

for Performance-Based Design for Fire Safety. tional Publishing

-XXXII- A Sociotechnical Systems Framework for Fire Technology  Journal paper 2022 [21]

Performance-Based Design for Fire Safety.

-XXXIII- A holistic framework for development Fire and Journal paper 2021 [88]

and assessment of risk-informed performance-based ~ Materials

building regulation.

-XXXIV- A socio-technical system framework Building Journal paper 2018 [89]

for risk-informed performance-based building Research &

regulation. Information

-XXXV- Risk-informed performance-based approach Journal of Risk ~ Journal paper 2010 [90]

to building regulation. Research

tory system, viewing it as an STS that considers legal, regulatory, and market interactions.
Meacham [21] further emphasized treating fire safety as an emergent property of infra-
structure, identifying key system attributes that can be controlled during design to reduce
long-term uncertainties. This aligns with SAs in ST, such as “Fixes That Fail,” where short-
term compliance can create long-term vulnerabilities, and “Shifting the Burden,” where
prescriptive rules hinder adaptive, risk-informed decision-making. Frantzich et al. [38]
contributed by introducing the Sustainable and Fire Resilient Buildings (SAFR-B) frame-
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Applications i

iSystems Thinking tools

Fig. 4 Clustering the retained research studies according to the applied Systems Thinking approach

work, which applies risk indexing and analytical hierarchy processes to balance sustain-
ability and fire resilience, leveraging ST tools like CLDs to map feedback mechanisms. The
broader application of STS and ST principles in fire safety has been explored by Meacham
& McNamee [87], as well as studies on Sustainable and Fire Resilient Built Environments
(SAFR-BE) [37, 39]. By incorporating whole-of-life, multi-agency, and holistic regulatory
considerations, as explored by Meacham [48], these frameworks advance the understanding
of regulatory evolution and the necessary conditions for widespread acceptance of PBD in
fire safety.

More recently, STS and ST concepts have been applied to TFSM. This approach inte-
grates risk management and FSE with prescriptive and experience-based solutions while
incorporating ST to evaluate the system as a whole. By viewing TFSM as an interconnected
system, the study highlights the role of feedback loops, stakeholder interactions, and adap-
tive decision-making in enhancing safety and efficiency. Furthermore, regulatory adapta-
tion, interdisciplinary collaboration, and improved education programs have been identified
as essential enablers of this systems-based approach [86].

Hence, integrating STS and ST approaches—including CLDs, SD modeling, and SAs—
can provide a structured methodology for addressing the complexities of performance-based
building regulation and fire safety. Recognizing the interdependencies among stakeholders,
regulatory frameworks, and technological advancements enables a more resilient and adap-
tive approach to building safety. The progression of these frameworks, from Meacham’s
early work on PBD for fire safety to recent studies on SAFR-BE and TFSM, illustrates the
growing attention to interdisciplinary, systems-based thinking in managing fire risk and
sustainability challenges within the built environment.
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4.2.3 Using System Archetypes for Capturing Fire Safety Engineering Principles

In this section, SAs as part of the ST theory, are discussed and compared. Two studies have
been identified in this literature review that explore the use of SAs for purposes within the
scope of this review: (1) interactions among safety, accident causation, and human factors
[58], and (2) interdependencies among accident investigation, workers, and productivity
[59].

In total eight SAs were proposed between these two studies [58, 59], in each article the
SAs were comprehensively discussed considering dynamic complexity, behavior over time,
and leverage points in order to provide guidance on how to deal with the archetype. These
archetypes were applied to the construction industry, but they can be adapted to the FSE
field. The direct application of SAs to FSE has not been explored yet. Therefore, potential
applications based on the architecture of the SAs, and on how they have been applied previ-
ously, are shown in Table 6. These are the same SAs which were introduced in Table 1; Fig.
1. For more information, see the text in Sect. 2.3.

