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Pilot and research-scale process facilities pose safety challenges distinct from industrial plants, due to dynamic configurations, novelty and data uncertainty, and a strong reliance on non-routine operations and human intervention; consequently, traditional process safety methods, while essential, are not always ideal for rapid screening and comparison in academic R&D settings. This work proposes a structured safety index for pilot and research-scale operations, integrating four complementary dimensions: process and substance hazards, design and mechanical integrity, operations and human factors, and technical barriers and emergency readiness. The index adopts a discrete scoring system and is intended for comparative prioritization rather than predictive risk quantification. The methodology is demonstrated on a pilot-scale Fischer–Tropsch unit, showing that configuration-dependent and operational factors dominate the risk profile, while intrinsic hazards are partially offset by limited inventories and data maturity. The approach supports transparent safety management and helps target follow-up analyses. Future work will focus on broader validation across different pilot facilities and experimental campaigns, as well as on integrating the index with quantitative risk assessment to evaluate release consequences and potential escalation scenarios.
Introduction
Pilot plants and research-scale operations are essential enablers of process development, innovation, and scale-up in chemical engineering. However, these environments present unique safety challenges due to the coexistence of hazardous materials, evolving experimental procedures, and dynamic configurations, which are not always adequately addressed by traditional process safety frameworks developed for large-scale industrial facilities (Abdul Aziz et al., 2012; CCPS, 2023). As recent studies highlight, effective risk assessment and mitigation strategies in academic research environments are increasingly critical to safeguard personnel, facilities, and the surrounding environment while maintaining experimental scientific productivity and flexibility (Gasparotto et al., 2024; Wu et al., 2025).
Traditional risk assessment methods such as Hazard and Operability Studies (HAZOP), Layers of Protection Analysis (LOPA), and other systematic techniques have been widely applied in the chemical process industry for decades to identify hazards and quantify risk levels for large, steady-state processes (Ab Rahim et al., 2024). 
However, in the context of pilot and research-scale operations, frequent reconfiguration of laboratories or equipment, transient operating conditions, and mixed experience levels among users introduce complexities that are often poorly captured by traditional approaches tailored to the industrial scale (Abdul Aziz et al., 2012; Gasparotto et al., 2024). Furthermore, laboratory and pilot environments often fall outside the explicit scope of regulatory process safety standards, which were originally formulated for production facilities, underscoring the need for tailored approaches that can account for the specific characteristics of experimental settings (Gasparotto et al., 2024).
Recent literature emphasizes that risk assessment in labs and pilot plants must consider not only the presence of hazardous substances and processes, but also how changes in experimental setup and configuration impact risk profiles over time (Gasparotto et al., 2024; Wu et al., 2025). Moreover, the use of structured tools such as checklists and qualitative screening indices is acknowledged as a valuable first layer in comprehensive safety evaluation, particularly for contexts where quantitative data may be sparse or evolving (Khan and Amyotte, 2008; CCPS, 2023).
Building on these insights, this work proposes a composite safety index for pilot and research-scale operations integrating intrinsic hazards, configuration and mechanical integrity, human and organizational factors, and technical barriers and emergency readiness. The methodology aims to bridge traditional industry-oriented safety assessment approaches with the needs of academic research facilities, providing a transparent and repeatable framework for comparative safety characterization. From a practical perspective, the index acts as a managerial decision-support tool, enabling laboratory managers to rapidly identify critical configurations, prioritize mitigation actions, and support planning of experimental campaigns under evolving conditions.
Methodology
Rationale of an index-based approach for pilot and research-scale plants
Pilot plants and research-scale facilities are essential in academic R&D because they enable process development under flexible conditions. Their risk structure differs from industrial plants: experiments require frequent changes to equipment and setpoints, operations are often non-routine and manually intensive, and hazard knowledge may be incomplete or evolve during campaigns. As a result, deviations can arise not only from intrinsic process hazards, but also from configuration dynamics, interface management, and typical university constraints (mixed-experience teams, turnover, shared spaces).
