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Safe and Sustainable by Design (SSbD) implementation at Technology Readiness Levels (TRLs) 3-6 requires sustainability tools that are rapid enough for screening and robust enough to guide design and a stepwise selection approach. Yet the selection of semi-quantitative methods is often performed ad hoc, reducing transparency and making case-to-case comparison difficult. A case-adapted framework combining the TRAAC pillars - Transparency, Reliability, Accessibility, Applicability and Completeness - with a multi-criteria decision analysis (MCDA) workflow was therefore developed within SUNRISE European Project to support systematic semi-quantitative methods selection. Six candidate methods were assessed: Benefit Assessment Matrix (BAM), Circular Transition Indicators (CTI), Evaluation Matrix (EM), Multi-Perspective Application Selection (MPAS), Socio-Economic Life-Cycle-Based Framework (SELCBF) and Screening Sustainability Assessment (SSA). Expert scorecards were built across 31 criteria, and stakeholder priorities were represented through weighting scenarios defined on a discrete 0.00-1.00 scale. A Monte Carlo (MC) exploration of 100,000 weighting combinations was used to test ranking robustness. MPAS and SSA achieved the highest baseline scores (14.97 and 14.94), while BAM and CTI formed a second group (14.64 each).
Introduction
The effective implementation of Safe and Sustainable by Design (SSbD) principles at intermediate Technology Readiness Levels (TRLs) requires context-appropriate sustainability assessment methods, but current selection practices often lack structure, transparency and case-specific adaptability. In this scenario, SUNRISE is a European research project supporting the implementation of the SSbD concept for advanced materials and industrial innovation, in line with the European framework established for SSbD chemicals and materials (European Commission, 2022). The project aims to develop three-level practical methods (qualitative, semi-quantitative and quantitative), homogeneous selection criteria and decision-support tools to help researchers, companies and other stakeholders integrate safety and sustainability considerations from the early stages of design, particularly under conditions of limited data availability and uncertainty. During the development of the semi-quantitative setting, the connection with the different assessment levels is particularly relevant because semi-quantitative methods are expected to bridge the gap between early indicative qualitative signals and later extensive quantitative assessments, while remaining usable by companies with heterogeneous expertise and data availability. Accordingly, the semi-quantitative landscape consolidated in the project comprises Benefit Assessment Matrix (BAM), Circular Transition Indicators (CTI), Evaluation Matrix (EM), Multi-Perspective Application Selection (MPAS), Socio-Economic Life-Cycle-Based Framework (SELCBF) and Screening Sustainability Assessment (SSA). These methods convert mixed evidence, such as ordinal scales, expert judgement and sparse numerical information, into interpretable outputs for early design choices and stepwise decisions. Their main strengths are communicability, spreadsheet-friendliness and speed, while recurrent limitations include data availability, narrow applications, judgement bias, sensitivity to weighting and limited native uncertainty propagation.
The contribution of this paper is both methodological and practical. It proposes a Multi-Criteria Decision Analysis (MCDA) framework grounded in the TRAAC approach, originally conceived as a structured set of quality dimensions for evaluating the suitability of assessment methods in terms of Transparency, Reliability, Accessibility, Applicability and Completeness (Shandilya et al., 2023). The framework is then used to support the selection of semi-quantitative sustainability assessment methods, to analyse their performance under a broad range of stakeholder preference scenarios, and to reorganise the available indicators into preliminary building blocks for future integrated semi-quantitative SSbD implementation.
Materials and methods
Candidate methods and TRAAC-based comparison framework
Six methods were identified as the most widespread, as they represent complementary semi-quantitative logics for sustainability assessment. BAM (Hong et al., 2023) was considered as a stepwise selection-compatible matrix focused on benefit evidence. CTI (WBCSD, 2025) was selected because of its strong circularity and loop-based metrics. EM (Mio et al., 2018; Resen et al., 2023) was used as a generic criteria-by-alternatives MCDA structure. MPAS (Piccinno et al., 2016; Sudheshwar et al., 2023) was included as a decision-oriented framework for emerging materials under uncertainty. SELCBF (Stoycheva et al., 2022) extends screening towards socio-economic life-cycle aspects, whereas SSA (Menegaldo et al., 2025) provides a broad questionnaire-based SSbD hotspotting workflow. The framework was organised around five TRAAC pillars, i.e., Transparency, Reliability, Accessibility, Applicability and Completeness (Table 1), implemented through a criterion-level scoring system and expert justification. In the adopted structure, 31 criteria were distributed across the five pillars, with Completeness covering the widest range of sustainability aspects. These criteria were selected iteratively to provide non-overlapping coverage of the five TRAAC dimensions while retaining only properties that could be documented from method papers, technical guidance and representative applications. In this way, criteria selection balanced breadth and auditability: a criterion was retained only when it was relevant for discriminating among tools and could be judged on accessible evidence. This structure was designed to remain auditable while still allowing case-specific interpretation through weighting scenarios.
Table 1: TRAAC pillars adopted in the comparison framework and their main assessment focus.
	Pillar
	Criteria (n)
	Main assessment focus

