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safe and sustainable chemicals were 
revised. 

• Characteristics of the safe and sustain-
able by design chemicals evaluation 
were identified. 

• Different aggregation methods and ap-
proaches to consider uncertainty were 
explored. 

• Multiattribute aggregation should be 
complemented with a detailed 
dashboard.  
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A B S T R A C T   

The development of safe and sustainable chemicals and materials is essential to achieve the Zero-Pollution 
Ambition for a Toxic Free Environment stated in the EU Green Deal. For that, criteria need to be defined and 
considered since early stage of development. A Safe and Sustainable by Design (SSbD) framework is proposed in 
an EU Recommendation suggesting the assessment of multiple safety and sustainability aspects of chemicals and 
materials leaving open how the evaluation and selection of the preferable option should be done. This paper 
presents a proposal with different options for the use of multiattribute aggregation in an evaluation procedure for 
the SSbD assessment of chemicals and materials. This proposal is based on i) a review of the literature focusing on 
Multi-Criteria Decision Analysis (MCDA) application in the SSbD context (i.e. applications considering simul-
taneously safety and sustainability attributes) and ii) the definition of requisites for MCDA to be applied to the 
SSBD framework. In the latter, an absolute rather than a relative assessment is preferred as it should be possible 
for an organization developing a new chemical or material to assess if it is SSbD, without needing to obtain data 
on all of its possible competitors. Moreover, rank-reversals caused by the introduction of other options are 
avoided, i.e., assessments of one alternative that depends on other alternatives being assessed simultaneously are 
not the most adequate. Different options for the aggregation of attributes at different levels are discussed as well 
as for the consideration of data quality in the evaluation procedure. Regardless the approach selected, the use of 
multiattribute aggregation does not rule out a richer dashboard presenting not only the overall aggregate result, 
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but also the results obtained in other levels of the hierarchy. Such complementary information is important to 
understand the strengths and weaknesses that an aggregate result might hide.   

1. Introduction 

One of the European Green Deal priorities is a Zero-Pollution 
Ambition for a Toxic Free Environment (EC, 2019). To achieve this 
objective, several initiatives have been developed, including the publi-
cation of a strategy on the sustainable use of chemicals: the Chemicals 
Strategy for Sustainability (CSS) (EC, 2020). A key action in the CSS is to 
develop EU ‘safe and sustainable-by-design’ (SSbD) criteria for chem-
icals, which should cover the different dimensions of sustainability, 
integrating safety, circularity and functionality of substances, advanced 
materials, products and processes throughout their lifecycle and by 
minimizing their environmental footprint (EC, 2020). 

To support the development of SSbD criteria, the European Com-
mission Joint Research Centre developed a framework (Caldeira et al., 
2022a) that underpins the Commission recommendation on SSbD 
recently published (EC, 2022). The recommendation proposes the 
assessment of multiple safety and sustainability aspects of chemicals and 
materials without providing how one should deal with the multi- 
dimensional nature of this assessment for which decision support is 
needed. The review of existing multi-dimensional assessment frame-
works for SSbD (Caldeira et al., 2022b) identified conceptual and 
operational frameworks, being the latter more limited and for which a 
procedure to support decision making is not provided. 

A well-established approach for decision support is Multi-criteria 
Decision Aiding (or Analysis) (MCDA), which recognizes that decision 
makers may assess the objects of the evaluation (chemicals, materials, 
processes, etc.), usually named “alternatives” in MCDA, on multiple 
incommensurable dimensions. MCDA allows the participants in a deci-
sion process to include all of their perspectives, it allows focusing on a 
single dimension at a time, and it allows seeing the final decision as a 
compromise among different objectives, since typically no alternative is 
the best one on all the dimensions considered (Bouyssou, 1993). MCDA 
has been extensively used in the context of environmental management, 
with several books and reviews dedicated to this topic (e.g., Ehrgott and 
Stewart, 2010; Huang et al., 2011; Linkov et al., 2020; Linkov and 
Moberg, 2012). 

The MCDA methodology encompasses several stages: a) Structuring, 
in which the scope of the assessment is delimited, the set (often a hier-
archy) of objectives and attributes is structured, and the set of alterna-
tives is developed; b) attribute-wise assessment, using direct 
measurements or defining suitable indicators; and c) multiattribute ag-
gregation, in which the attribute-wise assessments are aggregated in 
order to produce a recommendation. This stage entails choosing the 
MCDA aggregation method, eliciting its parameters (including those 
related to weighing), obtaining overall results, and possibly performing 
sensitivity and robustness analyses to appraise how the results depend 
on the parameter values. 

In the context of SSbD, multiattribute aggregation is to be used in an 
evaluation procedure for the safety and sustainability of chemicals and 
materials. Several dozens of methods for muiltiattribute aggregation 
have been proposed in the literature, as well as several taxonomies 
(Cinelli et al., 2020; Dias et al., 2019; Roy, 1996). Against this multitude 
of options it is relevant to identify the most appropriate multiattribute 
aggregation methods to be used in the context of SSbD. Therefore, 
building on a review on existing approaches and their potential appli-
cability, the objective of this paper is to analyse the use of MCDA in 
support of the development of ‘safe and sustainable-by-design’ criteria 
for chemicals. The novelty of the present study lies in the specific review 
of the current MCDA methods applied to SSbD and the definition of 
requisites for MCDA to be applied in the SSbD framework (presented in 
Section 2) as a basis to propose possible options for the use of 

multiattribute aggregation in an evaluation procedure for the safety and 
sustainability of chemicals and materials (Section 3). 

2. Background: literature review and requisites for the 
framework 

To build a proposal with possible options for the use of multiattribute 
aggregation in an evaluation procedure for the SSbD assessment of 
chemicals and materials, two initial steps were taken. Step one was a 
review of the literature focusing on MCDA application in the SSbD 
context (i.e. applications considering simultaneously safety and sus-
tainability attributes), presented in Section 2.1. The second step was the 
definition of requisites for MCDA to be applied to the SSbD framework 
proposed by Caldeira et al. (2022a), which are presented in Section 2.2. 

2.1. Review of literature on MCDA applied to safety and sustainability 
assessments 

MCDA has been highlighted as a key instrument for sustainability 
assessment in general, as discussed in major works and reviews by 
Munda (2005), Cinelli et al. (2014), Ibáñez-Forés et al. (2014), Diaz- 
Balteiro et al. (2017), or Lindfors (2021). These works highlight some of 
the strengths of MCDA concerning sustainability assessments, which 
include its alignment with the multidimensionality intrinsic to the sus-
tainability concept, its potential to engage and to dialogue with stake-
holders, its transparency and its emphasis on finding compromise 
solutions. 

These works also highlight the methodological diversity of the 
MCDA field, acknowledging the difficulty of suggesting a single MCDA 
method as the best one for all situations. Some criteria have been sug-
gested to guide this choice, such as scientific soundness, and feasibility 
(Cinelli et al., 2014), among many other criteria that are being proposed 
in the context of projects, most recently in Orienting Huysveld et al. 
(2021) and GLAM (Cinelli et al., 2022) projects. 