For instance, the “Limits to Success” archetype can be applied to fire safety regulations
where resource constraints, such as budgets or system capacity, hinder continuous improve-
ment. Addressing these constraints requires a systems-level approach that aligns with the
STS framework proposed by Meacham [21, 89], ensuring that regulatory and market envi-
ronments do not impose barriers to progress. The “Shifting the Burden” archetype is evi-
dent in the reliance on prescriptive fire safety measures rather than investing in long-term
adaptive solutions, an issue also highlighted in SAFR-B frameworks [37, 38]. Similarly,
the “Eroding Goals” archetype reflects the tendency to lower safety standards under cost
or time pressures, reinforcing the need for robust performance-based approaches that inte-
grate risk-informed decision-making. Moreover, the “Tragedy of the Commons” archetype
underscores the importance of collective responsibility in shared fire safety environments,
such as multi-use buildings or community-level infrastructure. This aligns with Meacham’s
[48] work on whole-of-life regulatory approaches and multi-agency collaboration, demon-
strating how systemic interdependencies influence fire safety resilience.

4.3 Application and Discussion of SD Modeling To the FSE Field (Stages 4-5)

In stages 4-5 of the adopted research framework current SD applications are investigated
and possible ST applications in FSE are presented. Different subsections are introduced,
increasing the level of complexity linked to each SD-related tool: from the adoption and
development of feedback loops to their integration in CLDs and SD-based models. First,
Sect. 4.3.1 explains the relevance of each of the identified 24 studies. Then, in Sect. 4.3.2,

Table 6 Potential uses for the FSE field
System Archetype Potential uses for the Fire Safety Engineering field

Limits to success Identify and address constraints (e.g., resources, budgets, system
capacity) that limit improvements in fire safety

Shifting the burden Avoid over-reliance on quick fixes and prioritize fundamental solu-
tions (e.g., long-term investments in infrastructure or training)

Eroding goals Maintain high safety standards and resist pressures to lower goals,
especially in the face of cost or time constraints

Tragedy of the commons Promote collective responsibility for fire safety in shared systems
and environments to prevent resource depletion or underperformance
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the main feedback loops are described. In Sect. 4.3.3 a CLD from the literature is explained
in detail. Finally, Sect. 4.3.4 presents the observed implications of SD-modeling for the FSE
field.

Additionally, possible new applications are proposed taking into account the following
research categories identified from the SFPE Handbook and the ESFSS 2024 Conference:
(1) Fluid mechanics and fire dynamics [91-95]; (2) Structural fire engineering [96, 97]; (3)
Fire scenarios and performance-based design (PBD) [98, 99]; (4) Fire detection and sup-
pression systems [3, 47, 100—107]; (5) Human behavior and egress design [11, 108-112];
(6) Risk Analysis and decision-making [113—118]; and (7) Sustainability [119].

4.3.1 Case Studies that Applied an SD-Related Tool To the FSE Field

Table 7 shows the aim of each research article included in Stage 4, as well as a short descrip-
tion of the study.

The main software used is Vensim, while the database adopted strongly depends on the
aim of each research. Some other methods have been combined with an ST approach to sup-
port a holistic evaluation, such as the Analytical Hierarchy Process (AHP), ground theory
method (GTM), Fishbone diagram, and Cost-benefit analysis (CBA). A recent trend con-
siders combining Bayesian Networks (BN) with SD modeling [75, 76, 78]. This approach
has several advantages for FSE [75, 76, 78]. Table 8 shows examples from the literature
of combining ST tools with non-ST methods. The most common research category is Risk
analysis and decision-making, which is aligned with one of the major advantages of using
an ST-tool.

4.3.2 Main Feedback Loops for Studying the Interactions Linked To the FSE Field

Table 9 presents the feedback loops (FLs) identified through the literature review most rel-
evant for the FSE field. These loops highlight interdependencies in FSE, particularly in
high-risk environments like petrochemical enterprises and tunnel systems. The FLs can be
categorized into reinforcing loops (RLs), which amplify certain behaviors, and balancing
loops (BLs), which stabilize systems.

For example, FLO1-04 highlights that investment in fire safety within petrochemical
enterprises plays a crucial role in enhancing staff training, fire safety management, and tech-
nological advancements. These improvements create a reinforcing cycle, increasing overall
fire safety and efficiency. Similarly, performance-based approaches in FSE influence admin-
istrative processes, shaping regulatory frameworks and professional awareness (FL05-06).

