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Abstract

This article compares selected fire safety regulatory systems in Japan, China, the United
States, and the EU /UK, interpreted through the lens of responsive architecture and the im-
plementation of digital technologies—building information modelling (BIM), digital twins
(DTs), artificial intelligence (AI), and the Internet of Things (IoT). The study adopts a quali-
tative approach based on a structured review of legal acts, technical standards, public-sector
reports, and the scientific and professional literature, organised using a common analytical
framework. First, the analysis identifies shared foundations across regimes: the primacy of
life safety, mandatory detection and alarm functions, fire compartmentation, requirements
for protected means of exit, and the increasing importance of documenting the operational
status of protection measures. Then, it contrasts key differences, including the permissi-
bility of performance-based design (PBD), the degree to which digital documentation is
formally recognised, organisational enforcement models, and cybersecurity approaches
for integrated fire alarm/voice alarm/building management/IoT ecosystems. Japan and
selected Chinese cities combine stringent requirements with openness to dynamic solutions
and urban-scale data platforms. The USA relies on a decentralised code-based ecosystem
with a strong role for professional and industry bodies, while the EU/UK continues to
strengthen harmonised standards and digital building registers, reinforced by lessons after
the Grenfell Tower fire. Against this background, Poland is discussed as broadly aligned
in goals and baseline technical requirements yet lagging behind in implementing PBD
pathways, digital registers, formal BIM /DT integration, and minimum cybersecurity re-
quirements. The proposed directions for change aim to create a more predictable regulatory
and technical framework for the development of responsive architecture and dynamic fire
safety systems in Poland. The study contributes to the sustainability literature by framing
regulatory readiness for digital fire safety as a lifecycle resilience strategy, directly relevant
to safe, resource-efficient, and inclusive built environments.

Keywords: fire safety; responsive architecture; performance-based design (PBD); BIM;
digital twin (DT); AI/IoT in buildings; regulatory systems; cybersecurity; fire alarm and
building management systems
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1. Introduction

Fire safety is increasingly intertwined with sustainability objectives because building
safety performance affects resilience, social well-being, and lifecycle resource efficiency.
Severe fire events generate direct human impacts, as well as substantial environmental
and economic externalities, including material loss, waste streams, disruption of critical
services, and long-term costs for reconstruction and compliance remediation. As a result,
contemporary fire safety governance can be interpreted as part of broader sustainability-
orientated risk management—particularly when moving towards lifecycle documentation,
auditable maintenance, and data-driven prevention [1-3].

In this context, responsive architecture supported by BIM/DT/AI/IoT contributes to
sustainability both by improving evacuation outcomes and by enabling more reliable life-
cycle stewardship of safety-critical assets. Digitally verifiable inspection records, predictive
maintenance workflows, and interoperable safety information reduce “compliance decay”
over time and support the resilient operation of complex buildings and urban systems [4-6].
Consequently, the present comparative review frames regulatory readiness for digital and
responsive fire safety as a sustainability-relevant capability, integral to safe, inclusive, and
resilient built environments.

In recent decades, fire safety has gained prominence in policy, law, and engineering
practice in highly developed countries. The United States, Japan, China, the Member
States of the European Union, and the United Kingdom have each established extensive
regulatory systems that evolve in response to technological progress, rapid urbanisation,
and increasing expectations for the protection of life and property. A common feature
across these regimes is the importance of life safety and the reduction of losses caused
by fire. All systems place a strong emphasis on integrated early detection and warning
(e.g., smoke detection and alarm systems), fire compartmentation, and clearly marked
means of escape [7]. A further shared requirement is the formalised maintenance, periodic
verification, and documentation of the performance of the fire protection system, together
with user training and regular evacuation drills [7].

A particularly prominent trend in the recent literature is the digitalisation of fire
safety through the deployment of innovative technologies—including Al, IoT, DT, and
BIM—with the aim of improving situational awareness, supporting decision-making,
and improving evacuation results [8—10]. These solutions both increase the effectiveness
of prevention and emergency response and open up new operational possibilities for
responsive architecture—understood in this study as building behaviour that adapts in
real time to changing risk conditions through data, automation, and dynamic control logic.

At the same time, international convergence is advancing—particularly in Europe,
where harmonised standards and EU regulatory instruments promote the alignment
of requirements for the classification, verification, and traceability of product perfor-
mance [1,11]. Nevertheless, pronounced differences persist in organisational models and
enforcement approaches, shaped by local legislative traditions, varying levels of technology
maturity, and responses to major fire incidents, such as the Grenfell Tower fire in the
United Kingdom [4,5].

The purpose of this review is to synthesise the core regulatory assumptions, solu-
tions, and development trajectories of fire safety systems in selected jurisdictions and
to identify the principal trends and challenges relevant to responsive architecture and
BIM/DT/Al/IoT readiness. Against this background, the present review pursues three
interrelated research questions, addressed through a structured comparative framework
described in Section 3. For transparency, each jurisdiction is reviewed using a unified
six-part thematic structure: (1) current regulations; (2) technology development; (3) urban
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planning development; (4) organisational development; (5) engineering development; and
(6) legislative evolution and synthesis.

1.1. Theoretical Framework and Research Questions

This study is grounded in a theoretical framework that integrates three interconnected
concepts: responsive architecture, regulatory readiness, and digital fire safety governance.

Responsive architecture is understood here as an operational building paradigm in which
spatial configurations, safety functions, and building system behaviours adapt in real time
to changing risk conditions—enabled by sensor networks, data analytics, automation,
and dynamic control logic [8-10]. In the fire safety context, responsiveness implies that
detection, alarm routing, exit guidance, and compartmentation decisions are no longer
static but are mediated by live data and algorithmic decision support, as increasingly
enabled by BIM, digital twin, Al, and IoT infrastructures.

Regulatory readiness refers to the degree to which a jurisdiction’s legal framework,
standards ecosystem, and enforcement infrastructure explicitly recognise, enable, and
govern performance-based and digitally integrated fire safety solutions. A high degree
of regulatory readiness implies the existence of formal PBD pathways, digital documen-
tation requirements, lifecycle traceability mechanisms, and cybersecurity obligations for
integrated safety systems—not just the technological capability to implement them.

Digital fire safety governance is the overarching concept linking the two: it describes
the institutional and procedural layer through which BIM/DT/AI/IoT are integrated into
the compliance and accountability cycle of building safety management, thereby trans-
forming responsive architecture from a technical possibility into a legally recognisable and
auditable practice.

Together, these three concepts constitute the analytical lens through which the regu-
latory regimes of Japan, China, the United States, and the EU/UK are examined and the
current regulatory position of Poland is assessed.

Building on this framework, the study addresses the following research questions.

RQ1: What are the dominant governance patterns—including the admissibility of
performance-based design, the formal recognition of digital tools, and the structure of
enforcement—across selected fire safety regulatory regimes in Japan, China, the USA, and
the EU/UK?

RQ2: To what extent do existing regulatory frameworks explicitly enable the imple-
mentation of responsive architecture and BIM/DT/Al/IoT-integrated fire safety systems,
and where do structural gaps or tensions in the current literature and practice remain?

RQ3: Which transferable regulatory and technical practices identified in the leading
jurisdictions are most applicable to the current legislative and institutional context of
Poland, and what are the main barriers to their adoption?

These questions guide the design of the analytical framework (Section 3), the six-
category content template applied to each jurisdiction, and the synthesis of transferable
good practices and implications for Poland (Section 4).

1.2. Critical Engagement with the Existing Literature: Tensions, Contradictions, and Gaps

A structured review of the literature identified ten tensions, contradictions, and gaps,
organised into four thematic groups. Together, they justify the comparative design of this
study and its focus on regulatory readiness for digital and responsive fire safety governance.

Cluster I: Prescriptive codes versus performance-based design (PBD)

T1—Tension: Flexibility of PBD versus legal certainty of prescriptive codes. The literature
consistently demonstrates that prescriptive codes are inadequate for complex buildings [12-15],
yet PBD does not provide unambiguous and verifiable safety thresholds—designers gain flexibility
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at the cost of requlatory predictability [16-19]. Wegrzynski and Sulik [20] describe this as
a self-reinforcing constraint: legal requirements impede the diffusion of knowledge that
could, in turn, improve those very requirements.