In a recent review, Lindfors (2021) covers 280 articles, showing the 
increasing popularity of MCDA in sustainability assessments. Most of the 
applications addressed the energy sector, the construction sector, and 
the agri-food sector. Closer to the SSbD focus, 13 studies in the chemical 
industry plus two in nanotechnology were reported. Lindfors presents 
the choices made in these studies concerning attributes, normalization, 
weighting, and aggregation method (as Ibáñez-Forés et al. (2014) and 
Diaz-Balteiro et al. (2017) did earlier). In many cases, these choices were 
not explained by the respective authors, motivating Lindfors to call for 
increased transparency about methodological choices in published 
studies. Another important issue mentioned by Lindfors and other au-
thors is the use of tools to address uncertainty, both related to value 
judgments and to data quality. 

Also in relation with sustainability assessment, MCDA is often used in 
combination with Life Cycle Assessment (LCA) (Dias et al., 2019; Zan-
ghelini et al., 2018), being considered as a means of weighting impact 
indicators at the interpretation stage (Pizzol et al., 2017; Roesch et al., 
2020). MCDA is mostly associated to panel weighting, often involving 
participatory MCDA approaches (e.g., (Marttunen and Suomalainen, 
2005; Munda, 2004; Mustajoki et al., 2004), which is a common type of 
weighting together with other types such as distance to target weighting, 
monetary weighting, etc. (Lindfors, 2021; Pizzol et al., 2017; Roesch 
et al., 2020; Sala et al., 2018). 

MCDA has been used to support sustainability assessment concerning 
many different kinds of systems, products and services. Other studies 
have focused on safety rather than sustainability, and some studies 
addressed both safety and sustainability. A search for MCDA, 
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sustainability or safety, and chemicals, substances and materials in the 
Scopus database with the Query: (multicriteria OR multi-criteria OR 
“multiple criteria” OR mcda OR mcdm OR multiattribute) AND (chemical 
OR material OR substance) AND (safe* or sustainab*) in Title, Abstract or 
Keywords returned almost 1700 results (17/07/2023), with numbers 
increasing in recent years. Among these, 1243 results are articles pub-
lished in journals. Focusing on journal articles, those that did not 
explicitly assess chemicals or materials were excluded. Excluded studies 
deal with topics such as supply chain management (e.g., supplier se-
lection, transportation, location), waste management (recycling, mate-
rials recovery, remediation), farming, and building design or 
retrofitting, to name some of the most common purposes. 

This process resulted in 110 papers closer to the SSbD focus to be 
further analysed (presented in Supplementary Information (SI), merely 
as examples of the variety of existing efforts). Most applications of 
MCDA for sustainability or safety assessment of materials and chemicals 
address materials for the construction sector (36 studies, addressing 
building materials, road pavements, etc.). The other main groups iden-
tified were a group on chemical industry processes (23 studies), often to 
produce well-known substances such as hydrogen, as well as a group on 
materials for the automotive and aviation sector (11 studies), and a 
group on fuels (8 studies). 

Among the 110 reviewed studies, only 27 consider both safety and 
sustainability, use MCDA, and focus on chemicals or materials. Table 1 
presents these studies, indicating their purpose, the chemicals or ma-
terials assessed, the life cycle stages encompassed, the indicators used in 
the assessment, normalization used, MCDA method, and weighting 
process. More than half of these studies assess chemical industry pro-
cesses (13 studies) or (bio)fuels (five studies). With only one exception 
(van Dijk et al., 2022), these studies make comparative assessments, 
either comparing different chemicals or materials, or comparing 
different ways to produce a given chemical. 

Only seven studies mention explicitly that they include several stages 
of the chemical or material's life cycle, either covering the entire life 
cycle or adopting a cradle to gate scope. Eleven studies focused on the 
production (manufacturing) stage, one study focused on the use stage, 
another one on the use and end of life. The remaining ones are not 
explicit about the life cycle stages considered. Three of the studies 
assessed only environmental and safety indicators; most of the studies 
included additional technical or economic indicators, the latter being 
more common. Concerning environmental indicators, those related with 
Global Warming Potential (GWP) were the most common. A few studies 
used comprehensive life cycle impact assessment methods, namely 
ReCiPe (Goedkoop et al., 2009; Huijbregts et al., 2016) and Eco- 
Indicator (Goedkoop et al., 2009), either presenting multiple in-
dicators, or presenting a synthesis score (in the case of Eco-indicator). 
Concerning safety, the chosen indicators are very diverse, in some 
cases computing a single safety index or risk score, and in other cases 
presenting multiple context-specific safety indicators. 

An article by Stoycheva et al. (2022), not included in Table 1 for not 
featuring an environmental assessment, is noteworthy for its focus on 
social life cycle assessment (S-LCA) to support SSbD decision making. 
Rather than proposing comparative assessments, it aims at informing 
self-assessments (screening) of chemicals under development, with a 
focus on nanomaterials. 

Concerning the use of MCDA methods, two approaches stand out: An-
alytic Hierarchy Process (AHP) (Forman and Gass, 2001; Saaty, 2005) was 
used in eleven studies, sometimes only to obtain weights that are then 
inputs to other MCDA methods; Weighted averages, including Multi-
attribute Utility Theory (MAUT) (Keeney, 2006; Keeney and Raiffa, 1993), 
were used in four studies. Other methods were used less frequently. 

Four studies did not actually perform an MCDA aggregation, using 
charts (e.g., spider charts, bar charts) to compare side by side the scores 
or the rankings of the alternatives compared on multiple indicators. In 
the study of Tahmid and Syeda (2023), the absence of an MCDA ag-
gregation was justified by the fact that one of the alternatives was the 

best in the two criteria used, and the authors suggest using additional 
criteria (namely costs) and TOPSIS to perform an aggregation. Other 
studies are not included in Table 1 for not mentioning MCDA, and 
therefore not being encompassed by the search keywords. A recent 
noteworthy example is the article by Pizzol et al. (2023) addressing 
early-stage screening of multi-component nanomaterials. These authors 
proposed and applied a framework to compare qualitatively whether a 
material is better than a benchmark (yes, no, not known) over multiple 
safety, environmental, economic and social items, allowing to display 
the proportion of items where the new product is superior. As most of 
the methods used require that indicators are given in commensurable 
scales, a normalization operation is performed, the most common one 
being a max-min ratio normalization, e.g., giving for each indicator a 
normalized score of 0 to the worst alternative being assessed and a 
normalized score of 1 to the best one. It should be highlighted that all 
these studies were comparative assessments comparing multiple alter-
natives. Indeed, methods such as AHP and PROMETHEE (Brans et al., 
1986), as well as the use of internal normalizations based on the best and 
worst observed impacts, makes no sense when only one (or even two) 
alternatives are being assessed. 

The weights used in the MCDA aggregation, when present, usually 
reflect the perspectives of experts (in seven of the studies) or the per-
spectives of the authors of the study (in seven of the studies), or using a 
default weighing vector (e.g., equal weights). In the study by Purker 
et al. (2023), multiple stakeholders were surveyed to obtain weights. 

2.2. Requisites multiattribute aggregation in the SSbD framework 

The SSbD framework proposed in Caldeira et al. (2022a) defines a 
preliminary set of requisites to be taken into account when suggesting an 
overall evaluation procedure for SSbD. Table 2 lists the main requisites 
and their implications. 