A key example in tunnel fire safety is the balance between safety responses and infra-
structure investments. FLs 7—-10 illustrate the dynamic interactions between fire risk, safety
measures, and traffic regulations in tunnels. The balancing loops (B1, B2, B3) work to con-
trol fire hazards: restrictions on vehicle types and cargo (B1) reduce traffic volume and vehi-
cle-related problems, lowering fire incidents and eventually easing restrictions; heightened
fire risks (B2) increase fire severity, prompting stronger engagement from self-defense fire
brigades, which mitigates risk; and severe fires (B3) drive local fire squads to act, contain-
ing fire spread and enhancing tunnel safety. In contrast, the reinforcing loop (R1) presents a
challenge—more vehicle ignitions lead to increased investments in tunnel protection, which
relaxes vehicle restrictions, raises traffic volume, and ultimately results in more ignitions.
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This feedback loop-based analysis underscores the critical role of coordinated safety
efforts, technological improvements, and infrastructure investment in minimizing fire risks.
Efficient management of balancing loops ensures system stability, while reinforcing loops,
when harnessed effectively, promote continuous improvement in fire safety.

4.3.3 Causal Loop Diagrams Built for Fire Safety Engineering

CLDs aim to capture and visualize the complex interdependencies among different influ-
encing factors. A CLD is built considering the integration of different FLs, so the ultimate
dynamic behavior is controlled by the force and number of BLs and RLs that compose
the system. CLDs capture the complexity of a given system by visualizing their intrinsic
interdependencies. This has a huge advantage in the FSE field because FSE needs to move
beyond static risk assessment approaches by adopting dynamic models that account for the
interrelations among different safety features.

To demonstrate the concept, a CLD is chosen from the literature [67] which models the
interrelations linked to the safety level and fire safety investment in a petrochemical enter-
prise (Fig. 5). This CLD contains four RLs (previously explained in Table 9- FLs 01-04).
The expected behavior of this system is exponential growth or decline. Also, the presence of
multiple RLs can increase the nonlinearity and instability. At the core of the diagram is the
role of financial investment in fire safety, which cascades into various subsystems.

The CLD suggests four critical pathways through which investments enhance fire safety:
staff training, facility purchases, safety management, and technical improvements. These
factors collectively contribute to an increased safety level. According to [67], a higher
safety level fosters a greater commitment to ongoing fire safety improvements, which, in
turn, encourages further investment in fire safety measures. Thus, four reinforcing loops are
formed. The reinforcing nature of all four loops creates a virtuous cycle, where increased
investment leads to enhanced safety measures, better-trained personnel, more advanced
equipment, and higher managerial efficiency, culminating in a safer chemical industry park
and even higher fire safety investments. Positive feedback loops are critical in ensuring that
small gains in safety performance drive further investments, creating sustained improve-
ment over time. This CLD can serve as a basis for developing more realistic models in the
FSE field, specifically aligned with the research categories of Risk analysis and decision-
making, and Sustainability.

More complex CLD models have been developed in previous studies. For instance, a
CLD for modeling the complex interdependencies linked to the occurrence and prevention
of a blowout fire is introduced in [68], considering event probabilities, safety measures,
and dynamic relationships. Aligned with the research category Human behavior and egress
design, a CLD for representing mass crowd evacuation behavior during an emergency is
proposed in [7]. A CLD was built for the building approval system in Hong Kong [72, 73],
to represent the interrelations between the proposal, approval, and application of perfor-
mance-based fire designs. Other identified CLDs that can be helpful for FSE are related to
sustainable building materials assessment and selection [82], safety performance in building
construction projects [83], environmental benefits assessment [64], and risk evolution of
large bridge construction [84].
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Table 8 Examples of combining systems thinking (ST) tools with non-ST methods in the reviewed literature

ST tool(s) Non-ST Tool(s) Capability of ST tool(s) Typical role of the non-ST Reference(s)
combined explored in the reference  tool(s)

System Cost-Benefit Simulates system dynam-  Quantifies costs and benefits; Wang et al.

Dynamics  Analysis ics over time; evaluates assesses economic feasibility  [68]

(SD) (CBA) intervention impacts

Causal Loop Probabilistic Maps feedback loops and  Quantifies probabilities and Tan et al.

Diagram Risk Assess- interactions influencing consequences of failure [75,76]

(CLD)+SD ment (PRA) risk scenarios

CLD Bayesian Net-  Identifies system structure  Calculates conditional Tan et al.
works (BN) and causal pathways probabilities and supports [78]

probabilistic reasoning

SD Event Tree Models time-dependent Structures possible event se-  Tan et al.