T2—Contradiction: Compliance with the fire standard as a safety criterion—sufficient or
illusory? Martinez and Jeffers [14] demonstrate that prescriptive insulation specifications do not
provide adequate safety in travel fires, a finding that directly contradicts the premise of the code
that regulatory compliance guarantees safety. Torero [21] identifies this as a fundamental
error—"compliant” does not mean “safe”—a finding echoed by Zhang et al. [15] for timber
structures assessed against standard fire curves rather than realistic fire scenarios.

L1—Gap: Absence of harmonised reliability thresholds for PBD. Hopkin et al. [18] show that,
while prescriptive codes embed implicit safety targets invisible to the designer, PBD requires their
explicit definition—a task that the literature has not accomplished through universally accepted vali-
dated values. This gap remains unresolved and is directly relevant to the cross-jurisdictional
regulatory analysis conducted in this study.

Cluster II: Professionalisation, expertise asymmetry, andregulative oversight

T3—Tension: Professional self-requlation versus state oversight. Spinardi [16,19] and
Lange et al. [22] identify a structural tension: PBD requires regulators to evaluate complex
mathematical models that they are not equipped to verify (expertise asymmetry). The
logical resolution—professional self-regulation—is blocked by two barriers identified in
the literature, namely the insufficient maturity of fire safety engineering as a profession and
the probabilistic nature of fire risk, which complicates the formulation of clear professional
and ethical standards.

T4—Contradiction: response to disasters—professionalisation or tighter regulation? Lange
et al. [22] identify a systemic contradiction: while other engineering disciplines respond to
failures by formalising professional duty of care, fire safety engineering responds by tight-
ening prescriptive regulation. These two mechanisms pull in opposite directions: tighter
prescriptive regulation broadens access to non-specialists, thereby further undermining the
professional authority of fire safety engineering.

Cluster III: Architectural heritage, sustainability, and new materials

T5—Tension: Heritage preservation versus fire safety requirements. Bernardini et al. [23],
Tozo Neto and Ferreira [24], and Naziris et al. [25] document a structural conflict: reg-
ulations mandate interventions that are irreversible and destroy the heritage value of
historic buildings. Dynamic systems such as intelligent evacuation guidance systems can
deliver equivalent safety without architectural alteration [23], yet their formal regulatory
recognition remains an open question in jurisdictions.

T6—Tension: Sustainability objectives versus fire safety logic. Brzezinska et al. [26,27] and
Rahardjo and Prihanton [28] document a systematic mismatch between sustainability logic
(resource optimisation) and fire safety logic (redundant protection as safety margin). No
integrated method for reconciling these objectives has yet emerged in the literature beyond
ad hoc strategic frameworks—a gap that is directly relevant to the sustainability framework
of this study.

T7—Contradiction: UHPC as a next-generation material with inferior fire resistance.
Bolina et al. [29] identify a direct technological contradiction: ultra-high-performance
concrete (UHPC), increasingly adopted in high-rise construction for its mechanical superi-
ority, exhibits lower fire resistance than normal-strength concrete in some configurations
due to slender cross-sections and unfavourable thermal properties. The authors describe
this as an “unprecedented contradiction” absent from current design standards.

Cluster I'V: Uncertainty,modelling,and methodological gaps

L2—Gap: Absence of a validated model of human behaviour in evacuation. Kuligowski et al. [30]
document a fundamental gap: accurate RSET modelling under PBD requires the representation
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of evacuee behaviour for which no comprehensive conceptual model of decision-making exists yet.
Therefore, one of the key PBD parameters—evacuation time—is therefore estimated on the
basis of incomplete theory.

L3—Gap: Unresolved uncertainty in the quantitative assessment of fire risk. Cadena et al. [17]
and Bal [31] converge on the finding that the heat release rate—the most important pa-
rameter in fire safety engineering—is simultaneously the parameter with the highest
measurement uncertainty. This unresolved uncertainty has delayed the transition from
compliance-based to risk-based approaches in FSE [17] and prevents the establishment of
validated PBD thresholds, directly linking L3 to L1. Both gaps suggest a role for continuous
monitoring enabled by BIM, digital twins, and IoT as tools for reducing this uncertainty—a
direction further explored in the present study.

2. Background and Legal Frameworks for Fire Safety Regulation in Japan,
China, the United States, and the EU/UK

2.1. Japan
2.1.1. Current Fire Safety Regulations

Japan’s fire protection system is distinctive within Asia due to its high level of detail
and, crucially, strong enforcement in practice. Two laws play a central role, the Fire Service
Act and the Building Standards Act, which together define the regulatory framework for
new buildings, the modernisation of existing facilities, and emergency response opera-
tions [32]. The fundamental premise is prevention: reducing the probability of ignition and
maximising occupant safety in the event of an incident.

Public buildings and multi-family residential buildings are generally subject to the
mandatory installation of automatic fire detection systems. In contemporary applications,
these systems extend beyond smoke detectors to include temperature and gas sensors
and increasingly advanced environmental sensing solutions enabled by IoT and computer
vision [33]. Fire signalling and warning infrastructure extends beyond acoustic alarms
to encompass voice communication and visual egress guidance, addressing the needs of
diverse user groups in major metropolitan and transport environments [33].

Japan places a strong emphasis on continuous improvement. After serious incidents,
expert investigations are conducted and their findings regularly inform regulatory up-
dates and new guidelines [32]. Particular attention is paid to transport infrastructure
(metro systems, tunnels, airports), where fire resistance requirements are complemented
by smoke control and the integration of alarms with systems managing occupant flow
during evacuation [34].

Mandatory training and regular evacuation drills are institutionalised. Regulations
require drills in public institutions, enterprises, and schools at least twice a year, involving
building users [32]. In general, Japan’s regime reflects a long-term legislative and adap-
tive process that prioritises life safety and operational readiness—supported by rigorous
requirements, strong enforcement, and openness to digital technologies [32,33].

2.1.2. Development Directions: Technological Aspects

Technological development is a cornerstone of the transformation of Japan'’s fire
safety systems. Contemporary practice increasingly relies on IoT-enabled multi-layer
sensor networks that combine smoke, gas, and temperature detection with optical /thermal
inputs, streaming to central platforms for analysis and decision support [33]. Research and
practice increasingly explore Al-assisted detection and anomaly recognition to improve
early warning and reduce false alarms [33,35].

A key trend is the digitalisation of building management and safety governance
through BIM-informed processes and integrated management systems. These enable
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real-time monitoring and control from unified interfaces, particularly in complex pub-
lic and infrastructure assets [33]. Complementary work on evacuation algorithms
indicates how decision support can improve route routing and wayfinding under
constrained conditions [36,37].

Integration with smart city systems is becoming increasingly visible: digital hazard
maps, distributed sensing, and analytics support the forecasting and rapid identification
of ignition points on a district scale [6]. Interoperability—ensuring seamless exchange
between alarms, building management, and emergency services—is also becoming more
central as multi-vendor ecosystems expand [6].

2.1.3. Development Directions: Urban Planning Aspects

Urban densification and the growth of high-rise and mixed-use developments create
complex fire safety challenges. Japan’s urban planning has long incorporated fire pre-
vention through building separation, buffers, and “firebreak” discontinuities in dense
fabrics [32]. Programmes for modernising older districts—often with vulnerable timber
structures—aim to reduce the risk of conflagration on a metropolitan scale [32].

Digital risk mapping and smart city governance on a city scale increasingly support
dynamic routing and response planning [6]. Agent-based and computational models
are used to predict crowd behaviour during evacuation, especially in transport hubs
and tunnels [34,36]. Urban fire safety is also increasingly framed within multi-hazard
resilience strategies (earthquakes, floods), including plans for temporary shelters and
safety zones [38].

2.1.4. Development Directions: Organisational Aspects

Japan combines strong state oversight with advanced training and public education.
Professional fire services rely on frequent exercises, inter-agency coordination, and increas-
ingly data-supported crisis management [6]. Public education includes campaigns and
school programmes that support the prevention culture [32].

Building owners and facility managers have explicit duties to maintain systems, or-
ganise training, and keep records. Inspection and certification—through public agencies
and accredited entities—support compliance and transparency [6]. Major incidents are inves-
tigated and translated into updated procedures, reinforcing a learning-orientated system [32].

2.1.5. Development Directions: Engineering Aspects—Al and IoT

IoT sensor networks are deployed across building types and infrastructure, moni-
toring smoke, temperature, gases, and other anomalies; data are transmitted to central
systems for continuous monitoring [33]. Al systems process sensor and camera streams
to improve detection and support decision-making in smoke control operations and
evacuation guidance [34,36]. Robotics and drones are emerging for reconnaissance and
hazard location in high-risk zones, aligned with broader regional disaster information
management directions [6].