A key aspect of the framework is the hierarchical approach in which 
the evaluation procedure is underpinned by a hierarchical principle and 
the chemical/material should be considered SSbD if passing the criteria 
defined for safety and environmental sustainability. Therefore, the ag-
gregation approach should respect the predefined hierarchy and not 
allow trade-offs allowed between safety and environmental perfor-
mance. One dimension cannot compensate for weaknesses on the other 
dimension. If the minimum criteria for safety dimension are not met, 
then the chemical/material cannot be considered as SSbD. 

A criterion should be defined as an aspect with an assessment method 
and a minimum or maximum threshold or target values, on which a 
decision can be based. Ideally, each attribute is associated with 
thresholds to act as classification criteria. This is more straightforward 
for safety assessments in which threshold values are normally available, 
but not usually done in environmental LCA. To overcome this, the 
ambition of the SSbD is to move from relative (safer and more sustain-
able) to absolute (safe and sustainable) improvements, ensuring that 
chemicals and materials are produced and used without exceeding 
acceptable boundaries. The procedure should evaluate each chemical or 
material based on its own merits (absolute evaluation independent from 
other chemicals or materials being assessed). The outcome of this 
assessment can be reflected in a qualitative level (rating) or having 
numerical values to be compared with thresholds. 

The result of the evaluation can be expressed either as a class of SSbD 
(poor, good, very good) or with a numerical score derived from the 
combination of the individual scores in each aspect. The result can be 
provided on an ordinal scale as a qualitative level, i.e. a rating (Colorni 
and Tsoukiàs, 2021). Alternatively, it can be a continuously varying 
numerical value. 

The fact that the evaluation procedure should be applied to new 
chemicals and materials or to existing ones implies that the data avail-
ability and quality can vary widely among attributes, leading to the need 
of considering data quality and uncertainty when taking decisions 
regarding the development of the chemicals. 

L.C. Dias et al.                                                                                                                                                                                                                                  



ScienceoftheTotalEnvironment916(2024)169599

4

Table 1 
Previous MCDA studies addressing sustainability and safety of chemicals or materials.  

Authors (Year) Purpose Chemical/Material Life cycle 
stages 

Environmental assessment Safety assessment Other assessments Normali-zation MCDA method Weighting 

(Abdel-Basset 
et al., 2021) 

Comparison of 
hydrogen 
production 
options 

Hydrogen Production Contaminants emission, 
land requirements, rigid 
waste generation 
(Qualitative assessments 
from experts) 

Influence in public health 
(Qualitative assessments 
from experts) 

Economic, technical, 
and social 
(Qualitative 
assessments from 
experts) 

N/A Analytic 
Hierarchy 
Process (AHP)- 
COPRAS-EDAS 

Weights provided 
by experts 

(Acar et al., 
2018) 

Comparison of 
alternative 
hydrogen 
production 
options 

Hydrogen Production GHG emissions, land use, 
water discharge quality, and 
solid waste (Qualitative 
assessments from experts) 

Impact on public health 
(Qualitative assessments 
from experts) 

Economic, technical, 
availability and 
other social 
(Qualitative 
assessments from 
experts) 

N/A hesitant fuzzy 
AHP 

Weights provided 
by three experts 
from hydrogen 
production 
industry 

(Acar et al., 
2022) 

Comparison of 
fuel cells 

polymer electrolyte 
membrane, alkaline, 
phosphoric acid, molten 
carbonate, and solid 
oxide fuel cells 

Not explicit GHG, Land use, water 
discharge quality, solid 
waste generation 
(Qualitative and 
comparative assessments 
from three experts) 

Human Health Impact 
(Qualitative and 
comparative assessments 
from three experts) 

Economic, technical, 
and social 

N/A AHP (fuzzy 
variant) 

Weights provided 
by experts 

(Alkhatib et al., 
2021) 

Comparison of 
Hybrid Solvents 
for acid gas 
removal 

mixtures of chemical 
solvents 

Cradle to 
grate 

LCA indicators (Cumulative 
energy demand, GWP, Eco- 
indicator 99) - assessment 
method FineChem Tool 

Health and safety hazards Relevant 
physicochemical 
solvent properties - 
using Polar soft- 
SAFT 

N/A Single-criterion 
rankings are 
compared, 
without an 
overall 
aggregation 

N/A 

(Banimostafa 
et al., 2012) 

Comparison of 
chemical routes 
during early 
process design 

4-(2-methoxyethyl)- 
phenol (MEP) and methyl 
methacrylate (MMA) 

Not explicit CED (Ecoinvent) Risks (toxicity, safety, etc) – Internal (max-min 
normalization and 
other) 

principal 
component 
analysis (PCA) 
based 

Driven by the PCA 

(Crivellari et al., 
2021) 

Comparison of 
alternative 
processes for 
synthetic 
methanol 
synthesis 

Methanol Production Technological performance 
(energy efficiency) Env. 
Performance (Levelized 
GHG Emissions- the 
averaged emission over the 
lifetime of the process 
scheme) 

Safety (Inherent hazard of 
the production unit with 
respect to humans) 

Economic 
performance 

Between zero 
(undesired) and 1 
(desired) 
comparing the 
actual indicator 
with respect to a 
given target value 

AHP Four perspectives: 
Individualist, 
Egalitarian, 
Hierarchist, and 
Equal weighting 

(Dinh et al., 
2009) 

Comparison of 
biodiesel 
production 
alternatives 

Biodiesel from 5 different 
feedstocks 

All LCIA (GHG, water, land 
use), 

methanol ratio, flash point Economic and 
technical 

N/A AHP Weights defined by 
the authors 

(Iranfar et al., 
2023) 

Comparison of 
construction 
materials 

Eight traditional and new 
construction materials 

Production Water, Energy, 
Recyclability, Sustainability 
(qualitative assessments) 

Safety for workers 
(qualitative assessment) 

Resource 
availability and 
technical 

Internal (division 
by vector norm) 

AHP (fuzzy), 
TOPSIS, VIKOR, 
WASPAS 

Weights defined by 
the authors 

(Janošovský 
et al., 2022a, 
2022b) 

Comparison of 
hydrogen 
production 
processes 

Hydrogen Not explicit Environmental Impact (C 
factor, Eco-Indicator 99) 

Process Safety (Process 
Route Index, 
Comprehensive Inherent 
Safety Index) 

Economic, Material 
and energy 
utilization 

Internal (max-min 
normalization) 

AHP Weights defined by 
the authors 

(Jia et al., 2016) Comparison of 
chemical 
processes 

chemicals in general, 
example for ethanol 

Production Environmental (global 
warming potential (GWP), 
photochemical oxidation 
potential (PCOP), ozone 
depletion potential (ODP), 
acidification potential (AP), 
eutrophication potential 
(EP), human toxicity 
potential by ingestion 

Safety (inherent safety, 
process safety) 

Economic Integer 1–5 scores Analytic 
Hierarchy 
Process (AHP) 

Weighs provided 
by decision makers 
and domain experts 

(continued on next page) 
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Table 1 (continued ) 

Authors (Year) Purpose Chemical/Material Life cycle 
stages 

Environmental assessment Safety assessment Other assessments Normali-zation MCDA method Weighting 

(HTPI), human toxicity 
potential by exposure both 
dermal and inhalation 
(HTPE), aquatic toxicity 
potential (ATP), and 
terrestrial toxicity potential 
(TTP). 