Analysis changes in safety system  quences from initiating events [76]
performance

SD Fault Tree Simulates dynamic effects Models logical combinations ~ Wang et al.

Analysis of component failures of failures leading to system-  [80]
level events

SD Analytical Hi-  Tests dynamic impacts of ~ Weighs decision criteria and ~ Sahlol et al.
erarchy Process parameter choices over ranks alternatives [82]
(AHP) time

Overall, by applying the CLD principles fire safety engineers can better anticipate risks,
implement more effective safety measures, and ultimately enhance the system safety.
Although CLDs can offer a clear representation of complex system safety, they do not pro-
vide quantitative input for decision-making. To address this issue, CLDs can be further
translated into SD models, and by performing simulations for different scenarios, the deci-
sion-making process can be improved.

4.3.4 System Dynamics Models for Fire Safety Engineering

Despite the several advantages offered by the development of CLDs, these are often adopted
as a qualitative tool; so it is necessary sometimes to transform the CLD into a Forrester-dia-
gram (or SD-based) model for quantifying key variables and support efficient decision-mak-
ing. This section focuses on explaining the main advantages of SD-based models developed
and applied in the FSE field, or that can be used for specific purposes linked to FSE.

In this section, an SD model is chosen from the literature [68] to illustrate the concept.
The SD model has been created to perform a cost-benefit analysis for an offshore plat-
form considering investments in safety management and safety education, the probability
of a blowout fire, the total accident loss, the safety management costs, the total demand for
safety management, and the number of employees (Fig. 6).

This SD model illustrates a complex interplay between various factors influencing safety
management, accident risks, and costs associated with fire safety. Investments in safety
management directly impact the probability of accidents and fires by addressing unsafe
behaviors and equipment conditions. Safety education investment improves employee
training and the proportion of skilled employees, reducing the likelihood of unsafe actions.
Additionally, the diagram outlines the economic consequences of accidents, including direct
costs (e.g., damages and compensation) and indirect costs (e.g., production downtime and
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Table 9 Some feedback loops (FLs) developed for the FSE field
No Feedback loop Meaning Code
(Table 7)
01  RL (A)- petrochemical enterprises fire safety According to this feedback loop, in- -1-
investment— + staff training — + person- vestments in fire safety for petrochemi-
nel fire training level— + safety level of cal plants induce a positive feedback
petrochemical enterprises— firefighting effect through their effects on staff
efficiency— + fire safety improvement— + training, firefighting efficiency, and fire
petrochemical enterprises fire safety investment safety improvement
02  RL (B): petrochemical enterprises fire safety According to this feedback loop, in- -1-
investment — + fire facilities purchase — + vestments in fire safety for petrochemi-
fire service level — + safety level of petro- cal plants induce a positive feedback
chemical enterprises — + firefighting efficiency effect through their effects on the
— + fire safety improvement— + petrochemi-  available fire fighting facilities
cal enterprises fire safety investment
03  RL (C): petrochemical enterprises fire safety According to this feedback loop, in- -1-
investment — + fire safety management — +  vestments in fire safety for petrochemi-
fire safety management level — + safety level  cal plants induce a positive feedback
of petrochemical enterprises —+ firefighting effect through their effects on safety
efficiency — + fire safety improvement— + management, firefighting efficiency,
petrochemical enterprises fire safety investment and fire safety improvement
04  RL (D): petrochemical enterprises fire safety According to this feedback loop, in- -1-
investment — + technical improvement — + vestments in fire safety for petrochemi-
the technical level — + safety level of petro- cal plants induce a positive feedback
chemical enterprises — + firefighting efficiency effect through their effects on the
— + fire safety improvement — + petrochemi- technical improvement, firefighting ef-
cal enterprises fire safety investment ficiency, and fire safety improvement
05  RL2- No. of projects using FSE approach — Self-strengthening effect of the number -VIII-
+ No. of FSE applications submitted to Fire of projects using an FSE approach
Safety Committee (FSC) — + No. of approved because of its impact on the num-
FSE applications — + Awareness of building  ber of applications submitted and
professionals — + Rate of using performance- approved, the awareness of building
based approach in buildings design — + No. of professionals, and the rate of using a
projects using FSE approach performance-based approach in build-
ing design
06  BL3- No. of FSE applications submitted to According to this feedback loop, the -IX-
FSC — + Workload pressure of building number of FSE applications submitted
authorities — - Passing rate of FSE applica- to FSC induces a negative feedback
tions — + No. of approved FSE applications effect (balancing) through their effects
— + Technological level — + Rate of using on the workload pressure of building
performance-base approach in buildings design authorities, the technological level, and
— + No. of using FSE building applications the rate of using PBD in buildings
07  BI (Limited Vehicle Use Loop): Limit to When severe vehicle-related issues -XV-
Vehicle Types and Carried Goods — - Traffic  arise, authorities impose restrictions on
volume — + Vehicle Problem Rates — + Limit vehicle types and cargo. This decreases
to Vehicle Types and Carried Goods tunnel traffic volume, which in turn
reduces the frequency of vehicle
problems, leading to fewer fires. This
eventually results in less stringent
restrictions
08 B2 (Self-Defense Fire Brigade Commitment to High risks increase the severity of fires. -XV-