2.1.6. Development Directions: Legislative Aspects

Japan’s legislative framework is dynamic and is consistently implemented. A key
trend is the move towards adaptive models shaped by digital monitoring, integrated
systems, interoperability, and emerging cybersecurity concerns for connected safety ecosys-
tems [6]. Expert committees translate scientific and operational recommendations into
updates; major incidents often drive new requirements [32]. Japan also participates in
regional cooperation that influences the harmonisation of standards and the alignment
of practice [38].
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2.2. China
2.2.1. Current Fire Safety Regulations

China’s fire safety system is based on a multi-layered structure of national law, tech-
nical codes, and enforcement procedures that span the building lifecycle. The core legal
instrument is the Fire Protection Law of the People’s Republic of China (amended 2021),
which establishes duties for prevention, maintenance of the system, inspections, and train-
ing and sets enforcement measures and penalties for non-compliance [39].

A central technical reference is GB 50016 (Code for Building Fire Protection Design;
2018 edition of GB 50016-2014), widely considered a national baseline for compartmentation,
exit, fire resistance requirements, access to firefighting and building services, and safety
measures [40]. A defining characteristic is the rigorous commissioning and acceptance
process: buildings may not be occupied without formal acceptance verification; periodic
inspections and documentation are required, with enforcement ranging from fines to
suspension of use for deficiencies [39].

2.2.2. Development Directions: Technological Aspects

China’s technology-driven transformation includes AI, IoT sensor networks,
BIM-based information management, digital twins, and robotics/drones that support
prevention and response [8,41,42]. IoT architectures integrate detectors, gas sensors, and
cameras; data are streamed to central platforms, where Al models support anomaly detec-
tion and the reduction of false alarms [9,42].

Digital twins are increasingly framed as operational decision support systems: sensor-
fed models capable of tracking evolving incident conditions, evaluating evacuation sce-
narios, and supporting the dynamic control of smoke management and signalling under
real-time constraints [8]. Drones and robotics expand situational awareness in situations
where conditions are unsafe for responders [43].

2.2.3. Development Directions: Urban Planning Aspects

Rapid urbanisation and high-rise growth introduce challenges at the city scale. Re-
search emphasises spatial analysis for risk mapping, hotspot identification, and response
time optimisation, especially for high-rise clusters [34,44]. Planning approaches include
fire station location and route optimisation through multi-criteria spatial models [44].
District-scale platforms and, in more advanced cases, digital twins support the simulation
of evacuation and resource deployment under time pressure [8,44].

2.2.4. Development Directions: Organisational Aspects

Fire safety performance depends on professional education, continuous training, and
public awareness. Scenario-based and simulation-supported exercises improve coordina-
tion and enable the evaluation of procedures under realistic constraints [43]. A critical
challenge is integrating rapidly evolving technologies into daily facility management
routines—ensuring that systems are maintained, auditable, and operationally meaningful
rather than “formal” installations [41].

2.2.5. Development Directions: Engineering Aspects—Al, IoT, BIM, and Digital Twins

China increasingly adopts PBD in complex buildings and venues, based on numeri-
cal simulation and evidence-based justification of tenability and exit performance [8,45].
AI/IoT systems function as a “cognitive layer”, interpreting sensor streams and supporting
dynamic decisions such as evacuation sequencing and smoke control logic [42]. Digital
twins and analytics support both pre-occupancy testing and operational control, including
anomaly detection and the identification of critical points [8,41].
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2.2.6. Development Directions: Legislative Aspects

Legislation is anchored in national law and supported by technical codes such as
GB 50016. Policy and practice increasingly emphasise digital oversight: digitised inspection
records, central platforms for traceability, and the expectation that integrated systems
remain testable and auditable throughout the building lifecycle [39-41].

2.3. United States
2.3.1. Current Fire Safety Regulations

The US operates a complex regulatory ecosystem because there is no single federal
building and fire code nationwide. Requirements become enforceable through the state
and local adoption of model codes and referenced standards, resulting in jurisdictional
variability while maintaining shared baselines [46]. Dominant producers include the Inter-
national Code Council (ICC) (e.g., IBC, IFC) and the National Fire Protection Association
(NFPA) (e.g., NFPA 1, NFPA 101) [47,48].

Across jurisdictions, rules typically cover fire resistance performance and compart-
mentation; egress, detection, alarm, and suppression systems; and inspection, testing,
and maintenance regimes, but thresholds and enforcement depend on local adoption and
capacity [46]. The risk of wildfires, especially in the wildland—urban interface, increasingly
shapes the directions of policy and technology [49,50].

2.3.2. Development Directions: Technological Aspects

US trends emphasise Al-enabled decision support and multi-source data fusion
for commanders and responders [51]. Policy discussions highlight cyber-physical risks:
fail-safe modes, separation of IT/OT networks, access control, and continuous monitoring
are emphasised because compromised systems may degrade life safety performance [52].
In wildfire contexts, satellite and airborne imagery, cameras, drones, and sensing combined
with predictive models can improve detection and response, although constraints persist in
terms of coverage, latency, and data management [49,50].

2.3.3. Development Directions: Urban Planning Aspects

The expansion of urban areas into WUI areas links land use planning to evacuation
feasibility, emergency access, and infrastructure robustness [49,50]. Planning approaches
emphasise defensible space, road network redundancy, evacuation capacity, critical infras-
tructure location, and integrated GIS-based risk mapping in resilience planning [52,53].

2.3.4. Development Directions: Organisational Aspects

The system is multi-layered: federal guidance, state/local authorities, professional
associations, academia, and private-sector actors. This supports experimentation but
also creates barriers to the uniform deployment of advanced technologies, as procure-
ment and workforce capabilities vary between jurisdictions [46,51]. Al adoption raises
governance questions about validation, accountability, and acceptable failure modes in
safety-critical contexts [51].

2.3.5. Development Directions: Engineering Aspects—AI and IoT

The adoption of IoT supports expanded sensing, integration with building man-
agement systems, and improved situational awareness. Engineering trajectories include
sensor fusion, edge computing for local functionality under connectivity loss, interoper-
ability, and the integration of geospatial and building data [49,52]. Wildfire technology
assessments highlight promise but underscore a dependence on implementation choices
and coordination [50].
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2.3.6. Development Directions: Legislative Aspects

Regulatory evolution occurs through state/local adoption of model codes and stan-
dards; a strength is structured revision infrastructure. The ICC documents a government
consensus model and an ongoing development cycle [47]. The NFPA similarly docu-
ments consensus-based revision cycles [48]. Legislative attention increasingly focuses on
the integration of wildfire risk and technology and on cyber risk governance for munici-
pal/infrastructure IoT deployments relevant to life safety systems [49,52].

2.4. European Union and United Kingdom
2.4.1. Legal and Normative Systems

Fire safety governance in the EU and the UK reflects long-term regulatory maturation,
reinforced by harmonising technical standards at the EU level, stronger accountability
mechanisms, and the progressive digitalisation of document and inspection workflows [54].
A key EU driver is the Construction Products Regulation (CPR), which supports a com-
mon technical language for performance assessment and comparison [1]. Fire perfor-
mance is commonly expressed through standardised European classification frameworks
(e.g., EN 13501 series) [11].

The revised Energy Performance of Buildings Directive (EPBD recast) has accelerated
building data infrastructure and digital management, indirectly affecting compliance
ecosystems by strengthening requirements around building performance information. The
directive entered into force on 28 May 2024 and is to be transposed on 29 May 2026 [1,55].

National regulations remain important (e.g., Germany’s model building code as
a reference, the Netherlands’ Bbl, France’s IGH/ERP frameworks) [56-58]. In the UK,
post-Grenfell reforms strengthened duties, documentation, and inspection. The Fire Safety
Act 2021 clarified the scope (including external walls), while the Fire Safety (England)
Regulations 2022 operationalised information and management obligations [4,5,59].

Cyber risk and data protection are cross-cutting issues as systems connect to digital
platforms. GDPR and the EU Cybersecurity Act provide governance constraints and a
certification context relevant to smart building safety systems [2,3].

2.4.2. Development Directions: Technological Aspects

Three groups dominate: BIM-enabled compliance and lifecycle documentation; dis-
tributed sensing and smart building platforms; and Al-supported risk analytics [9,10]. BIM
increasingly functions as a backbone for coordinated design, verification, and auditable
updates during operation, aligning with broader digitalisation expectations [1]. IoT deploy-
ments support continuous monitoring and predictive maintenance; Al reduces false alarms
and supports early warning and scenario testing [9,10].