(Li et al., 2011) Comparison of 
biodiesel 
production 
processes in early 
design stages 

Biodiesel produced using 
two processes 

Production Waste Reduction (WAR) 
Algorithm 

Enhanced Inherent Safety 
Index 

Economic, efficiency Internal (max-min 
normalization) 

Weighted 
average 

Equal weights 

(Liew et al., 
2013) 

Comparison of 
biodiesel 
production 
pathways during 
R&D 

8 Biodiesel pathways 
using different feedstock 
and transesterification 
processes 

Not explicit Inherent Environmental 
Toxicity Hazard 

Prototype Index of 
Inherent Safety, Inherent 
Occupational Health Index 

– Internal (max-min 
normalization) 

Maxmin (fuzzy 
variant) 

N/A 

(Limleamthong 
et al., 2016) 

Comparison of 
molecules to 
screen inefficient 
chemicals and 
provide 
improvement 
targets 

Chemicals, example for 
amine-based solvents for 
CO2 capture 

Cradle to 
Gate for 
LCA 
impacts 

Eco-Indicator 99 vapor pressure, fire & 
explosion mobility, acute 
toxicity 

Other properties N/A Data 
Envelopment 
Analysis 

Weights computed 
from the data (a 
different vector for 
each alternative) 

(Morales et al., 
2016) 

Assess alternative 
ways of 
producing 
Succinic acid 

Succinic acid Cradle to 
gate 

Env - LCA (non-renewable 
cumulative energy demand 
(CED), the global warming 
potential 100a (GWP) and 
eco-indicator 99 (EI-99)) 

Env, Health, Safety Hazard 
assessment (physical and 
chemical properties to 
describe eleven dangerous 
properties; assess the 
damage to the 
environment, the 
workplace and 
surroundings in accidental 
scenarios and damage to 
workers' health as a result 
of long-term exposure to 
the chemicals in the 
process) 

Eco - Operating costs N/A Single-criterion 
rankings are 
compared, 
without an 
overall 
aggregation 

N/A 

(Moretti et al., 
2017) 

Comparison of 
cement powders 

Portland-pozzolana 
cement 

Production Global Warming Potential, 
Ozone Depletion Potential, 
Photochemical Ozone 
Creation Potential, 
Eutrophication Potential, 
Non-hazardous Waste, 
Hazardous Waste, 
Renewable resources with 
energy content, Non- 
renewable resources with 
energy content, Electricity, 
Water consumption 

Risks for construction 
industry workers: noise, 
whole body vibrations 
(WBV), hand-arm 
vibrations (HAV), exposure 
to allergizing substances, 
exposure to Cr(VI) 
(hexavalent chromium), 
and exposure to free 
crystalline silica (FCS) 

socio-economic N/A Analytic 
Hierarchy 
Process (AHP) 

Weights provided 
by technicians from 
different 
backgrounds 
experts in the fields 
of environment, 
human health and 
economy 

(Narayanan 
et al., 2007) 

Comparison of 
biodiesel 
production 
alternatives (incl. 

Biodiesel alternatives (4 
raw materials, 3 
catalysts, and other 
process variables) 

All LCIA (GWP, Ozone, Acid., 
Ecotoxicity etc) 

qualitative risk assessment 
matrix (personnel, 
environment) 

Economic and 
technical 

N/A Analytic 
Hierarchy 
Process (AHP) 

Weights defined by 
the authors 

(continued on next page) 
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Table 1 (continued ) 

Authors (Year) Purpose Chemical/Material Life cycle 
stages 

Environmental assessment Safety assessment Other assessments Normali-zation MCDA method Weighting 

Raw materials 
and process) 

(Posada et al., 
2013) 

To assess 
bioethanol as a 
chemical building 
block for 
biorefineries vs. 
fossil fuel 

12 bioethanol-based 
products (Ethylene, 
Propylene, etc.) 

All LCIA (CED, GHG) Environmental-Health- 
Safety index (EHSI) and 
risk aspects 

Economic Internal (based on 
the worst impacts) 

Weighted 
average 

Weights provided 
by experts 

(Purker et al., 
2023) 

To assess nano- 
materials 

Two studies: Carbon 
nanofibers, nano- 
materials in tire rubber 

All Envirnmental LCA (details 
not provided) 

Worker safety (details not 
provided) 

Economic, social 
and technical 
aspects 

External 
considering a 
“neutral” option 

ELECTRE TRI / 
SMAA 

Survey to 
stakeholders 

(Saavalainen 
et al., 2015) 

Comparison of 
Chemical 
Processes 

dimethyl carbonate Production feedstock renewability, 
energy intensity, waste 
generation, CO2 balance 

chemical safety indicator economic indicators, 
process conditions 
and innovation 
potential 

Internal (max-min 
normalization) 

Only 
visualization 
(spidergram) 

N/A 

(Samani et al., 
2015) 

Comparison of 
materials for 
buildings 

polymer matrix 
composite sandwich 
materials 

Production Envir, LCA (ReCiPe) Fire performance mechanical, thermal 
and acoustic 
properties, costs 

ReCiPe PROMETHEE II ReCiPe and authors 

(Seker and 
Aydin, 2022) 

Comparison of 
processes to 
obtain hydrogen 
from H2S 

Hydrogen Production Ecological feasibility, 
Energy requirement 
(Qualitative assessments 
from experts) 

Environmental and 
occupational safety 
(Qualitative assessments 
from experts) 

Economic and 
technical aspects 

Internal (max-min 
normalization) 

SWARA (fuzzy) 
and IVIF- 
WASPAS 

Group of experts 

(Shi et al., 2014) Comparison of 
snow and ice 
control chemicals 
for highways 

13 rock salts,3 IceSlicer 
products, 8 salt brines, 
and a corrosion-inhibited 
magnesium chloride 

Use Lethal concentration (ALC) 
for aquatic species; 
chemical oxygen demand; 
biochemical oxygen 
demand; risk to air quality 
(particle matter) 

Chloride anion emission Economic and 
technical 
performance 

Internal (max-min 
normalization) 

Weighted 
average 

Equal weights 

(Simanovska 
and Grigale- 
Soročina, 
2016) 

Comparison of 
nail polish 
products 

Nail polish, Gel polish, 
Hybrid polish 

All, but no 
LCA 

Use of fossil fuel GHS classification, EDS 
classification 

Durability N/A Only 
visualization 
(spidergram) 

N/A 

(Sun et al., 
2023) 

Compare 
distillation 
processes for 
complex 
azeotropic 
mixtures 

Three processes to 
separate ACN/EtOH/ 
water 

Production CO2 emissions Inherent safety (PRI index) Costs Internal (division 
by vector norm) 

TOPSIS Entropy weighting 

(Tahmid and 
Syeda, 2023) 