	Transparency
	2
	Availability of the method and communication of assumptions, strengths and limitations

	Reliability
	3
	Testing or validation evidence, data quality and treatment of uncertainty

	Accessibility
	3
	Ease of use, guidance availability and implementation burden

	Applicability
	3
	Fit with intended context, stepwise selection compatibility and developer support

	Completeness
	20
	Breadth of sustainability coverage across innovation and life-cycle aspects


Scoring, weighting and scenario analysis
Each TRAAC criterion was scored by experts on a discrete four-level scoring system (0.00, 0.33, 0.67 and 1.00), chosen to keep judgments transparent while avoiding a false impression of precision. The scale was applied criterion by criterion, and every numerical assignment was accompanied by a short written justification identifying the evidence source and clarifying whether the tool genuinely performs a given function or merely imports external evidence. This point was essential because many semi-quantitative tools classify, or aggregate information produced elsewhere rather than calculating the underlying indicator internally. The scoring structure therefore operated at three nested levels. First, criterion-level scores captured specific properties such as validation, public guidance, handling of uncertainty, data-gap management and breadth of sustainability coverage. Second, criterion scores were averaged within the five TRAAC pillars to provide a readable profile for each tool. Third, the pillar scores were summed up to derive an overall expert baseline. In practical terms, this means that a high overall result could only be achieved by combining methodological clarity with adequate reliability, usability and breadth, rather than excelling in one dimension alone. Stakeholder weighting was then introduced to transform the expert baseline into a context-sensitive decision tool. The same four-point discrete scale was used for weights (0.00 = not relevant, 0.33 = low relevance, 0.67 = moderate relevance, 1.00 = high relevance), allowing companies to express which criteria should matter most in a specific case study. Weights were assigned at criterion level rather than only at pillar level, so that users could privilege specific properties within the same TRAAC dimension according to strategy, data readiness and implementation constraints. Weighted scores were obtained by multiplying the expert score of each criterion by the corresponding stakeholder weight and then aggregating the results across the full criterion set. When all weights are equal to 1.00, the calculation collapses to the expert baseline; when weights differ, the ranking changes in a fully traceable way (Figure 1).
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Figure 1: Decision flowchart for the selection of the most suitable semi-quantitative tool
To examine how strongly ranking outcomes depend on stakeholder preferences, the weighting framework was explored through 100,000 Monte Carlo (MC) scenarios. In each scenario, a value from the four-point weighting scale was randomly assigned to every criterion, thereby emulating a broad ensemble of plausible industrial profiles. This analysis served two purposes: first, to stress-test the scorecards against many possible user priorities; and second, to identify whether some tools dominate only because of structural scoring choices rather than because of genuinely broader suitability. The first MC run revealed overly uniform high scores on some criteria, which compressed discrimination among tools. A targeted recalibration was therefore performed only where evidence was weaker or where the tool relied mainly on external calculations. The final scenario analysis was run on this recalibrated baseline.
Expert evaluation workflow and decision logic