Safety Response): High Risks — + Fire Sever-
ity — + Self-defense Fire Brigade Commitment
to Safety Response — - High Risks

This leads to greater engagement from
self-defense fire brigades, ultimately
reducing risks
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Table 9 (continued)

No Feedback loop Meaning Code
(Table 7)
09 B3 (Tunnel Damage Containment Loop): Fire ~ The possibility of severe fires leads -XV-
Severity— + Local fire squad commitment to  to more local fire squads’ efforts in
safety response — - Unsafe Conditions — + fire suppression, which help contain
Fire Severity fires and prevent them from spreading,

improving overall tunnel safety
10 R1 (Tunnel Protection Investment Loop): Vehi- An increase in vehicle ignitions leads ~ -XV-
cle Ignition — + Tunnel Protective Investment to greater investment in tunnel protec-
— - Limits on vehicles — - Traffic volume —  tion, which relaxes vehicle restrictions,
+ Vehicle Problem Rates — + Vehicle Unsafe  resulting in higher traffic volume and,

Conditions — + Vehicle Ignition consequently, more ignitions
+
Fire safety f{.rontro‘ )
improvement @ e
+
4 — T
+ Personnel fire
/—‘ Staff training training level \
Fire Safety RL2
Investment Safety level
Fire facilities
\. purchase — wFireservice level __/ +
+ 3

(e=
Fire Safety + Fire safety

+  Management management

level
(2t
Technical

4+ improvement —_— - Technical level
s

Y

Fig. 5 CLD for modeling the interrelations linked to the safety level and fire safety investment. Adapted
from [67]

reputation loss). These are aggregated into total accident loss, which feeds back into the
benefit of enhanced safety measures.

The model also considers human resource dynamics. Employee turnover, training, and
skill growth are central to maintaining a safe working environment. Resignation rates
(linked to stress, unsafe conditions, or fire incidents) affect the number of new employees
and their proportional representation in the workforce. New employees often require more
intensive training, adding to safety education costs. Training strength, influenced by safety
education investment, increases the safety skill level of employees, thus reducing accidents.

The model highlights feedback loops where improved safety management and education
investments enhance overall safety performance. This leads to fewer accidents, reducing
both economic losses and the need for reactive investments, thus strengthening the invest-
ment in improved safety management and education.

Safety costs per person per hour, total safety management investment, and associated
increased costs—such as salaries of safety officers and training expenses—create a bal-
ancing feedback loop between investment adequacy and organizational budget constraints.
Increased safety investments must be justified by measurable improvements in safety per-
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Fig.6 SD for performing a Cost-benefit analysis [68]. Reproduced with permission from Elsevier Ltd

formance and corresponding reductions in accident-related losses. As safety management
effectiveness reduces accident risks and associated costs, it reinforces the rationale for con-
tinued investment. However, rising costs place financial pressure on budgets, limiting the
extent of future investments. This balancing mechanism, as shown in the SD model [68],
results in a cap on the practically achievable level of safety.