Propose a 
framework to 
compare 
chemical 
processes 

Four solvent alternatives 
for palm oil recovery 

Not explicit Green degree value (a 
weighted sum) 

Total inherent safety score – Internal (division 
by maximum) for 
green degree value 

Single-criterion 
rankings are 
compared, 
without an 
overall 
aggregation 

Used for green 
degree value, but 
not explicit 

(van Dijk et al., 
2022) 

Workflow to 
facilitate the 
chemical 
redesign for 
reduced 
persistency 

Chemicals, 
organophosphate 
chemical 
triisobutylphosphate 
(TiBP) 

N/A (focus 
on use and 
end of life) 

QSAR models from EPIsuite 
and VEJA platform for 
properties P 
(biodegrability), B (BCF), M 
(Koc) 

QSAR models from 
EPIsuite and VEJA 
platform for property T 
(Non-Mutagenicity, EDC) 

Technical Internal (max-min 
normalization) 

Multi-Attribute 
Utility Theory 
(MAUT) 

Weights defined by 
the authors  
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The literature reviewed in Section 2.1 indicates much progress is still 
needed. To start, only 27 MCDA studies addressed both safety and sus-
tainability indicators for chemicals or materials, and most of these were 
comparative studies (i.e., assessing competing alternatives). Also, only 
seven studies encompassed the whole life cycle of the chemical or materials 
assessed. Finally, an actual MCDA aggregation was not performed in all of 
the studies. A variety of multiattribute aggregation methods was used in 
the remaining cases, warranting a closer examination of their adequacy for 
the framework's requisites, as discussed in the following section. 

3. Possible options for multiattribute aggregation for decision 
support in the SSbD framework 

Building on the literature review and on the requisites for MCDA 
applied to the SSbD framework, the main methodological options are 
herein discussed and options on how to aggregate the multiple aspects 
encompassed by this framework are presented. As illustrated in Fig. 1, 
the SSbD framework presents a hierarchy with different levels that can 
be aggregated. Level one corresponds to the sustainability dimensions 

Table 2 
Requisites underpinning an overall evaluation procedure for SSbD (adapted from Caldeira et al. (2022a)).  

Requisites Implications  

1. The evaluation procedure can be applied to new chemicals and materials or to existing 
ones. 

By including new chemicals and materials, data quality can vary widely among 
attributes.  

2. The evaluation procedure shall take into account the lack of data and data uncertainty. Data quality needs to be assessed.  
3. The result of the evaluation can be expressed either as a class of SSbD (poor, good, very 

good) or with a numerical scorea derived from the combination of the individual scores 
in each aspect. 

The result can be provided on an ordinal scale as a qualitative level, i.e. a rating (Colorni 
and Tsoukiàs, 2021). Alternatively, it can be a continuously varying numerical value.  

4. A criterion is defined as an aspect with an assessment method and a minimum or 
maximum threshold or target values, on which a decision may be based. 

Each attribute is associated with thresholds to act as classification criteria. A qualitative 
level (rating) is obtained for each attribute. The numerical values to be compared with 
the thresholds might be also available.  

5. The ambition of the SSbD is to move from relative (safer and more sustainable) to 
absolute (safe and sustainable) improvements ensuring that chemicals and materials are 
produced and used without exceeding acceptable boundaries. 

The procedure should evaluate each chemical or material based on its own merits 
(absolute evaluation independent from other chemicals or materials being assessed).  

6. The chemical/material should be considered SSbD if passing the criteria defined for 
safety and environmental sustainability. 

No trade-offs allowed between safety and environmental performance. One dimension 
cannot compensate for weaknesses on the other dimension.  

7. The evaluation procedure is underpinned by a hierarchical principle (p.46). A ‘step 
score’ and an ‘overall SSbD score’ could be developed considering the combination of 
scores. If the minimum criteria for safety dimension are not met, then the chemical/ 
material cannot be considered as SSbD. 

The aggregation approach should respect the predefined hierarchy. 
A poor safety assessment cannot be overridden by the environmental assessment.  

a The expression “numerical score” is somewhat ambiguous because it often refers to a 0–4 scale of integer values in which the numbers are not quantities (cardinal) 
but just labels (e.g., labels E, D, C, B, A could be used instead). 

Fig. 1. Aggregation as a hierarchy based on the framework by Caldeira et al. (2022a).  
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considered in the framework (safety, environmental, and socio- 
economic), the second level are the steps within each dimension (e.g. 
Safety, step 1 assesses the hazard properties of the chemical/material 
under assessment). Finally, the third level refers to the specific aspects, 
for example under step 1 carcinogenicity is assessed. 

Sections 3.1 and 3.2 discuss multiattribute aggregation methods that 
can be used at different levels of the hierarchy (Fig. 1), based mainly on 
the requisites and implications identified in Table 2. Considerations of 
data quality are addressed in Section 3.3. 

3.1. MCDA considerations 

3.1.1. Absolute vs. relative assessment 
Based on the required characteristics, the main implication is that 

methods that for which the assessment of one alternative depends on 
other alternatives being assessed at the same time are not the most 
adequate for three reasons: first, an absolute rather than a relative 
assessment is preferred (Requisite 5 in Table 2); second, it should be 
possible for an organization developing a new chemical or material to 
assess if it is SSbD, without needing to obtain data on all of its possible 
competitors; and third, because rank-reversals (e.g., A is better than B if 
C is not considered, but B is better than A if C is present) (Wang et al., 
2009) are better avoided. This rules out using some of the methods 
identified in the review (Table 2), such as AHP or PROMETHEE II, to the 
extent they depend on competing alternatives. 

As discussed by Dias et al. (2019), even methods that in principle 
perform an absolute assessment can subtly contain a relative assessment 
component in the form of a scale normalization, for methods that require 
all attributes are given on a common scale. If the normalization opera-
tion is based on the maximum and/or minimum performances observed 
in the set of alternatives being compared, as is often the case, then the 
evaluation becomes relative. This rules out other approaches identified 
in the review, such as normalization-based Weighted sums, TOPSIS and 
VIKOR. Therefore, any absolute assessment method must either be 
exempt from normalization or use a normalization anchored on external 
references (which is also advocated in the SSbD framework for Step 4). 

3.1.2. Input and output scales 
Per the third requisite in Table 2, the result should be a rating level 

(e.g., “A”, “B”, “C” …, or “Green”, “Yellow”, “Red”) or a cardinal value 
(e.g. 56.78). It is important to note that using numerical levels (e.g., 
levels 0, 1, 2, 3, or the number of stars in a hotel) does not necessarily 
correspond to cardinal values if these numerals could be replaced by 
non-numerical labels. Indeed, a rating level is defined in an ordinal scale 
that represents only the ranking of the levels (e.g., “A” is better than “B”, 
or “Green” is better than “Yellow”). To be considered an interval scale, 
equal differences between levels must correspond to the same meaning 
concerning what is being measured (e.g., the difference between a “0” 
and a “1” is as important or as valued as the difference between a “2” and 
a “3”). 