2.4.3. Development Directions: Urban Planning Aspects

Urban fire safety planning is increasingly linked to smart city infrastructure, including
sensor networks, geospatial platforms, and scenario-based risk modelling. Advanced
use cases combine real-time data, GIS dashboards, and simulation layers for smoke evac-
uation and spread [10]. Post-Grenfell policy emphasised vulnerability management in
high-rise housing and the need for up-to-date building information and demonstrable
inspection regimes [4,5].

2.4.4. Development Directions: Organisational Aspects

A clear trend is strengthening duty holder responsibility combined with digitalised
inspection evidence and information exchange with fire and rescue services. In England,
the framework of the “Responsible Person” is reinforced through post-Grenfell reforms
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and supporting guidance [4,5,59]. Across EU states, inspection regimes vary but show
a move towards digital protocols: registries of inspection results, standardised report-
ing, and faster escalation for non-compliance, constrained by cybersecurity and lawful
data processing [2,3].

2.4.5. Development Directions: Engineering, Al, and IoT

The technical centre of gravity shifts from isolated subsystems to integrated data-
driven architectures that support continuous monitoring, automated diagnostics, and
context-sensitive responses [9,10]. Cybersecurity and privacy become engineering require-
ments; secure architectures and resilient fallbacks are treated as baseline conditions [2,3].

2.5. Similarities Between Fire Safety Regulations in Asia, the United States, Europe, and
the United Kingdom

A shared cornerstone between regions is the primacy of life safety and the reduction
of losses due to fire. Most systems require integrated early warning and alarm solutions
as prerequisites for permitting, commissioning, and operation, especially in public, com-
mercial, and high-rise residential buildings [7]. Compartmentation, protected exit means
with emergency lighting and signage, and smoke control measures are broadly convergent
principles [7]. Automatic suppression is commonly required above height/area/occupancy
thresholds, reflecting a comparable scalable risk logic [7]. Maintenance, testing, and
documentary traceability are emphasised in all systems [7]. Finally, risk-informed and
performance-based approaches are increasingly accepted in principle to enable innova-
tive and complex buildings, provided that equivalence can be demonstrated through
engineering analysis and modelling [7].

2.6. Differences Among Fire Safety Regulations in Asia, the US, Europe, and the UK

Europe is characterised by strong harmonisation and conformity pathways, relying
on standardised performance classification and the extensive use of EN/ISO, fostering
comparability while placing high demands on documentation and conformity workflows [1,7].
The UK operationalises a risk-based governance logic with strengthened duty holder
accountability and traceability after Grenfell [4,5].

The United States is distinctive for the decentralised adoption of model codes, pro-
ducing variability across jurisdictions. The approach is often granular with respect to
exit dimensions, sprinkler triggers, and material classifications; innovation is possible,
but acceptance varies locally [46,47]. Asia is heterogeneous: Japan combines rigour with
structured alternative solution pathways [32,60], while China’s multi-layered system is
strongly enforced but can be uneven in effectiveness depending on local capacity [7,39]. A
key differentiation between regions is how alternative solutions are admitted and evaluated:
jurisdictions with mature fire safety engineering cultures institutionalise PBD through ac-
cepted methods and structured review pathways, while more prescriptive contexts provide
fewer formal mechanisms [7,60].

2.7. Global Development Directions in Fire Safety

Five interconnected trajectories dominate: (1) international harmonisation and stan-
dardisation to support the comparability of products and verification methods [1,11];
(2) digitally enabled lifecycle safety management with auditable digital records and compli-
ance dashboards [10]; (3) the expansion of performance-based engineering using modelling
and simulation for complex buildings [7,45]; (4) the inclusive evacuation and protec-
tion of vulnerable users through clearer communication and adaptive strategies [6]; and
(5) professionalisation and a safety culture through routine drills, competence development,
and simulation-based training [6,32].
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3. Methodology
3.1. General Assumptions and Methodological Objective

The methodological design is orientated towards a central objective: to compare fire
safety regulatory regimes in Japan, China, the US, and selected EU /UK jurisdictions with
respect to their readiness to accommodate BIM/DT/Al/IoT and responsive architecture
approaches and to derive transferable recommendations for Poland. The study is qual-
itative and comparative in design, combining a targeted review of legal and regulatory
documents and the scientific literature; a cross-system comparison of organisational and
enforcement arrangements; a structured content analysis using a unified coding template;
and interpretive synthesis across jurisdictions.

The selection of the jurisdictions was objective: Japan was selected as a highly rigorous
regime with established PBD pathways and advanced digital practice [32,33]; China as a
rapidly modernising system with strong digitalisation and the growing use of PBD [8,39];
the USA as a decentralised code-based ecosystem with active debate on AI/IoT inte-
gration and strong standards infrastructure [46,49]; and the EU/UK as a harmonised
regime with expanding digital building documentation requirements and strengthened
post-Grenfell accountability [1,4].

Sources were collected in four groups: (1) legal acts and codes/standards (e.g.,
ICC/NFPA; EN/ISO; GB 50016; Japanese acts); (2) government and international doc-
uments [6,49]; (3) scientific and professional literature (Fire, Sensors, Applied Sciences, etc.);
and (4) case studies and implementation evidence (smart city platforms, digital twins,
robotics/drones, digital registers). The temporal scope focused on 2018-2025, reflect-
ing the accelerated diffusion of digitalisation, BIM, and Al into fire safety engineering
and governance.

3.2. Analytical Framework and Content Categorisation

For each jurisdiction (Japan, China, USA, EU/UK), material was coded into six cat-
egories: binding regulations; technological development; urban planning development;
organisational development; engineering developments (AI/IoT/BIM/robotics and PBD);
and legislative evolution. Additional indicators tracked the presence of formal alternative
solutions (PBD), the formal recognition of digital registers/BIM in documentation, and
explicit cybersecurity requirements for connected safety ecosystems. The comparative
scoring presented in Table 1 was operationalised using an explicit five-level rubric applied
independently to each dimension and trend. Scores were assigned as follows: 1 = the
feature is absent from law, standards, and documented practice; 2-3 = the feature appears
in policy documents, strategies, or pilot initiatives but lacks binding legal status or sys-
tematic implementation; 4-6 = the feature is present in at least one formal instrument (law,
binding standard, or enforceable guidance) but implementation is partial, uneven across
the jurisdiction, or lacking supporting infrastructure; 7-8 = the feature is clearly embed-
ded in binding regulations and/or widespread practice with documented enforcement;
9-10 = the feature constitutes a mature, systematically implemented element of the reg-
ulatory framework with evidence of enforcement, audit, and periodic update. For the
three-label interpretive scale used in this comparison, the ranges correspond to the follow-
ing: A (largely absent) = scores 1-3; B (present mainly in strategies/literature) = scores 4-6;
C (clearly present in regulations and/or practice) = scores 7-10. Operational definitions
for the five dimensions (D1-D5) in Table 1 are as follows: D1 (PBD pathway maturity)
assesses whether a jurisdiction provides a formally defined, legally recognised route for
demonstrating fire safety equivalence through engineering analysis rather than prescriptive
compliance, including accepted methods, documented review procedures, and institutional
capacity; D2 (legal status of BIM/DT) assesses whether BIM or digital twin outputs are
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explicitly referenced in legislation, binding standards, or formal approval procedures as
valid compliance evidence or operational documentation; D3 (Al/IoT in practice) assesses
the extent to which Al-assisted detection, IoT sensor integration, or related technologies
are deployed in operational fire safety systems and referenced in technical guidance or
standards; D4 (digital registers and lifecycle documentation) assesses whether centralised,
auditable repositories of building fire safety information are mandated or systematically im-
plemented across the building lifecycle; D5 (cybersecurity requirements) assesses whether
minimum cybersecurity controls for integrated safety systems (SSP/DSO/BMS/IoT) are
specified in binding law, enforceable standards, or sector-specific guidance.

Table 1. Comparative maturity assessment of selected regulatory and implementation dimensions
(D1-D5) in Japan, China, the United States, the EU/UK, and Poland (reference). Values reflect
qualitative content analysis and represent an expert comparison.