Other SD models have been applied in the FSE. For example, an SD model was devel-
oped for studying evacuation planning considering exit evacuation capacity and guidelines
[7]. Complementing a previous CLD, an SD model for the building approval system in
Hong Kong considering the proposal, submission, and approval of building design proj-
ects has been established [72, 73]. Additionally, an SD model for the safety performance
in building construction projects considering accident frequency, and associated costs was
developed [83]. To compute the fire safety level of high-rise buildings considering the fire
fighting efficiency and fire protection benefits, an SD model has been built [71]. Recent
studies have coupled SD modeling with Bayesian modeling and Event trees for probabilis-
tic risk assessments [75, 76, 78]. This new Technical-Human-Organizational-Risk (T-H-O-
Risk) methodology offers an interesting approach to addressing FSE challenges. Despite SD
modeling being only a stage in this methodology, it offers dynamic risk profiles [78]. This
approach has been applied to high-rise residential buildings [75, 78].

Although these studies highlight the potential of SD in FSE, additional case studies and
real-world applications are necessary to validate these models and enhance their accuracy
and effectiveness. Practical implementations would help identify potential gaps, refine
assumptions, and improve the reliability of SD-based approaches in predicting fire risks
and optimizing safety measures. Integrating empirical data from real fire incidents and
safety interventions would strengthen model calibration, ensuring that SD applications in
FSE reflect the complexities of fire dynamics, human behavior, and regulatory constraints.
Expanding case studies and practical applications will ultimately bridge the gap between
theoretical advancements and their real-world utility, fostering a more robust and data-
driven approach to fire safety management.
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4.4 Discussion on the Added Value of ST Theory and SD Modeling Approaches
(Stage 5)

Figure 7 shows the interrelationship among the previously analyzed methods. This analysis
explores how STS, SAs, CLD, and SD modeling are interconnected within the ST frame-
work, progressively linking high-level system interactions to detailed, quantitative models.

At the macro level, STS defines the broader fire safety context, emphasizing the interplay
between regulations, human behavior, organizational structures, and fire safety technolo-
gies. Buildings and infrastructures are not merely physical entities; they are dynamic STS
where fire safety depends on the effective interaction of stakeholders, policies, and emer-
gency response mechanisms. STS theory highlights that fire safety cannot be managed in
isolation—it must be analyzed in terms of its dependencies on regulatory processes, societal
expectations, and technological advancements [21, 89].

Within this broader STS framework, SAs help identify recurring patterns of system
behavior that influence fire safety decision-making. Recognizing these archetypal behaviors
enables fire safety engineers and policymakers to anticipate unintended consequences and
adopt more resilient, long-term solutions. To translate these system patterns into a structured
visual format, CLDs provide a graphical representation of the cause-and-effect relationships
in fire safety systems. By mapping these relationships, CLDs help identify leverage points
where interventions can have the most significant impact on improving fire safety strategies.

Finally, to move from qualitative system mapping to quantitative decision-making, SD
modeling builds on CLDs by simulating the real-time behavior of fire safety systems. For
example, an SD model can evaluate the long-term effects of increasing fire safety budgets
on incident reduction and regulatory compliance. By integrating SD modeling, fire safety
professionals can test different policy scenarios, optimize resource allocation, and enhance
emergency preparedness strategies.

The ST perspective can also extend beyond the immediate scope of fire safety. When
viewed from a systems perspective, fire safety is inherently interconnected with other disci-

Added value

1) Defines the broader environment
2) Influences fire safety strategies

System Archetypes architectu re]

1) Reveal common patterns
2) Identify potential pitfalls

CLD for complex interdependencies]

|

i
i
i

System Dynamics simulation il
i
i
i

1) Visualize interactions
2) Identify key feedback mechanisms

1) Builds upon CLDs for computational models
2) Predicts outcomes and improves decision-making

Fig.7 Added value for FSE for each analyzed method within the systems thinking theory
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plines. For example, structural design choices—such as using cross-laminated timber (CLT)
instead of reinforced concrete—not only influence fire performance but also affect acous-
tic performance, environmental impact, and structural behavior under load. Such interac-
tions can present synergies—such as aligning fire safety improvements with sustainability
goals—but can also create conflicts that require trade-off analysis. Adopting a Systems
Thinking approach at the earliest design stages enables stakeholders to evaluate these inter-
dependencies holistically and integrate fire safety into broader performance objectives.

In conclusion, STS provides the overarching framework, SAs reveal systemic weak-
nesses and opportunities, CLDs visualize the interactions within the system, and SD enables
simulation-based decision-making. By combining these methodologies, fire safety strate-
gies can transition from static, rule-based approaches to adaptive, data-driven solutions that
evolve with changing risks and technological advancements.