It is possible to convert numeric values (i.e. values on a quantitative 
interval scale) into ratings and vice versa, by eliciting further informa-
tion. The conversion of numeric values into ratings requires eliciting the 
thresholds separating the consecutive levels (Fig. 2). On the reverse 
direction, conversion of ratings into numeric values requires eliciting a 
value function (Fig. 3), through a direct or an indirect elicitation pro-
tocol (Morton and Fasolo, 2009; Morton, 2018). 

The examples provided in the SSbD framework tend to use rating 

scales, as do most existing frameworks (Caldeira et al., 2022b). The 
number of levels in other frameworks lies between 3 (e.g., Greenscreen 
(2018)) and 5 (Caldeira et al., 2022b). In the SSbD framework the 
number of levels suggested for the different steps also varies between 3 
and 5. The option of using rating scales for the SSbD framework presents 
several advantages: 

• It is well aligned with existing scoring or certification schemes pro-
posed by different entities (Caldeira et al., 2022b, p. 85);  

• It lends itself to an easy interpretation, allowing the use of a colour 
coding, facilitating communication with the public;  

• It suits well the association between levels and actions, e.g., level 3 
entails full authorization, level 2 entails conditional authorization, 
etc.;  

• It fits assessments based on qualitative properties (e.g., carcinogenic 
category, being flammable, etc.) rather than numbers, as occurs for 
the Step 1 hazards-based assessment in the SSbD framework;  

• It avoids an illusory perception of precision when reading results;  
• It allows a greater stability of the assessment result with regards to 

some uncertainties. 

On the other hand, using numeric values for the SSbD framework 
also has some advantages:  

• It preserves the maximum amount of information in the aggregation 
step (e.g., it is a B, but very close to an A);  

• It allows more discrimination when comparing alternatives;  
• It is not difficult to translate results as a rating (Fig. 2). 

If the inputs scale for the attributes is quantitative, it is possible to 
convert it at any moment to a rating scale, but the contrary is considered 
to be harder. The possible pathways along the aggregation hierarchy can 
then be, at each stage (Fig. 4):  

a) aggregation of rating levels given as an input to provide an output as 
a rating level.  

b) aggregation of numeric values given as an input to provide an output 
as a rating level;  

c) aggregation of numeric values given as an input to provide an output 
as a numeric value; 

3.2. Aggregation at each level of the hierarchy 

Aggregation is required at the top of the hierarchy, as well as within 
each dimension. Different methods can be used for different nodes of the 
hierarchy (Fig. 1) to aggregate the respective “children” nodes. The 
SSbD framework already proposes how the aggregation could be per-
formed at some of the nodes in the hierarchy in Fig. 1, whereas for the 
remaining nodes the aggregation is yet to be defined (see Table 3). 
Namely, referring back to the possibilities a) to c) in Fig. 4. 

3.2.1. Aggregation of rating levels given as an input to provide an output as 
a rating level 

Aggregation based on IF-THEN rules is a possible way to aggregate 
rating levels. This has the advantages of respecting the qualitative na-
ture of the scale, being simple to read, and implementing the principles 
that the aggregation shall not allow compensation. In particular, the 
SSbD framework Requisite 6 and Requisite 7 (Table 2) includes an IF- 
THEN rule: if the minimum criteria for safety dimension are not met, 
then the chemical/material cannot be considered as SSbD. The Decision 
EXpert (DEX) method (Bohanec et al., 2013) implements decision rules 
following an expert system concept. The Dominance based Rough Set 
Approach (DRSA) offers a methodology to develop IF-THEN rules from 
classification examples provided by decision makers (Greco et al., 
2016). Such rules will be in the form “Chemical C is rated L3 if it is L3 in 
attribute 1 and L2 or L3 in attribute 2 and L2 or L3 in attribute 3 and Fig. 2. Converting numeric values to rating levels (illustrative example).  
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better than L2 in attribute 4, OR if it is L4 in attribute 1 and L1 in 
attribute 2 and L1 or L2 in attribute 3 and better than L3 in attribute 4, 
OR …” (many AND-OR rules may be needed to define each level, but the 
DRSA approach will bring the number of rules to a minimum). 

A second possibility is to use a concordance-discordance voting 
analogy, as illustrated in Fig. 5 for a situation with 4 levels (which can be 
adapted to any number of levels). This method can be seen as a quali-
tative version of the ELECTRE TRI method originally developed by Yu 

Fig. 3. Converting rating levels to numeric values (illustrative example).  

Fig. 4. Aggregation at each level: a) rating to rating; b) cardinal to rating; c) cardinal to cardinal.  

Table 3 
Proposals in the SSbD framework concerning aggregation.  

Attribute Aggregation proposed in the SSbD framework Comments 

1 Safe Inputs are rating levels. No proposal has been made for the aggregation, except 
that a Not-SSbD rating in Step 1 (intrinsic hazard) is a cut-off criterion. 

An aggregation based on the rating levels should be defined, as the inputs are 
given as rating levels. 

1.1 Step 1 
(intrinsic 
hazard) 

A set of rules based on passing three criteria (conditions) defines whether the 
chemical is rated Not-SSbD, Level 1, Level 2 or Level 3. 

Rating scale with four levels, which matches well the fact that the criteria refer 
to qualities of the chemicals, rather than quantified properties. 

1.2 Step 2 
(process) 

Aggregation of 5 attributes (aspects), each one assessed using a 5-level rating 
scale. 
It is suggested these ratings could be added, and then transformed into a rating 
on the same scale using thresholds. 

The inputs are rating levels, which match well the fact that the criteria refer to 
qualities of the chemicals, rather than quantified properties. 
Adding the rating levels is not recommended because this does not match the 
qualitative nature of the inputs scale, and it allows compensation. 

1.3 Step 3 (use 
phase) 

Aggregation of two attributes, each one associated 5 levels with a Pass 
threshold. Rating level 0 if the chemical fails to pass both criteria; level 1 if it 
passes the human health criterion, level 2 if it passes both criteria. 

The inputs are initially given as cardinals (% above or below safe level), 
translated into 5 rating levels, and therefore the output could offer a finer 
discrimination than 3 levels only. 

2 Sustainable A set of rules based on passing four criteria (conditions) defines whether the 
chemical is rated Level 0, Level 1, …, Level 4. The order of testing defines a 
lexicographic order of importance for the criteria 

The suggestion can be adopted or an option relying less strictly on the pass/fail 
levels can be devised. 

2.1 Toxicity 
2.3 Pollution 
2.4 Resources 

No proposal has been made for the aggregation. The inputs are initially 
cardinal (% above or below target level), translated into 5 rating levels. 
Thresholds also define pass/fail criteria. 

Two options can be considered: an aggregation based on the ratings or an 
aggregation based on the initial interval scales. 

2.2 CC (Single indicator: no aggregation needed)   
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(1992) for cardinal scales (see also Dias et al., 2018; Dias and Mousseau, 
2018; Figueira et al., 2013; Govindan and Jepsen, 2016). It requires 
defining what is considered a sufficient majority, by defining a majority 
level (e.g., 51 %, 60 %, 2/3) and by defining the number of votes for 
each attribute (i.e. granting more weight to attributes considered to be 
more important). This method also allows defining that a very poor 
performance on some attribute can veto a majority. For instance, it can 
be defined that having Level 0 on any attribute vetoes a majority sup-
porting Level 3. An illustration of the qualitative version of the ELECTRE 
TRI method is provided in SI. 