Dimension Japan China USA  EU/UK (Rle);)eljen:ce)
D1—Performance-based design (PBD) pathway maturity 5 4 4 3 1
D2—Legal status of BIM/DT in regulations and procedures 3 4 2 4 1
D3—AI/IoT applications in fire safety (practice) 4 5 3 3 1
D4—Digital registers and lifecycle documentation 3 4 2 5 1
D5—Cybersecurity requirements for SSP/DSO/BMS/IoT 3 3 3 5 1

Figure 1 presents the methodological workflow of the comparative study, including
six sequential steps from research design and data collection to comparative synthesis,
expert evaluation, and policy implications, with alignment to RQ1-RQ3.

3.3. Comparative Synthesis and Implications for Poland

The findings were consolidated into three steps: similarities (Section 2.5), differ-
ences/gaps (Section 2.6), and development directions (Section 2.7), related to potential
reforms for Poland. The criteria included the presence of solutions in law/practice, the
degree of legal anchoring, the scale of implementation, and the feasibility of transfer to
Poland without compromising existing legal structures.

3.4. Methodological Limitations

Language and source coverage bias. The review relies primarily on sources in English, which
introduces a possible bias in coverage—particularly for Japan, China, and Poland, where there is a
significant body of requlatory guidance, technical standards, and professional literature exclusively
in national languages. Relevant provisions, implementation experience, and local debates
may not be fully reflected. Where possible, English translations of key legislative acts (e.g.,
GB 50016; PRC Fire Protection Law) and internationally accessible summaries were used to
mitigate this constraint, but primary-language sources may contain additional nuance and
detail that this review does not capture.

Rapid regulatory evolution. Fire safety requlation in the jurisdictions studied is evolving
rapidly, driven by ongoing post-Grenfell reforms in the UK, accelerating digitalisation mandates
in the EU (e.g., EPBD recast, CPR revision), and expanding Al/loT governance frameworks
in Japan, China, and the USA. The temporal scope of this review (2018-2025) reflects a
snapshot of an actively changing regulatory landscape. Some provisions cited may have
been updated or superseded after the data collection period, and cross-jurisdictional
comparisons may therefore not fully reflect the most current state of each regime. Future
work should therefore incorporate systematic monitoring of regulatory updates to extend
the comparative validity of these findings.
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Figure 1. Methodological workflow of the comparative study. Steps 1 to 6 show the sequence of
(1) research objective and jurisdiction selection; (2) structured source collection (2018-2025);
(3) content coding using a six-category template with three additional indicators per jurisdiction;
(4) three-step comparative synthesis (similarities, differences, global trends); (5) expert evaluation
and extraction of good practices; and (6) implications for Poland and policy recommendations. The
annotations on the right show alignment with RQ1-RQ3. Source: own elaboration.

Subjectivity of comparative expert assessment. The comparative maturity scores presented
in Tables 1 and 7 are based on structured qualitative content analysis and represent expert
analytical judgement rather than statistical measurement. The results should therefore be
interpreted as an analytical heuristic rather than a precise measurement. The assessment
framework applied five analytical dimensions (D1-D5) and a ten-trend readiness scale
(Table 7), with scores reflecting the presence of specific regulatory provisions, their degree
of legal anchoring, and the scale of implementation across the jurisdictions analysed.
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Although the analytical framework was applied consistently to each jurisdiction and
grounded in documented sources, the assessment reflects a single-expert perspective and
has not been subject to formal inter-rater reliability testing. Future studies could strengthen
the methodological rigour by engaging multiple independent assessors with jurisdiction-
specific expertise, applying structured consensus procedures such as the Delphi method,
and testing score stability between raters.

The comparative assessment presented in Tables 1 and 7 was conducted by the authors
of this study, who served as the expert panel. The authors are researchers and practitioners
in the fields of architecture, fire safety engineering, and digital technologies in the built
environment, with academic and professional experience related to building regulations,
performance-based design (PBD), and the integration of BIM, digital twins, and intelligent
building systems. The evaluation relied on the domain expertise of the authors, com-
bined with a structured review of the scientific literature, international standards, and
regulatory frameworks in the countries analysed. The assessment therefore represents an
expert-informed analytical synthesis rather than a formal Delphi study or a statistically
representative expert survey. In cases where preliminary assessments differed between
the evaluators, discrepancies were resolved through iterative discussion and consensus
building based on evidence from the reviewed literature and regulatory documents. The
final scores presented in the tables reflect the consensus evaluation agreed upon. Because
the evaluation was conducted by the author team using a qualitative expert assessment
procedure, formal statistical measures of inter-rater reliability were not calculated. Instead,
reliability was ensured through transparent criteria, independent initial assessments, and
consensus verification during the synthesis stage.

Selective geographic coverage. The study covers four representative jurisdictions (Japan,
China, USA, EU/UK), selected purposively to represent distinct regulatory models and
levels of digital readiness. This selection does not capture the full diversity of fire safety gov-
ernance globally, and the findings should not be generalised beyond the studied contexts
without further validation. In particular, regulatory systems in Southeast Asia, the Middle
East, Latin America, and sub-Saharan Africa—which are undergoing rapid urbanisation
and digitalisation—fall outside the scope of this review. Similarly, within the EU, significant
variation in implementation intensity across Member States means that the EU/UK analysis
reflects leading-edge practices rather than the full distribution of national realities.

Despite these limitations, the structured analytical framework, the consistent six-
category coding template, and the explicit scoring rubric applied across all jurisdictions
support the reproducibility of the comparative approach. The identified patterns of regula-
tory readiness, governance gaps, and transferable practices are based on publicly accessible
and verifiable sources, and the findings retain their relevance as a reference baseline for a
policy-orientated comparative analysis of fire safety digitalisation.

4. Results

The results are organised into four subsections, each aligned with the research ques-
tions defined in Section 1.1. Sections 4.1, 4.3 and 4.4 address RQ1 (dominant governance
patterns across jurisdictions). Section 4.2 addresses RQ2 (to the extent to which frameworks
enable responsive architecture and BIM/DT/AI/IoT integration and where structural gaps
remain). Section 4.5 addresses RQ3 (transferable practices and barriers relevant to Poland).
The comparative analysis of regulations and implementation practices in Japan, China, the
USA, and the EU /UK allowed the identification of consistent result clusters. First, across
all systems, life safety and operational continuity are dominant priorities. This is reflected
in mandatory detection, alarm, and evacuation provisions and in the increasingly explicit
assignment of responsibility to owners and managers to maintain fire protection perfor-
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mance throughout the building lifecycle [7]. Second, despite shared goals, regimes diverge
in their degrees of centralisation, in the admissibility and maturity of PBD pathways, and in
the pace and legal form through which BIM/DT/AI/IoT are incorporated into compliance
and operations [4,8,47]. Third, the convergence of long-term development trajectories is
visible: all regions transition from static prescriptive fire safety to data-driven governance,
continuous monitoring, and digital lifecycle documentation [6,10].

To represent the qualitative synthesis, an expert comparative assessment was devel-
oped in five dimensions (D1-D5), with Poland included as a reference baseline.

As shown in Table 1, Japan and China exhibit the highest maturity levels in PBD and
digital integration, while Poland consistently scores the lowest in all dimensions.

4.1. Key Governance Patterns: Centralisation, PBD, and Digital Readiness

Japan represents a rigorous yet operationally flexible regime supported by established
pathways for alternative solutions validated through engineering analysis and simula-
tion [32,36]. China combines strict catalogue-type requirements with a rapidly growing
role of PBD, particularly in complex and high-rise facilities [39,45]. The USA relies on
the decentralised adoption of ICC/NFPA model codes, resulting in the heterogeneous
acceptance of new editions and uneven readiness for the integration of BIM/ Al between
jurisdictions [46,47]. The EU/UK demonstrate strong harmonisation and place explicit
emphasis on accountability, traceability, and audit-ready digital documentation, reinforced
by post-Grenfell reforms [4,5].

4.2. Transferable Good Practices and Adaptation Potential in Poland

A set of good practices was extracted and the adaptation potential was assessed, along
with key barriers (Table 2). Each practice is discussed in the following from the perspective
of both regulatory transfer and sustainability relevance. In particular, lifecycle documenta-
tion mechanisms such as digital building registers (Table 3) and the UK’s “Golden Thread”
(Table 4) are noteworthy from a sustainability point of view: by maintaining continuously
updated auditable records of the state of the fire safety system throughout the building
lifecycle, these practices directly support resource efficiency (avoiding redundant inspec-
tions and undetected compliance decay), long-term resilience (enabling evidence-based
maintenance and repair decisions), and accountability (ensuring that safety information
is available to all duty holders throughout ownership and use cycles). In this sense, the
“Golden Thread” functions not only as a fire safety mechanism but as a sustainability
infrastructure for the built environment—one that reduces lifecycle risks and supports
conditions for safe, inclusive, and resilient buildings over decades of operation.