5 Future Research Directions: Challenges and Limitations (Stage 6)

This section outlines the future research lines identified from this literature review by pro-
posing how ST tools can be applied to FSE. Considering the seven clustered research cat-
egories adopted in Sect. 4, the research needs for FSE specified by the SFPE [65], and the
discussion on the current state of the art in the sections above, possible ST applications are
shown in Table 10.

An ST approach can connect the different areas of a comprehensive fire safety strategy,
emphasizing the interplay of materials, fire dynamics, structures, and human behavior in fire
safety. By adopting SAs, CLDs, and SD modeling, such an integrated framework can enable
fire safety engineers to predict, analyze, and mitigate fire risks holistically. An integrated
and holistic approach could address some of the research needs identified by the SFPE,
especially in the topics of decision-making, resilience, sustainability, and human behav-
ior. Embracing emerging technologies, utilizing real-time data, establishing standardized
validation procedures, exploring cross-disciplinary approaches, and focusing on policy and
implementation studies will be crucial for advancing the field and addressing current gaps.

A key area for future research involves critically examining how regulatory systems
interact with socio-technical systems (STS) perspectives. As highlighted in Sect. 2.2, STS
frameworks allow for a richer representation of fire safety dynamics by accounting for
social behaviors, informal interactions (e.g., neighbor support), and institutional actions
(e.g., fire service response). However, current regulatory models often enforce simplified
assumptions—such as complete occupant self-evacuation or disregarding active interven-
tion by others. Bridging this gap requires careful inquiry into how regulations can evolve
to taking into account STS-based insights, and how STS can be adopted within existing
regulatory frameworks.

Finally, another promising research direction lies in applying ST to integrate fire safety
with other disciplines during early-stage design and planning. Many decisions in areas such
as structural design, facade system selection, and urban or spatial planning inherently influ-
ence both fire safety performance and other performance objectives such as sustainability,
occupant comfort, or accessibility. Systems-based approaches can be used to model these
interdependencies, identify potential synergies, and anticipate conflicts before design com-
mitments are made. Future work should focus on developing multi-domain frameworks and
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Table 10 Potential ST applications to the FSE field
Research topic ~ Potential application Hypotheses for ST developments
SAs CLD SD
Fluid mechan- Fire plumes, compartment “Limits to Map feedback Simulation of
ics and fire fires, tunnel fires, facades. Growth”—Sup- effects between  airflow and its
dynamics Designing ventilation pression slows airflow, fire effects on fire
systems to control smoke fire spread within ~ growth, and plume behavior.
spread certain boundaries  suppression Test interventions
effectiveness (e.g., ventilation
systems) for var-
ied fire scenarios
Fire modeling Developing compartment ~“Escalation”—How Interaction Multi-variable

and heat transfer

Fire detection
and suppression
systems

Human behavior
and egress
design

Risk Analy-
sis and
decision-making

STS-level
integration

fire models for scenario
evaluations.

Simulate fire spread in
large enclosures

Designing and optimiz-

ing automatic sprinklers,
water mist systems, and
gas extinguishers

Planning evacuation
strategies based on
human behavior in fire
emergencies.
Designing egress strate-
gies with consideration
for visibility and move-
ment efficiency

Conducting quantitative
fire risk assessments for
buildings and products.
Implementing decision
analysis tools for fire
safety strategies

Modeling entire socio-
technical systems (STS)
that integrate regulatory
oversight, organizational
practices, occupant
behavior, emergency
response, and physical fire
phenomena

uncontrolled heat
transfer accelerates
fire spread

“Shifting the Bur-

den”—Overreliance

on one suppression
method reducing
overall system
redundancy

“Success to the
Successful”—Pri-
oritizing resources
toward paths with
high importance
for successful
evacuation

“Growth and Un-

derinvestment”—
Rapid technology

adoption increases
risks without

adequate safeguards

“Eroding Goals”
or “Tragedy of the
Commons” may
emerge when stan-
dards are relaxed
or shared resources
overstressed

between heat
transfer, mate-
rial ignition,
and smoke
production

Relationships
between system
activation, water
usage, and fire
containment

Interaction be-
tween visibility,
smoke, and occu-
pant movement

Connect in-
novation, safety
investments, and
environmental
outcomes

Map feedback
loops across
technical, social,
and institutional
dimensions

simulations to
test fire suppres-
sion strategies

Optimizing sup-
pression systems’
response times
and efficiency

Simulate evacua-
tion scenarios to

test and improve
egress designs

Evaluate long-
term risks and
mitigation strate-
gies for sustain-
able fire safety

Extend SD
beyond fire phe-
nomena to simu-
late large STSs;
assess systemic
interactions,
resilience, and
policy impacts

simulation models capable of quantifying trade-offs, such as between energy efficiency and
fagade fire performance, or between compact urban layouts and evacuation capacity.