Classical tools such as HAZOP, LOPA, and quantitative risk analysis remain fundamental, but applying them systematically to every experimental run is rarely feasible in academic laboratories. This may lead to uneven assessment depth and limited comparability between campaigns or configurations.
To address this need, this work proposes an index-based methodology for rapid, repeatable screening of safety conditions in pilot and laboratory-scale R&D operations. The index complements detailed studies by supporting prioritization and comparison, and by indicating when deeper analyses (e.g., consequence modelling or QRA) are warranted.
Overall structure of the safety index
The proposed safety index is structured into four main categories, each representing a distinct and complementary dimension of risk (Figure 1). 
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Figure 1: Structure of the safety index for pilot and research-scale operations, highlighting the four complementary risk dimensions (C1–C4) and underlying sub-indices used for scoring and aggregation. 
C1 – Process and substance hazards covers the intrinsic hazard potential of materials and reactions (flammability/toxicity/corrosivity/instability), reaction energetics and incompatibilities, operating severity, and inventories/hold-up, including R&D-specific uncertainty (incomplete kinetics/thermophysical data, evolving chemistry, unvalidated operating windows). Unlike industrial plants—typically bounded by well-defined safe operating limits—pilot and research operations often face data gaps and changing conditions that can rapidly alter credible scenarios even at small scale.
C2 – Design, modifications, and mechanical integrity addresses configuration and integrity of the experimental system, emphasizing pilot/lab drivers such as modular/temporary assemblies, frequent reconfiguration, interface diversity (adapters, hoses, non-standard connections), evolving configurations/setpoints, and relief/venting provisions. Compared to industrial facilities with fixed piping and institutionalized mechanical-integrity/MoC practices, pilot plants rely more on temporary lines and repeated connect/disconnect cycles, increasing mis-connection and loss-of-containment susceptibility.
C3 – Operations and human factors captures non-routine operational discipline, competence/authorization (who is allowed to do what), supervision during critical steps, traceability of manual actions, and typical academic organizational features (turnover, mixed experience, shared labs, parallel campaigns). Relative to industrial operations—more stable and repeatable—R&D environments have higher variability and manual interventions, making supervision and procedural clarity primary risk determinants.
C4 – Technical barriers and emergency readiness covers the availability and effectiveness of protection layers (detection/alarm strategy, ventilation and local exhaust, interlocks/trips/E-stops operability during campaigns, ignition control where relevant, and emergency response infrastructure). In contrast to industrial safeguards—engineered, validated, and managed under formal proof-testing—pilot/lab barriers may be simpler or evolving, temporarily disabled during commissioning/testing, and strongly influenced by indoor confinement (ventilation performance and sensor placement).
This separation reflects the risk structure of R&D and pilot operations: uncertainty affecting intrinsic hazards (C1), configuration dynamics and interfaces (C2), non-routine work and supervision (C3), and barrier effectiveness under experimental and indoor conditions (C4). The framework supports systematic safety characterization and complements—rather than replaces—HAZOP, LOPA, and consequence modelling.
Development of checklist items
Checklist items were developed from process safety literature, established industrial practices, and experience with academic pilot plants and research laboratories. Particular attention was given to failure modes typical of R&D environments, including temporary configurations, limited process knowledge, and personnel turnover. Each item is formulated as a qualitative question capturing aggravating or mitigating factors, while avoiding excessive operational detail and ambiguity. Intrinsic hazards were kept separate from safeguards and barriers to maintain conceptual consistency. Due to space limitations, the full checklist is not reported in this paper. 
Scoring system and sub-indices
Each checklist item is evaluated using a discrete, symmetric scoring scale ranging from negative values (mitigating or favourable conditions) to positive values (aggravating conditions). The assigned score reflects the relative condition of the system with respect to that specific aspect and does not represent an absolute probability or consequence.
Table 1: Example of sub-index computation for C2 – Design, modifications & mechanical integrity. 
	Example of sub-index
	Item (illustrative)
	Score