Referring back to Table 3, these ways of aggregating rating levels to 
provide an output rating level clearly applies to node 1.2 (Step 2 - 
processing), but also can be applied to all other nodes. 

3.2.2. Aggregation of numeric values given as an input to provide an output 
as a rating level 

The methods that can be used in a) can also be used in this situation, 
applying first a thresholds-based conversion such as the one illustrated 
in Fig. 2 to the input values. This conversion is however not necessary. 
Indeed, the DRSA and DEX methods, mentioned in a) above, can also be 
applied when inputs are given on as numeric values. Similarly, the 
concordance-discordance aggregation can also be applied using the 
ELECTRE TRI method (Figueira et al., 2013; Yu, 1992), which was 
developed to be a rating method translating multiple numeric scales 
onto a qualitative rating. Indeed, the second possibility mentioned in a) 
is a qualitative version of the ELECTRE TRI. FlowSort (Nemery and 
Lamboray, 2008) is another rating method that can be used. Without 
excluding other methods, ELECTRE TRI matches perfectly the logic 
illustrated above (the flowchart in Fig. 5 still applies), and its non- 
compensatory nature, allowing to model a veto effect absent from 
other methods, makes it particularly suitable for sustainability assess-
ment (see, e.g., (Dias, Luis.C., 2021), with a step-by-step example). 

Referring back to Table 3, these ways of aggregating numbers given 
as an input to provide an output rating level can be applied to nodes 1.3 
(Step 3 - use phase), 2 (Environmental dimension, as a more flexible 
alternative to the proposed rules), 2.1 (Toxicity), 2.3 (Pollution), and 2.4 

(Resources). 

3.2.3. Aggregation of numeric values given as an input to provide an output 
as a numeric value 

Many possibilities to aggregate these n values x1, …,xn into a global 
value g have been proposed, with methods AHP, MAVT, PROMETHEE or 
TOPSIS, being often highlighted in literature reviews (e.g., Cinelli et al., 
2014; Kumar et al., 2017; Wang et al., 2009). Several methods are un-
desirable for the SSbD framework, because they allow that a very poor 
performance on some criterion can be easily compensated in other at-
tributes. This is notoriously the case of the well-known linear additive 
weighted method (weighted sum method), which sums the product of 
values xi by the respective weights wi (i = 1, …,n). This aggregation 
requires that all attributes are expressed on the same scale, by means of 
normalization or, even better, by means of converting the original scales 
into commensurable value or utility scales. 

On the opposite side of the compensation vs. non-compensation 
spectrum, a simple approach is to take the worst value among x1, …, 
xn. Such an operation considers all attributes as equally important and 
requires that all attributes are assessed on the same scale. Another po-
tential disadvantage is that it does not encourage improvements in one 
attribute above the minimum in the other attributes. 

Other methods fall in-between these extremes. In particular, the 
Ordered Weighted Average (Yager, 1988) is a flexible way of aggre-
gating values given on a common scale, which includes the weighted 
sum and the minimum as particular cases. The MAUT is another 
framework that encompasses the weighted sum as a particular case, but 
includes more complex aggregation formulas (multiplicative, multi-
linear) where compensation effects are no longer linear (Keeney and 
Raiffa, 1993). Finally, it is also possible to combine an additive aggre-
gation with IF-THEN rules that prevent a very poor performance to be 
compensated on another indicator. 

Referring back to Table 3, these ways of aggregating numbers can be 
applied to the same nodes as b), although this would not be recom-
mended for node 1.3 (Step 3 - use phase), since “sister nodes” 1.1 and 1.2 
are assessed on a rating scale. 

Fig. 5. Flowchart for a concordance-discordance aggregation.  
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3.3. Consideration of data quality 

Requisite 2 in Table 2 stipulates that the evaluation procedure shall 
take into account the lack of data and data uncertainty. Organizations 
such as SETAC, the US Dept. of Agriculture, the US EPA, or the EU JRC 
have proposed several approaches to address this issue (Edelen and 
Ingwersen, 2018; Lewandowska et al., 2021). Most of these approaches 
are inspired on the Pedigree Matrix concept from Funtowicz and Ravetz 
(1990), as proposed by Weidema and Wesnæs (1996). Its adaptation to 
the LCA area comprises data quality attributes such as reliability, tem-
poral correlation, or geographical correlation, with minor differences 
between authors and organizations, using a 1–5 ordinal assessment 
scale. Focusing on inventories, Qin et al. (2020) proposed a Pedigree 
Matrix for the impact assessment phase. Although not explicitly based 
on the Pedigree Matrix, EC Environmental Footprint methods (EC, 2021) 
also use an ordinal 1–5 scale with regards to data quality attributes. 

Having rated multiple data qualitative indicators on such 1–5 scales, 
some frameworks propose to aggregate them (which is in fact a multi- 
criteria aggregation problem on its own, for which most of the consid-
erations in Sections 3.1–3.2 can be relevant). The most common solution 
is to compute some sort of average (Lewandowska et al., 2021), but this 
is problematic for two reasons. First, it interprets the “1” to “5” labels as 
if these were numbers on a cardinal scale. For instance, this assumes the 
difference between “1” (Excellent) and “2” (Very Good) is the same as 
the difference between “4” (Fair) and “5” (Poor). A second reason is the 
compensatory nature of this aggregation. Using a simple average, having 
data quality (2,2,2,2,2) on five attributes (very good overall) is consid-
ered to be as good as (5,1,1,1,2), but this single 5 rating (Poor) might 
render the overall results quite uncertain. 

Other frameworks have suggested to translate the Pedigree Matrix 
into probability distributions, either based on existing databases (Ciroth 
et al., 2016), or based on elicited expert judgment (Qin et al., 2020). 
Using appropriate uncertainty analysis simulation software, it is then 
possible to obtain probability distributions for results of interest. How-
ever, Qin et al. (2020)’s survey to 47 LCA practitioners shows lack of 
consensus concerning the use of the Pedigree Matrix, and Edelen and 
Ingwersen (2018)’s review found authors claiming there is no sound 
justification for creating probability distributions from data quality 
assessments. 

Data quality assessments can also be used to limit the maximum 
rating that can be attributed to a chemical. An example is the Green-
Screen® method for safety assessment (GreenScreen, 2018). This 
method assesses chemicals to provide a qualitative rating on a scale from 
Benchmank-1 to Benchmark-4. In parallel, it defines data quality con-
ditions to reach these levels, meaning that a Benchmark-4 chemical 
might see its rating lowered to Benchmark-3, or even less, due to not 
meeting the data quality criteria for a higher benchmark. 

More generally, a US National Academies NRC (National Research 
Council, 2014) defines different ways to cope with uncertainty: 

• Using only known best estimates, excluding (not assessing) chem-
icals with critical data missing.  

• Performing uncertainty downgrades (as occurs in GreenScreen®), 
thereby punishing alternatives with poor data quality, which is 
deemed by the NRC to be counter-productive.  

• Performing quantitative uncertainty analyses, based on ranges or 
probability distributions, which NRC deems might be sufficient for 
some comparative assessments.  