Table 2. Good practice: formal PBD pathway for complex buildings—characteristics, leading regions,
adaptation potential in Poland, and main implementation barriers. The assessment reflects qualitative
content analysis and represents expert analytical judgement.

Item Content
Good practice Formal PBD pathway for complex buildings
Regions established USA; Japan; China
Clear procedures for alternative solutions justified
Short description via engineering analyses and simulations (e.g., CFD,
evacuation models, scenario-based evidence)
Adaptability to Poland High

Lack of national guidance; insufficient competence;
Main barriers uncertainty/limited capacity of authorities to review
PBD submissions
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Table 3. Good practice: digital register of buildings and fire protection systems—characteristics,
leading regions, adaptation potential in Poland, and main implementation barriers. The assessment
reflects qualitative content analysis and represents expert analytical judgement.

Item Content
Good practice Digital register of buildings and fire protection systems
Regions established EU/UK; selected Japanese smart city programmes

Central repository of building data, safety systems,

hort descripti . . . . .
Short description inspections, and compliance evidence across the lifecycle

Adaptability to Poland High

Implementation costs; lack of standardised data format and
governance model

Main barriers

Table 4. Good practice: “Golden Thread” lifecycle documentation (UK example)—characteristics,
adaptation potential in Poland, and main implementation barriers. The assessment reflects qualitative
content analysis and represents expert analytical judgement.

Item Content
Good practice “Golden Thread” lifecycle safety documentation
Regions established United Kingdom

Continuous, updated technical and fire safety
Short description documentation maintained across the building lifecycle to
ensure traceability and accountability

Adaptability to Poland High

Legal responsibility models; increased duties for building
managers; enforcement capacity

Main barriers

4.3. Regional Readiness for Responsive Architecture and Digital Fire Safety

Addressing RQ2—the extent to which existing frameworks enable responsive archi-
tecture and BIM/DT/AI/IoT integration—the good practices (Tables 2-6) reveal that all
leading jurisdictions have developed at least one formal mechanism for doing so, but each
presents a different configuration of enablers and barriers. The structural gap identified in
all cases is the absence of an integrated, legally recognised pathway that simultaneously
covers PBD verification, digital documentation, and cybersecurity requirements as a coher-
ent compliance package—rather than as isolated provisions. Section 4.3 examines this gap
from the perspective of regional readiness for responsive architecture specifically.

Table 5. Good practice: BIM requirements in approvals and commissioning—characteristics, leading
EU examples, adaptation potential in Poland, and main implementation barriers. The assessment
reflects qualitative content analysis and represents expert analytical judgement.

Item Content
Good practice BIM requirements in approvals and commissioning procedures
Regions established Selected EU countries (implementation varies)

BIM used as standard information format for design coordination,
Short description inspection-relevant attributes, and change/as-built management
linked to approvals

Adaptability to Poland High

Costs; uneven market readiness; limited awareness and
Main barriers institutional readiness in approval authorities;

IT/OT coordination
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Table 6. Good practice: minimum cybersecurity requirements for SSP/DSO/BMS/IoT systems—
characteristics, leading regions, adaptation potential in Poland, and main implementation barriers.
The assessment reflects qualitative content analysis and represents expert analytical judgement.

Item Content

Minimum cybersecurity requirements for integrated safety

Good practice systems (SSP/DSO/BMS/10T)

EU (cybersecurity governance frameworks); selected US

Regions established contexts (critical infrastructure guidance)
Network segmentation, update obligations, access control,
Short description logging, and resilience testing for safety-critical

building systems

Adaptability to Poland Medium

IT/OT coordination; costs; limited expertise; weak

Main barri . . s .
atn batriers cybersecurity culture in building operations

Japan and leading Chinese cities stand out as leaders in city-scale approaches in
which building-level safety is integrated with municipal data platforms, risk mapping,
and crisis management coordination—making dynamic evacuation steering a plausible
“next step” rather than an exception [6,8]. In the USA, advanced detection and modelling
are prominent in wildfire contexts, but the integration of BIM/IoT /Al into conventional
building fire safety remains uneven and jurisdiction-dependent [46,49]. In the EU/UK, the
regulatory emphasis is often on traceable digital documentation, registers, and enforce-
able accountability, creating procedural foundations for digital twins and more dynamic
safety management [4,10]. From a sustainability perspective, jurisdictions that combine
strong regulatory readiness for responsive architecture with robust digital governance
mechanisms—particularly Japan and the EU/UK—also demonstrate the most mature ap-
proaches to lifecycle risk reduction, which align directly with the sustainability framework
of this study: regulatory readiness for BIM/DT/Al/IoT is not only a technical capability
but a resilience strategy that reduces the environmental, economic, and social costs of fire
events in the long term.

4.4. Trend Readiness Mapping (Ten Global Trends)

Ten trends were assessed on a 0-10 scale with three interpretive labels: A—trend
largely absent; B—present primarily in strategies or literature; C—clearly embedded in
regulations and/or practice. The detailed scoring results are presented in Table 7. From
a sustainability perspective, trends 2—4 (BIM integration, digital registers, data quality
requirements) and trend 9 (digital documentation linked to audits) are especially sig-
nificant: their presence in law and practice is a pre-condition for the lifecycle account-
ability and resource-efficient maintenance that underpin sustainable building operation.
Trends 1 (formal PBD) and 7 (cybersecurity) are cross-cutting enablers that reduce the
likelihood of systemic safety failures—events whose environmental, economic, and social
costs are substantial and largely avoidable through governance investment.
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Table 7. Comparative readiness assessment (0-10) for ten global trends in fire safety governance across
Japan, China, the USA, the EU/UK, and Poland (reference). Values reflect qualitative content analysis
and represent an expert comparison rather than a statistical measurement. Scale label interpretation:
A—trend largely absent; B—present mainly in strategies/literature; C—clearly present in regulations
and/or implementation practice. The letter codes (A-C) are interpretive labels corresponding to the
numerical score ranges used in the comparative assessment.

Trend Japan China USA EU/UK Poland

1. Formal PBD pathways for complex buildings 9(C) 8 (C) 8 (C) 6 (B/C) 1(A)

2. BIM linked to approvals and commissioning 6 (B) 8 (O) 5 (B) 8 (O) 1(A)

3. Digital registers of buildings and fire systems 6 (B) 7(C) 4 (B) 8 (O) 1(A)

4. Data quality and update requirements 6 (B) 7 (C) 4 (B) 7(O) 1(A)

5. Regulatory references to Al/IoT 7 (C) 8 (C) 5 (B) 5 (B) 1(A)

6. Integration with smart city fire governance 7 (C) 9(C) 5(B) 5(B) 1(A)

7. Minimum cybersecurity requirements 6 (B/C) 5 (B) 5 (B) 8 (O) 1(A)

8. Formal responsibility allocation (e.g., Responsible

Person; AH]) 6 (B) 5(B) 8(C) 8(0) 2(A/B)
9. Digital documentation linked to audits/inspections 7 (C) 7 (C) 5(B) 8 (C) 1(A)
10. Explicit inclusion of responsive/dynamic systems 7 (C) 8 (C) 5(B) 5(B) 1(A)

4.5. Implications for Poland: Transferable Practices Versus Structural Gaps
4.5.1. Overview of Poland’s Current Fire Safety Regulatory Framework

For readers unfamiliar with Polish building regulations, a brief introduction is pro-
vided before discussing the identified gaps. The Poland fire safety framework is based on
three interlocking legislative instruments. The Act on Fire Protection (Ustawa o ochronie
przeciwpo zarowej, 1991, consolidated 2021) establishes the general duty of fire safety
for building owners and occupants, defines the role of the State Fire Service (Pafistwowa
Straz Pozarna, PSP) as the primary enforcement authority, and requires buildings above
defined thresholds to undergo fire protection inspections. The Construction Law (Prawo
budowlane, 1994, as amended) governs the design, approval, and commissioning of new
buildings and major alterations, within which fire safety requirements must be demon-
strated as part of the building permit procedure. The core technical requirements are
specified in the Regulation on Technical Conditions for Buildings and Their Location (Roz-
porz a dzenie w sprawie warunkéw technicznych, jakim powinny odpowiada ¢ budynki
i ich usytuowanie, 2002, with subsequent amendments), which prescribes rules for fire
resistance ratings, compartmentation, escape routes, suppression systems, and detection
requirements, differentiated by building category and height class.