	C2-Design, modifications & mechanical integrity
	Relief and venting adequacy
	+2.00

	
	Temporary connections and interfaces
	+1.00

	
	Mechanical integrity and ratings
	-1.00

	
	Change management and documentation
	+1.00

	
	Sub-index value (mean of item scores)
	+0.75



Within each category, item scores are aggregated to obtain a sub-index representing the corresponding risk dimension. Table 1 illustrates the Design, Modifications and Mechanical Integrity category, showing how configuration-dependent factors—such as temporary connections and frequent reconfiguration—may dominate risk in pilot and research-scale systems. The four sub-indices are then combined into an overall safety index using a deliberately simple aggregation method, consistent with the comparative and screening-oriented purpose of the methodology. This structure helps identify dominant risk drivers and track changes across experimental configurations.
Interpretation and use of the index
The safety index is intended as a decision-support tool. Elevated scores in specific categories indicate areas where additional attention, deeper analysis, or corrective actions may be required. For example, high values in C1 may prompt further investigation through detailed hazard identification or consequence modelling, while high values in C3 may indicate organizational or training-related weaknesses.
The methodology supports comparison between different experimental setups, monitoring of safety performance over time, and prioritization of resources in environments where detailed analyses cannot be continuously applied.
Case study and discussion
Case study description
The proposed safety index was applied to the pilot-scale process unit previously analysed by Gasparotto et al., 2024. Process details are not repeated here; the unit is used as a reference case to demonstrate index applicability in a typical academic research setting. The application is framed by the main safety-relevant features of the installation: it is an indoor laboratory unit, relying on room ventilation and local exhaust, and it involves the use of hazardous substances and mixtures (mainly flammable or toxic) with the potential for reactive or unstable conditions during experimentation. The unit operates at elevated severity (pressure/temperature) and may approach defined operating envelopes during specific experimental steps. Although inventories are generally small, the system exhibits high variability due to frequent changes in recipes, setpoints, and operating windows driven by research objectives. From a configuration standpoint, the unit is modular and partially temporary, employing flexible hoses, adapters, and repeated connect/disconnect cycles to enable different experimental campaigns. This results in multiple credible leak points, particularly at temporary interfaces and instrumentation take-offs (sampling, purging, venting). Relief/venting and discharge paths must therefore remain consistent with indoor operation while the physical configuration evolves. In addition, instrumentation is used in experimental modes, with potential temporary overrides during commissioning, troubleshooting, or test campaigns. Operations are predominantly non-routine and manual (charging, start-up/shutdown, sampling), such that manual interventions can directly affect process conditions. Finally, the academic context typically involves mixed-experience teams and turnover, which increases the importance of clear role assignment and supervision during critical steps. Overall, these characteristics are representative of many pilot and research-scale installations, where risk is shaped not only by intrinsic hazards but also by configuration dynamics, operational practices, and barrier effectiveness under experimental conditions
Application of the index and scoring assumptions
Each checklist item was scored using available information (schemes, procedures, layout, and safety system descriptions) according to the discrete symmetric scale defined in Section 2.4. Scores represent the relative system condition without attempting probability or consequence quantification. Where uncertainty existed, conservative assumptions were adopted and documented. Scores were then aggregated to obtain the corresponding sub-indices.
Sub-index results and risk profile
The numerical results obtained from the application of the safety index to the reference pilot-scale unit are summarized in Table 2, while a breakdown of representative sub-index components is reported in Table 3.
The overall safety index indicates an elevated risk profile, driven by uneven contributions across the four categories. As shown in Table 2, Design, Modifications and Mechanical Integrity (C2) and Operations and Human Factors (C3) represent the dominant contributors, whereas Process and Substance Hazards (C1) and Technical Barriers and Emergency Readiness (C4) show comparatively lower values.
The neutral value of C1 reflects a balance between intrinsic hazard potential (toxicity of CO and flammability of H2, mainly) and favourable R&D conditions, including knowledge on involved reactions. Hazardous substances and reactive conditions justify positive scores for intrinsic hazards and reactivity; however, these are counterbalanced by credits associated with limited inventories/hold-up (C1.3) and a reasonably characterized chemistry and operating window (C1.4) (Table 3). In this case, intrinsic process hazards are relevant but do not dominate the overall profile.
In contrast, C2 exhibits the highest sub-index value, primarily due to configuration-dependent factors typical of laboratory-scale systems: temporary assemblies, interface diversity, and frequent reconfiguration. As detailed in Table 3, temporary connections/interfaces and change dynamics drive this category, highlighting that loss-of-containment susceptibility in pilots is often governed by system configuration rather than nominal design alone.
The C3 sub-index is also elevated, with Table 3 indicating significant contributions from competence/supervision and the prevalence of non-routine work. This outcome is consistent with academic settings, where manual interventions during critical steps and mixed-experience teams increase reliance on procedural discipline and real-time oversight. 
Table 2: Sub-index results for the reference pilot-scale unit.
	Sub-index description
	Value
	Qualitative interpretation