The expert appraisal was designed as a traceable two-stage workflow rather than as a simple scoring exercise. For each candidate tool, assessors first delimited the literature references used for the evaluation, including method papers, technical guidance, available manuals and representative applications. Only after this documentary perimeter had been clarified was the tool evaluated against the TRAAC criteria. This reduced ambiguity and ensured that tools were judged on what could actually be demonstrated from accessible evidence rather than on assumed capabilities. A second key element was the justification field associated with every criterion. Experts did not assign a number in isolation: each score had to be accompanied by a short written note identifying the supporting source and clarifying whether the criterion was fully met, partially met or only indirectly addressed through external modules. This point is particularly important for semi-quantitative tools, because many of them aggregate or classify indicators that are calculated elsewhere. The scorecards therefore function as auditable short reports, not just as matrices. Once the criterion-level judgements were completed, the scores were aggregated into pillar averages and then into an overall expert baseline. In operational terms, the expert baseline answers the question: which tool appears methodologically strongest if all criteria are considered equally relevant? The second stage then starts from this baseline and asks a different question: which tool becomes preferable once an industrial user specifies what matters most in the case at hand? In this sense, weighting does not replace expert judgement, but reinterprets the same auditable baseline in light of case-specific priorities. The framework is therefore deliberately dual: experts guarantee comparability and auditability, while stakeholders introduce contextual relevance. From a decision-making perspective, this structure has an important practical consequence. Users are not forced to choose between a purely expert-driven ranking and a fully subjective preference exercise. Instead, the framework combines both: the expert scorecards constrain the assessment to well-documented judgements, and the weighting sheet allows companies to prioritize the shortlist elements according to strategy, data readiness, implementation constraints and the type of sustainability question they want the semi-quantitative tool to answer.
Results and discussion
Expert baseline ranking and condensed interpretation
The recalibrated expert baseline shows a clear but not absolute hierarchy. MPAS obtained the highest total score (14.97), closely followed by SSA (14.94). BAM and CTI formed a second cluster at 14.64, while EM reached 12.95 and SELCBF 8.97. This outcome confirms that the most competitive semi-quantitative tools are those combining broad coverage with practical usability, rather than methods that are only theoretically comprehensive (Table 2). MPAS performed strongly because it aligns well with stepwise decision processes and handles heterogeneous early-stage evidence in a structured way. SSA reached a similar overall level from a broader screening perspective, benefiting from wide coverage and straightforward communication. BAM and CTI remain highly relevant but more targeted: BAM is particularly attractive when structured benefit evidence already exists, while CTI is most competitive when circularity and resource-loop optimisation are central. EM retains value as a generic MCDA scaffold, whereas SELCBF was penalised mainly by its dependence on strong external socio-economic datasets.
Table 2: Condensed synthesis of the six shortlisted semi-quantitative methods under the recalibrated expert baseline.
	Tool
	Dominant strengths
	Main limitation in the present setup

	MPAS
	Stepwise selection fit; accessible workflow; robust under varied preferences
	Needs clear rubrics and disciplined handling of data gaps

	SSA
	Broad life-cycle hotspot screening; easy communication
	Several outputs remain proxy-based or questionnaire-driven

	BAM
	Transparent benefit matrix and stage-wise logic
	Many quantitative dimensions depend on imported evidence

	CTI
	Strong circularity and resource-loop perspective
	Narrower unless complemented by other environmental/economic modules

	EM
	Communicable generic MCDA structure
	Limited embedded sustainability content

	SELCBF
	Explicit socio-economic life-cycle lens
	Strong dependence on robust external datasets and modules