6 Conclusions

The application of Systems Thinking (ST) tools and System Dynamics (SD) to the Fire
Safety Engineering (FSE) field has so far been limited. Only 35 studies were found which
include a direct application of an ST method to FSE, even when selected applications in
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nearby fields such as construction and design were included. However, multiple potential
applications of SD to the FSE field were identified by considering research categorization
clustering, architecture of ST tools (such as System Archetypes and Causal Loop Diagrams),
and relevant previously developed models available in the literature.

A very relevant framework relies on seeing buildings and infrastructures as STS. This
offers a powerful framework for addressing fire safety challenges. Another significant
approach is related to the combination of SD modeling and Bayesian Networks, as has
been applied for assessing the reliability of high-rise residential buildings. More generally,
by analyzing factors such as fire growth rate, accident probability, and dynamic losses and
benefits, SD models can provide valuable insights for developing more effective fire safety
strategies and safety investment plans. Similarly, in construction and urban environments,
SD has been instrumental in simulating evacuation processes, assessing the impact of safety
culture, and promoting the adoption of sustainable building materials.

Considering the above, the application of ST tools in FSE is found to be a powerful
method for understanding and managing the complex dynamics of fire safety in buildings
and infrastructure. At the same time, SD models offer a quantitative framework for model-
ing such dynamics. The literature review highlights the potential versatility of SD models
in addressing a wide range of fire safety challenges, such as nonlinearity, complexity, time
dependence, and human behavior, across a range of industries and contexts. Despite these
advancements, many challenges remain. While many studies have demonstrated the poten-
tial of SD in FSE, more case studies and practical applications are needed to validate these
models and refine their accuracy and effectiveness.

The findings of this review can be structured within a three-level hierarchy of ST appli-
cations: (1) philosophical level—ST as a worldview that emphasizes interconnections,
feedback, emergence, and holistic problem framing; (2) methodological level—the set
of analytical approaches consistent with ST principles, including SD, qualitative system
mapping, and hybrid socio-technical modeling frameworks; and, (3) fool level—specific
techniques, such as CLDs, SAs, and simulation models, which operationalize ST method-
ologies. Tools and techniques from outside the traditional ST domain—such as probabilistic
risk analysis—can be integrated if applied consistently with ST principles. This may require
adaptations, such as embedding feedback mechanisms in risk models.

Future research could apply ST tools such as CLDs to analyze major fire events, for
example the Grenfell Tower Fire. Such analyses could reveal the interplay of STS interac-
tions and recurring SAs, such as the Tragedy of the Commons and Eroding Goals. These
applications would illustrate the value of ST for understanding systemic failures and guid-
ing improvements in fire safety governance and practice.

Additionally, future research should focus on improving the accessibility and usability of
SD models for practitioners in the FSE field. Developing user-friendly tools and interfaces
that allow engineers, architects, and safety managers to easily create, modify, and run SD
simulations will be crucial for the widespread adoption of this methodology in practice.
Collaborations between researchers, industry professionals, and software developers can
facilitate the creation of more intuitive and versatile SD platforms tailored to the specific
needs of fire safety stakeholders.

While this review has primarily focused on applications of ST, SD, and STS at the level
of specific fire safety problems, future research could expand SD modeling to represent
entire STSs. Such models would integrate technical, social, organizational, and regulatory
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factors in a unified framework, offering powerful insights into the systemic nature of fire
safety challenges.

In conclusion, SD represents a valuable and versatile tool for advancing the field of
FSE. As researchers and practitioners work to refine and expand SD methodologies, this
approach can play an important role in safeguarding buildings and infrastructures from fire
hazards, ultimately contributing to a safer and more resilient built environment.
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