Enforcement is centralised through the PSP, which inspects completed buildings
and issues compliance notices. The review of the building permit is conducted by the
district building authority (starostwo) and, for selected categories, includes a mandatory
opinion of the PSP or the relevant district fire commander. Poland’s framework is strongly
prescriptive: compliance is demonstrated by showing that a building meets the technical
rules of the Regulation, without a nationally standardised pathway for alternative solutions
based on performance.

Although the Construction Law does not explicitly prohibit performance-based jus-
tifications, no accepted methodology, formal review procedure, or institutional guidance
exists for such submissions—leaving PBD dependent on individual negotiations with
authorities and informal expert opinions. This contrasts sharply with the structured PBD
pathways observed in Japan, China, the USA, and the EU/UK (see Table 2 and Section 4.1).
Digital tools such as BIM, digital twins, and IoT-based monitoring are not referenced in
any of the three core legislative instruments as compliance evidence, approval formats, or

https:/ /doi.org/10.3390/su18083808


https://doi.org/10.3390/su18083808

Sustainability 2026, 18, 3808

19 of 27

operational documentation requirements, constituting the primary digital governance gap
discussed in Section 4.5.2.

In terms of baseline technical requirements—fire compartmentation, mandatory de-
tection in public and high-rise residential buildings, automatic suppression above defined
height and area thresholds, and protected means of exit—Poland’s framework is broadly
aligned with the shared foundations identified across all jurisdictions studied (Section 2.5).
The country consistently scores at the lower end of the readiness assessment in all ten main
trends dimensions in Table 7, reflecting not a deficit in basic protection requirements but
the structural underdevelopment of the procedural, informational, and digital governance
layer that the leading jurisdictions have built on top of equivalent baseline requirements.
This distinction between “baseline compliance” and “government readiness” is central to
understanding where transferable reforms would have the highest leverage.

4.5.2. Transferable Practices and Structural Gaps

Addressing RQ3—which transferable practices are most applicable to Poland and
which barriers limit their adoption—the following synthesis draws on the comparative
evidence from Sections 4.1-4.4 and Tables 1-7. The results provide a structured map
of transferable practices and regulatory gaps relevant to Poland. Transferable build-
ing blocks include (i) clearly defined PBD pathways supported by simulation evidence;
(ii) enforceable digital documentation and registers (BIM/as-built/fire safety registers);
(iii) stronger coupling of building-scale fire safety with metropolitan risk governance; and
(iv) baseline cybersecurity controls for SSP/DSO/BMS/IoT systems (see Tables 1-7). Key
gaps include a lack of coherent national digital registers, the absence of formal frameworks
for responsive/dynamic evacuation, limited data quality governance, and the weak formal
acknowledgement of cyber resilience in compliance with safety. In general, global fire
safety regulation is moving towards a new “regulatory language” that includes control
logic, interoperability, cyber resilience, and formal roles for BIM/DT as official compliance
evidence—areas where Poland currently lags most visibly. The synthesis of transferable
practices, regulatory gaps, and key barriers relevant to Poland is presented in Figure 2.

Data quality Digital building
requirements register

# <

Regulatory Ai/loT AN _—— BIM linked
references ™ / % c /'to approvals

Smart-city fire /

integration | /

Cybersecurity”
requirements ¥

Formal PBD
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" Responsive /
dynamic systems
Formal responsibility Digital documentation
allocation & audits

[ sapan [ china [[] usa [ Euuk [ Poland (reference)

Scale 0-10

- A = largely absent

- B = present mainly in strategies/literature
- C = present in regulations and/or practice

Source: own elaboration based on comparative content analysis (Table 7)

Figure 2. Comparative readiness assessment for ten global fire safety governance trends across Japan,
China, the USA, the EU/UK, and Poland (reference). Scale 0-10. A = largely absent; B = present
mainly in strategies/literature; C = present in regulations and/or practice. Source: own elaboration
based on comparative content analysis (Table 7).
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5. Discussion

This comparative review confirms the clear convergence in the long-term direction:
fire safety is moving beyond static prescriptive logic to data-driven governance, scenario-
based engineering verification, and the integration of digital technologies that enable
continuous monitoring and adaptive responses [7,10]. However, the pace and specific
pathways differ considerably between jurisdictions, reflecting differences in regulatory
culture, enforcement models, and institutional capacity. Three analytically significant pat-
terns emerge from the cross-regime comparison. First, the jurisdictions with the highest
readiness scores are precisely those that have resolved the tension between prescriptive cer-
tainty and performance-based flexibility through institutionalised, repeatable verification
procedures—suggesting that the decisive variable is not the existence of PBD provisions
in law per se but the depth of supporting infrastructure: guidance documents, trained
reviewers, and accepted analytical methods. Second, the sustainability-relevant mecha-
nisms identified in this study—lifecycle documentation, digital registers, and cybersecurity
obligations—appear to function as systemic resilience measures rather than add-ons to
base compliance: jurisdictions that have invested in these layers show stronger evidence
of “compliance continuity” across the building lifecycle and across ownership transitions.
Third, the digital governance gap identified for Poland is structurally distinct from a tech-
nology readiness gap: the barrier is not the absence of BIM, IoT, or Al tools in the market
but the absence of legal and procedural infrastructure that would render their outputs
formally admissible and auditable within the compliance cycle.

Sustainability and Lifecycle Governance Implications

The comparison indicates that the regulatory advances that are most relevant to sus-
tainability are those that reduce systemic risk throughout the building lifecycle: (i) formal
PBD pathways that enable verifiable equivalence under novel configurations; (ii) auditable
digital documentation that is kept current throughout operation; and (iii) governance
of cyber-physical dependencies in integrated safety systems [4,47,48,52]. Together, these
elements support resilient building operation and reduce the likelihood that latent defects
go undetected until a serious incident occurs.

The EU/UK trajectory illustrates how accountability and “information continuity”
can become core safety mechanisms, with digital documentation serving as a resilience
infrastructure that underpins inspections, maintenance planning, refurbishment decisions,
and reliable data access for emergency response [1,4,5]. Japan and the leading metropolitan
areas of China illustrate a complementary sustainability pathway: city-scale data platforms
and smart risk mapping that link building-level safety to district-level preparedness and cri-
sis governance [6]. In the US context, decentralised innovation can accelerate technological
experimentation, but sustainability outcomes depend on consistent adoption and adequate
governance capacity across jurisdictions, particularly given the increasing challenges of
wildfire exposure and evacuation at the urban-wildland interface [49,50].

For Poland, the sustainability implication is that closing the “digital governance
gap” is not only a technological upgrade but a long-term resilience strategy: establishing
predictable PBD procedures, minimum requirements for digital fire safety asset information,
and baseline cyber-resilience controls would increase the reliability of protection measures
over decades of operation and throughout refurbishment cycles [7].

Japan combines stringent requirements with operational flexibility, enabled by the
mature acceptance of PBD with simulation-based justification, allowing innovation without
compromising accountability [32,36]. A similar trajectory is evident in the EU and the UK,
shaped decisively by post-incident reforms—most notably the Grenfell Tower fire—which
reinforced documentation governance, the allocation of responsibility, and inspection
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traceability [4,5]. Approaches such as the “Golden Thread” indicate a move towards
lifecycle safety information management as a regulatory expectation rather than a best-
effort practice (see Tables 3 and 4).

China and the United States both demonstrate strong innovation capacity but operate
within more heterogeneous regulatory environments. In China, national standards remain
central while smart city platforms, digital twins, and Al-enabled surveillance accelerate in
major urban centres [8,39]. The decentralised adoption of model codes in the USA creates a
dynamic environment but uneven maturity between jurisdictions [46,47]. Consequently,
Al/IoT solutions may be well advanced in certain municipalities and projects, while
remaining marginal elsewhere.

From the responsive architecture perspective—real-time coupling between systems,
occupants, and operational data—Japan, leading Chinese cities, and several EU/UK path-
ways provide the most coherent conditions for dynamic functionality (adaptive signalling,
variable smoke control logic, stronger integration with emergency governance) because they
combine technology adoption with formal verification pathways and documentation gov-
ernance (see Tables 2—4). Digitalisation also introduces a systemic vulnerability—namely,
cybersecurity risks and data trust. As SSP/DSO, BMS, IoT networks, and Al analytics
are integrated, failures or attacks may propagate throughout the safety ecosystem. Eu-
ropean governance increasingly treats cybersecurity controls (segmentation, logarithm,
update policies) as safety-relevant requirements aligned with broader cybersecurity frame-
works [3,52], while the Polish framework remains largely focused on static requirements,
with limited formal recognition of cyber resilience as a concern for fire safety (see Table 6).