Robustness under stakeholder weighting scenarios
The MC exploration adds a robustness dimension that cannot be obtained from a single expert ranking. Instead of asking only which tool scores highest on average, the analysis asks whether that position is maintained when stakeholder priorities change substantially. Under the recalibrated baseline, SSA emerges as the most frequently top-ranked tool, accounting for roughly one third of all simulated weighting profiles, while MPAS shows a very similar behaviour and recurrently occupies first or second position. BAM and CTI remain competitive under a substantial share of scenarios, whereas EM and SELCBF only rarely become the best option (Figure 2). This pattern indicates that the leading positions are not random artefacts but remain resilient across a broad preference space. 
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Figure 2: First-place frequencies before and after recalibration in the Monte Carlo analysis.
Robustness, however, does not mean universal superiority. The rank distributions show that tools occupy different strategic niches. SSA is favoured when weighting profiles stress Completeness and Reliability, because its questionnaire structure spans many life cycle stages and innovation dimensions and performs well as a broad early hotspotting device. MPAS tends to benefit from stronger emphasis on Applicability and Accessibility, reflecting its stepwise selection logic, practical workflow and good fit with heterogeneous early-stage evidence. CTI becomes more attractive when circularity-oriented priorities are dominant, BAM when structured decision matrices and externally generated evidence are already available, EM may instead appeal in contexts where transparency, simplicity and rapid interpretability are valued more than broad assessment coverage, and SELCBF only in more specific profiles that explicitly reward socio-economic breadth (Table 3). This interpretation is important for industrial use. A company that needs a broad initial screening under partial information may legitimately converge towards SSA or MPAS, whereas a company primarily interested in circularity communication or resource-loop analysis may obtain CTI as the most coherent option even if its global average score is lower. Likewise, BAM can become preferable when the user already has external environmental or hazard evidence and needs a transparent stepwise selection matrix to organise it. In this sense, the robustness analysis does not eliminate plurality; instead, it clarifies which conclusions are stable and which remain conditional on strategic preferences. A further methodological insight is that the MC stress test also validated the recalibration step. In the initial run, some criteria had been interpreted too generously for tools that mainly classify imported evidence, which caused artificial dominance in the first-place frequencies. After recalibration (Figure 2), the ranking landscape became more balanced while preserving the separation between the upper and lower tiers. This is a useful signal for future SSbD applications: when semi-quantitative tools are compared, robustness analysis should be used not only to represent stakeholder diversity but also to diagnose score inflation and improve the discriminating power of the framework.
Table 3: Qualitative reading of the stakeholder-weighting profiles associated with the best performance of the main shortlisted tools.
	Tool
	Weighting profile that tends to favour it
	Practical interpretation

	SSA
	Higher emphasis on Completeness and Reliability
	Broad early-screening option when many sustainability dimensions must be scanned at once

	MPAS
	Higher emphasis on Applicability and Accessibility
	Strong fit for stepwise decisions under heterogeneous evidence and practical constraints

	CTI
	Stronger circularity-oriented priorities
	Useful when resource loops and circular transition questions dominate the decision

	BAM
	Need for transparent staged matrix plus external evidence already available
	Suitable for structuring externally produced environmental or risk information in a decision matrix

	EM
	Preference for simplicity and transparency
	Useful for quick and easy comparative appraisal

	SELCBF
	Stronger emphasis on socio-economic aspects
	Useful when socio-economic aspects are included as a complementary perspective