	C1 Process and substance hazards
	+0.00
	Balanced: hazardous materials/reactivity present but offset by favourable inventory and data/novelty conditions.

	C2 Design, modifications and mechanical integrity
	+1.25
	High configuration-driven risk; temporary interfaces and change dynamics dominate.

	C3 Operations and human factors
	+1.50
	High operational risk; supervision/competence and non-routine work are critical drivers.

	C4 Technical barriers and emergency readiness
	+0.25
	Moderate; ventilation and preparedness provide credits, but barrier management remains critical.

	Overall safety index
	+0.75
	Elevated – prioritization recommended


Table 3: Breakdown of sub-indices by category for the reference pilot-scale unit.
	Sub-index description
	Value
	Qualitative interpretation

	C1 Intrinsic Process & substance hazards
	+0.00
	

	
	Intrinsic hazardous properties
	+1.00
	Hazardous substances present, but at limited scale.

	
	Reactivity and incompatibilities
	+1.00
	Reactive chemistry with credible incompatibility scenarios (no runaway).

	
	Inventory and operating severity
	-1.00
	Small inventories and limited hold-up.

	
	Novelty and data uncertainty
	-1.00
	Chemistry and operating window reasonably characterized.

	C2 Design, modifications and mechanical integrity
	+1.25
	

	
	Relief and venting adequacy
	+1.00
	Relief present but sized for evolving experimental scenarios.

	
	Temporary connections and interfaces
	+2.00
	Extensive use of temporary hoses and adapters.

	
	Mechanical integrity and ratings
	+1.00
	Equipment subject to frequent reconfiguration.

	
	Change management and documentation
	+1.00
	Change tracking present but informal.

	C3 Operations and human factors
	+1.50
	

	
	Procedures & work practices
	+1.00
	Procedures available but non-routine work dominates.

	
	Competence, roles & supervision
	+2.00
	Mixed experience levels and limited supervision during critical steps.

	
	Recording & traceability
	+1.00
	Manual operations with partial traceability.

	
	Staffing model & non-routine work
	+2.00
	Non-routine experiments and variable staffing.

	C4 Technical barriers and emergency readiness
	+0.25
	

	
	Detection & monitoring
	+1.00
	Detection available but not comprehensive.

	
	Ventilation & indoor confinement
	-1.00
	Operations performed under hood with effective room ventilation.

	
	Safeguards & barrier management
	+2.00
	Safeguards subject to temporary disable during experiments.

	
	Emergency response preparedness
	-1.00
	Emergency equipment and basic response organization available.