In summary, the principal barrier for Poland is not technological feasibility but
the absence of repeatable legal pathways and verification routines that would make re-
sponsive solutions scalable and institutionally accepted. Without such pathways, ad-
vanced solutions remain ad hoc and negotiation-dependent rather than systematically
embedded in governance.

6. Recommendations
6.1. Establish a Clear National Pathway for Performance-Based Design (PBD)

Poland should establish a formal alternative compliance route for complex build-
ings through PBD, designed to complement rather than replace existing prescriptive
requirements. National guidance should specify eligible building typologies, accepted
analytical methods (CFD, evacuation simulation, RSET/ASET reasoning), scenario re-
quirements, documentation standards, and the expectations that approval authorities
apply when reviewing PBD submissions (see Table 2) [7,45]. In terms of implementation
mechanisms, this recommendation is feasible within existing legislative structures: the
Construction Law already permits technical conditions to be set by ministerial regula-
tion, and an amendment to the Regulation on Technical Conditions (Rozporzadzenie w
sprawie warunkéw technicznych) could introduce a dedicated PBD annex without requir-
ing parliamentary legislation. The principal institutional constraint is the limited capacity
of district building authorities (starostwa) and the PSP to evaluate complex engineering
submissions; this should be addressed through a phased approach in which initial PBD ap-
plications are routed to a designated national or regional technical review body, supported
by a library of pre-approved analytical methods and worked examples. International
frameworks—including the UK’s BS 7974 [61] series and Japan’s performance-based pro-
visions under the Building Standards Act—provide directly transferable templates. The
estimated lead time for a minimum viable framework is 24-36 months from policy decision
to published guidance, subject to coordination between the Ministry of Development and
Technology and the Ministry of Interior.
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6.2. Formalise BIM and Digital Twins (DT) as Compliance and Operational Evidence

Regulations should specify a minimum scope of digital data for fire safety, covering
fire compartments, means of egress, critical installations, and links to asset documentation.
Over time, this can evolve into a digital register for selected building categories, even
before national roll-out (see Tables 3-5) [1,10]. The implementation pathway for this
recommendation is distinct from PBD reform: it does not require changes to substantive
safety requirements but rather the definition of a standardised information schema and a
designated custodian authority. A feasible first step is to define a minimum BIM deliverable
for fire safety-relevant attributes as part of the existing building permit documentation
set—initially on a voluntary basis for pilot building categories (e.g., hospitals, transport
hubs), with a defined transition to mandatory status. The EU’s evolving digital building
logbook framework under the EPBD recast (transposition deadline: May 2026) provides
both a legislative hook and a technical reference for data schema alignment [1,55]. Key
institutional constraints include uneven BIM market readiness among smaller design
practices and the absence of a designated national body responsible for digital building
data governance; both require targeted policy action alongside the regulatory change.

6.3. Introduce a Regulatory Definition and Verification Logic for Responsive Fire Safety Systems

Poland should recognise responsive architecture as fire safety-relevant and define its
functional requirements—including response times, fail-safe principles, manual override
provisions, and testing protocols—rather than enumerating specific technologies. Pilot
programmes conducted under enhanced regulatory supervision could support structured
learning and reduce disputes over interpretation.

6.4. Implement Minimum Cybersecurity Requirements for Integrated Safety Systems

Baseline controls for high-importance buildings should include segmentation, update
policies, log-controlled access, and periodic resilience tests. A minimum catalogue aligned
with the evolving practices of the EU and the principles of critical infrastructure provides a
feasible starting point (see Table 6) [3,52].

6.5. Build Human Capacity and Interdisciplinary Competence

Training programmes should bridge classical fire engineering with BIM/DT work-
flows, data literacy, Al-supported decision tools, and IT/OT risk awareness. Practical
guidance documents with work-outs would support implementation across the profession.

6.6. Strengthen Coordination Across Regulatory and Institutional Domains

Given that these issues span building law, fire regulation, digitalisation policy,
emergency management, and data protection, Poland should establish—or substan-
tially strengthen—an inter-institutional coordination mechanism focused on the fire
safety—data—digital technology nexus, with a mandate to ensure coherent legislative reform
and the prioritisation of pilot projects.

6.7. Policy and Practice Roadmap

To translate the recommendations into practice, a staged implementation roadmap
is proposed. In the short term, Poland should (i) issue national PBD guidance for de-
fined complex building categories; (ii) define a minimum digital fire safety information
set linked to BIM deliverables for approvals and as-built updates; and (iii) introduce a
minimum cybersecurity baseline for safety-critical building systems in high-importance
facilities [4,52]. In the medium term, a national or sectoral digital register model can be
piloted for hospitals, transport hubs, and large public buildings, aligned with interoperable
data standards and inspection protocols [1,5]. In the long term, responsive fire safety
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should be formalised through performance-orientated verification routines and lifecycle
accountability mechanisms, ensuring that dynamic systems remain testable, auditable, and
resilient under both technical failure and cyber-physical stress [2,3].

7. Conclusions

This paper compares the fire safety regulatory frameworks and implementation prac-
tices of Japan, China, the USA, and selected EU/UK systems, focusing on readiness to
accommodate BIM, DT, Al, and IoT as enablers of responsive fire safety architecture. De-
spite divergent legal traditions, the analysis indicates convergence towards a common
strategic goal: moving beyond static compliance towards data-driven, scenario-based, and
lifecycle-orientated fire safety.

Japan has one of the most mature regulatory environments for PBD, supported by
established alternative solution pathways [32]. China shows rapid modernisation and the
strong integration of Al/IoT and city-scale platforms in major metropolitan contexts [8,39].
The USA remains innovative but decentralised, with uneven adoption of new code editions
and digital tools across jurisdictions [46]. The EU/UK pathway is shaped by harmonisation
and governance reforms, with an advanced focus on digital documentation, traceability,
and accountability after major incidents such as Grenfell [4,5].

In some regions, fire safety is increasingly treated as an operational and informational
infrastructure that integrates design, inspection, maintenance, and emergency response. As
demonstrated in Sections 4.1, 4.3 and 4.4, the jurisdictions with the highest readiness scores
combine technology adoption with formal verification pathways and lifecycle documenta-
tion governance—conditions under which dynamic evacuation guidance, sensor-based risk
monitoring, and continuous compliance evidence are becoming institutionally accepted
rather than project-specific exceptions [9,10] (see Table 7). For Poland, the national en-
vironment remains relatively mature in prescriptive requirements but is underprepared
for the systematic implementation of digital and responsive approaches—particularly
PBD pathways, BIM/DT as compliance evidence, digital registers, and cybersecurity re-
quirements for integrated SSP/DSO/BMS/IoT systems. As demonstrated by the gap
analysis in Section 4.5 and the readiness scores in Table 7 (where Poland scores 1 to 2
on all ten dimensions of the trend), closing this gap requires, specifically, a national PBD
guidance framework, a minimum digital fire safety information standard linked to BIM
deliverables, a pilot digital register model for selected building categories, and baseline
cybersecurity controls for SSP/DSO/BMS/IoT systems—as detailed in the staged roadmap
presented in Section 6.7.

This study contributes a structured cross-regime comparison focused on regulatory
readiness for data-driven, responsive fire safety—highlighting that the decisive factor is
not technology availability but the existence of repeatable legal pathways, verification
routines, and lifecycle information governance. In answering RQ1, the study identifies
four different governance models with different configurations regarding PBD maturity,
digital recognition, and enforcement structure (Table 1). In answering RQ?2, it demonstrates
that all leading jurisdictions have developed partial enabling mechanisms, but none has
yet integrated PBD verification, digital documentation, and cybersecurity into a coherent
compliance package—constituting an open structural gap in the literature (Section 1.2,
L1-L3). In answering RQ3, it maps six transferable practices to the specific institutional
context of Poland and identifies the barriers that limit their adoption (Tables 2-6, Section 4.5).
From a sustainability perspective, these mechanisms function as resilience infrastructure for
the built environment by reducing lifecycle risks and enabling auditable safety performance
in digitally integrated buildings and cities [4,6,52].
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