Guidance for industrial tool selection
The framework becomes operational for industry when the weighting scenarios are interpreted as a map of case studies rather than as an abstract sensitivity test. In practice, the user first defines the decision context: broad early screening, stepwise filtering, circularity-oriented redesign, or socio-economic complementarity. The next step is to identify which TRAAC pillars are strategically dominant. For example, a company with scarce data but a need for broad hotspotting will tend to privilege Completeness and basic Reliability, whereas a company focused on deployment constraints may give more importance to Applicability and Accessibility.
In this reading, SSA is particularly attractive when the user needs a rapid, broad and communicable initial assessment across many sustainability dimensions, accepting that several detailed indicators will still have to be supported by external evidence. MPAS becomes especially useful when the industrial decision is embedded in a stepwise or portfolio-selection process and when heterogeneous information must be organised into a practical screening logic. CTI is a natural candidate when the core objective is to understand circular flows optimisation, while BAM is relevant when the company already has external evidence and wants to structure it in a transparent benefit-oriented matrix. EM may still represent a useful option when the priority is to maintain a simple and transparent evaluation structure, especially in contexts where ease of use and rapid interpretability are valued over broad methodological coverage. Similarly, SELCBF can provide added value when socio-economic aspects are intended as a complementary perspective within the assessment, even if its narrower scope makes it less suitable as a stand-alone method for broad semi-quantitative SSbD screening (Table 4).

Table 4: Practical reading of the framework for industrial tool pre-selection based on decision context and weighting priorities
	Industrial need or context
	TRAAC emphasis typically implied
	Tools most likely to fit

	Rapid broad screening under partial information
	Completeness + basic Reliability
	SSA, MPAS

	Stepwise filtering with heterogeneous evidence
	Applicability + Accessibility
	MPAS, BAM

	Circularity-focused design or resource-loop optimisation
	Applicability + circularity-specific evidence
	CTI

	Need to organise external evidence in a transparent matrix
	Transparency + staged decision logic
	BAM

	Generic communicable matrix for preliminary comparison
	Accessibility + simplicity
	EM

	Socio-economic complement to wider sustainability screening
	Completeness with socio-economic emphasis
	SELCBF (mainly as complementary option)



The main value of the scenario analysis is therefore not to produce a single winner, but to reduce mismatch between tool choice and decision need. A firm that overemphasises generic completeness may adopt a tool that is difficult to implement; conversely, a firm that focuses only on usability may overlook relevant sustainability dimensions. By linking weighting profiles to tool suitability, the framework encourages an explicit involvement of technical teams, sustainability experts and decision-makers before the tool is selected.
From an implementation viewpoint, the proposed workflow can be translated into a simple industrial selection protocol. First, the company fills in the weighting sheet criterion by criterion. Second, the resulting weighted ranking is inspected together with the pillar profile of the leading tools. Third, the selection is validated qualitatively by checking whether the highest-ranked tool is coherent with the intended case study, internal competencies and available data streams. If the top two tools remain close, both can be retained for a short parallel pilot. This makes the framework conservative enough for industrial use while preserving transparency.
Conclusions
Overall, the proposed TRAAC-based MCDA framework proved effective in translating a heterogeneous set of semi-quantitative methods into a comparable and auditable expert baseline. Among the assessed tools, MPAS and SSA showed the strongest general-purpose performance, combining high baseline scores (14.97 and 14.94, respectively) with robust behaviour across 100,000 weighting scenarios. Beyond ranking alone, the scenario analysis also showed that tool suitability depends on the decision context: SSA and MPAS are better suited to broad preliminary assessment, MPAS and BAM are more consistent with stepwise implementation pathways, and CTI becomes more relevant when circularity is prioritised. These findings support the use of the framework as a transparent basis for semi-quantitative tool selection and for its future integration with more quantitative SSbD components.
Nomenclature
BAM - Benefit Assessment Matrix; CTI - Circular Transition Indicators; EM - Evaluation Matrix; MC - Monte Carlo; MCDA - Multi-Criteria Decision Analysis; MPAS - Multi-Perspective Application Selection; SELCBF - Socio-Economic Life-Cycle-Based Framework; SSA - Screening Sustainability Assessment; SSbD - Safe and Sustainable by Design; TRAAC - Transparency, Reliability, Accessibility, Applicability and Completeness; TRL - Technology Readiness Level.
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