Finally, C4 provides a comparatively smaller contribution to the overall index. Ventilation (fume hood and room ventilation) and emergency preparedness provide partial credits; nevertheless, the results emphasize that barrier effectiveness must be maintained under indoor operation and during experimental campaigns where safeguards may be temporarily challenged or reconfigured. Moreover, sensing devices are only proximal and may not detect potential hazardous room accumulation in case of ventilation failure. 
Overall, the sub-index profile confirms that, for the analysed pilot-scale unit, dominant risk drivers extend beyond intrinsic process hazards and are strongly influenced by configuration dynamics (C2) and operational practices (C3)—dimensions that are particularly critical in pilot and research-scale environments.
Interpretation and identification of critical drivers
The sub-index profile for the Fischer–Tropsch pilot-scale unit highlights critical drivers closely linked to the experimental configuration and operating context, which are mainly governed by configuration-dependent vulnerabilities and operational practices rather than by intrinsic chemical hazards alone.
From a process and substance perspective (C1), the unit handles flammable synthesis gas mixtures (H₂/CO), highly exothermic reactions (HCs formation), and moderate pressure/temperature conditions typical of Fischer–Tropsch synthesis, supporting positive scores for intrinsic hazards and reactivity. However, the overall C1 contribution is moderated by limited inventories and hold-up, and by a chemistry and operating window reasonably characterized through previous campaigns and hazard analyses; intrinsic hazards are therefore relevant but not dominant.
The largest contribution arises from C2, driven by temporary configurations and interface management. The unit comprises modular sections (gas mixing, reaction, separation, analysis) that are frequently reconfigured, with extensive use of temporary lines, flexible hoses, adapters, and manual valves. Repeated connect/disconnect cycles under high-pressure gas service increase susceptibility to mis-connections and loss-of-containment, amplified by indoor operation and the need to maintain consistency between evolving configurations and relief/venting arrangements. Change dynamics are closely coupled: setpoints, procedures, and boundary conditions evolve across campaigns and troubleshooting, and previous HAZOP findings show that deviations often emerge under non-nominal conditions when design assumptions are no longer valid without systematic change management.
Operational drivers (C3) form the second major cluster. The unit relies on manual actions (gas feeding and dosing, valve manipulation, start-up/shutdown, sampling) often performed by mixed-experience teams, including students and early-stage researchers. In this context, competence alignment, authorization, and real-time supervision during critical steps are decisive, particularly near thermal or pressure limits.
The lower contribution of C4 (Technical Barriers and Emergency Readiness) reflects laboratory-scale mitigations (fume hood operation, mechanical ventilation, basic detection/isolation). Nonetheless, barrier effectiveness remains configuration- and campaign-dependent, and temporary weakening or bypassing during testing can rapidly reduce protection.
Overall, the critical drivers can be summarized as: (i) temporary and evolving configurations under high-pressure flammable gas service, and (ii) non-routine, manually intensive operations strongly dependent on supervision and human performance. These features explain why, in this case, the dominant risk profile arises from the interaction of configuration dynamics, operational practices, and barrier management, rather than from intrinsic process hazards alone.
Compared with conventional detailed methods such as HAZOP or quantitative risk analysis, the proposed index enables a much faster preliminary assessment, requiring only a structured checklist evaluation rather than a full hazard study. In practice, the methodology allows rapid comparison of alternative experimental configurations and identification of dominant risk drivers with limited data requirements. This screening capability can significantly support prioritization of safety improvements and guide the need for subsequent detailed analyses.
Conclusions
This work presents a structured safety index specifically developed for pilot and research-scale process facilities, aimed at capturing risk drivers that are often insufficiently addressed by traditional approaches when applied in academic or R&D environments. The application to a Fischer–Tropsch laboratory unit shows that dominant contributions to the risk profile arise from configuration-dependent aspects and operational practices, rather than from intrinsic process hazards alone. In particular, temporary interfaces, frequent reconfiguration, and non-routine activities combined with mixed-experience teams emerge as critical drivers. The results demonstrate that the proposed index provides a transparent and repeatable framework to synthesize heterogeneous safety-relevant information and to support prioritization across different risk dimensions. By highlighting where risk is concentrated, the index can guide targeted actions and the selection of appropriate follow-up analyses.
The proposed index is not intended to replace established process safety methods such as HAZOP, LOPA, or quantitative risk assessment. Rather, it provides a structured screening approach specifically suited to R&D environments, where experimental configurations change frequently and rapid preliminary evaluations are often required before more detailed analyses are conducted. In this sense, the index should be interpreted as a screening framework rather than a predictive risk model. Its initial validation is based on application to a representative pilot-scale process unit and on the consistency between the resulting risk profile and the known safety characteristics of the analysed system. Further validation across different pilot facilities and experimental campaigns represents an important direction for future research.
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