• Remaining neutral about uncertainty and missing data, noting the 
presence of uncertainty and missing data but not excluding the 
alternative, which is the option the NRC considers better aligned 
with the nature of their framework. 

Considering the SSbD framework, aiming at guiding innovation at 
early design stages, one should consider the purpose of the assessment. 
While innovating, often through a trial-and-error process, many data 

might be missing or be highly uncertain. As the innovation process 
progresses, some options are discarded, more investment in data gath-
ering occurs, and uncertainties tend to decrease. In these settings, 
excluding chemicals for which good data does not exist yet, or punishing 
such chemicals with a lower rating does not seem sensible for the in-
novators. Therefore, they can remain neutral about uncertainty and 
missing data, noting the presence of uncertainty, as advocated by the 
NRC. The innovation team might refer to the obtained rating as the 
“Estimated SSbD rating”, which can be compared with the sought rating 
as a driver for further innovation and data collection efforts. A second 
possibility is to perform quantitative uncertainty analyses that will 
indicate the probability distribution for the chemical's rating. This re-
quires some process for estimating the input attributes distributions. The 
innovation team might refer to the “Most likely SSbD rating”, “Median 
SSbD rating”, “Minimum assured SSbD rating”, or even to an “SSbD 
rating 95% confidence interval” to guide their decisions. 

A different assessment perspective is that of certification, possibly 
needed for communicating an SSbD rating to regulators, customers, etc. 
The issue of data quality then becomes much more important. 
Remaining neutral about uncertainty and missing data might risk 
rewarding lack of data. The possibility of performing quantitative un-
certainty analyses based on justifiable probability distributions remains 
open, but in a certification perspective it should provide a conservative 
rating, such as the minimum or the rating corresponding to, say, the 5th 
or 10th percentile of the output distribution. The certification might 
then read, for instance “Certified conservative SSbD rating estimate”. 
Such conservative estimate might be computable by combining suitably 
conservative estimates for the inputs, even when distributions are not 
available. Finally, if the overall data quality (as assessed by some 
adequate multiattribute aggregation method) is considered to be suffi-
cient, a “Certified SSbD rating” could be recognized. Apart from these 
labels, all other situations would be considered a “Non-certified SSbD 
rating estimate”. 

4. Conclusions 

This article aimed at identifying the most relevant characteristics of 
the SSbD evaluation framework concerning the possibility of aggre-
gating safety and sustainability assessments for chemicals and materials, 
as well as identifying MCDA methods that can potentially be applied. 

The strategy of aggregating rating levels given as an input to provide 
an output as a rating level offers many interesting advantages. In addi-
tion to the advantages of expressing the result as a qualitative rating 
(mentioned in Section 3.1), it is easy to communicate, either by means of 
IF-THEN rules, or by means of concordance-discordance logic follows a 
flowchart (Fig. 5) resembling the Step 1 and Step 3 safety assessment 
suggested in the SSbD framework. Moreover, this facilitates setting 
conditions that prevent poor performance on one indicator to be 
compensated on other indicators. 

The strategy consisting in an aggregation of numeric values given as 
an input to provide an output as a rating level also has the advantages of 
expressing the result as a qualitative rating. Among the possibilities 
considered, methods implementing IF-THEN rules or ELECTRE TRI 
stand out as being perfectly aligned with the previous one, which leads 
to a more harmonious evaluation framework of if both strategies are 
used in different nodes of the hierarchy. 

The strategy of aggregating numeric values given as an input to 
provide a numeric value as an output, in turn, has the advantage of 
preserving information assessed on cardinal scales, but cannot be used in 
nodes of the hierarchy where the inputs are rating levels, hindering the 
overall harmony of the framework. Moreover, some methods for this 
strategy might unduly allow compensation of poor performance and 
may also require the inputs to be given on a common scale. 

Considering data quality, one should consider what the purpose of 
the assessment is. For internal innovation processes, an innovation team 
might use their best estimates and refer to the obtained rating as the 

L.C. Dias et al.                                                                                                                                                                                                                                  



Science of the Total Environment 916 (2024) 169599

12

“Estimated SSbD rating”, which can be compared with the sought rating 
as a driver for further innovation and data collection efforts. A second 
possibility is to perform quantitative uncertainty analyses that will 
indicate the “Most likely SSbD rating”, the “Median SSbD rating”, the 
“Minimum assured SSbD rating”, or even an “SSbD rating 95% confi-
dence interval” to guide innovation decisions. In a perspective of certi-
fication, possibly needed for communicating an SSbD rating to 
regulators, customers, etc., quantitative uncertainty analyses based on 
justifiable probability distributions can provide a “Certified conserva-
tive SSbD rating estimate”, unless the overall data quality (as assessed by 
some adequate multiattribute aggregation method) is considered to be 
sufficient to warrant a “Certified SSbD rating”. 

In any case, the use of multiattribute aggregation does not rule out a 
richer dashboard presenting not only the overall aggregate result, but 
also the results obtained in other levels of the hierarchy. Such comple-
mentary information is important to understand the strengths and 
weaknesses that an aggregate result inevitably might hide. 

A limitation of the present work is that the current EC SSbB frame-
work is expected to be subject to further refinements and to be perfected 
upon performing several case studies, and no specific case study was 
addressed here. Future case studies may allow trying out all these pos-
sibilities, aiming at finding the most satisfactory one(s). Another limi-
tation of this work is not addressing specifically the issue of choosing a 
weighting vector, or setting the aggregation methods rules or parame-
ters. Future case studies will also offer a testbed for different approaches. 
Finally, a limitation of the literature review is its focus on keywords 
associated with multiattribute aggregation, which might have missed 
some studies performing some kind of MCDA without explicitly 
mentioning it in the title, abstract or keywords. 
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Janošovský, J., Boháčiková, V., Kraviarová, D., Variny, M., 2022a. Multi-criteria decision 
analysis of steam reforming for hydrogen production. Energy Convers. Manag. 263, 
115722 https://doi.org/10.1016/j.enconman.2022.115722. 
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2022b. Recognition of process safety position in multiple-criteria decision analysis in 
process design. Chem. Eng. Trans. 90, 775–780. 

Jia, X., Li, Z., Wang, F., Qian, Y., 2016. Integrated sustainability assessment for chemical 
processes. Clean Techn. Environ. Policy 18 (5), 1295–1306. https://doi.org/ 
10.1007/s10098-015-1075-x. 

Keeney, R.L., 2006. Using preferences for multi-attributed alternatives. J. Multi-Criteria 
Decis. Anal. 14, 169–174. https://doi.org/10.1002/mcda. 

Keeney, R.L., Raiffa, H., 1993. Decisions with Multiple Objectives–Preferences and Value 
Tradeoffs. Cambridge University Press. 

Kumar, A., Sah, B., Singh, A.R., Deng, Y., He, X., Kumar, P., Bansal, R.C., 2017. A review 
of multi criteria decision making (MCDM) towards sustainable renewable energy 
development. Renew. Sust. Energ. Rev. 69, 596–609. https://doi.org/10.1016/j. 
rser.2016.11.191. 

Lewandowska, A., Joachimiak-Lechman, K., Kurczewski, P., 2021. A dataset quality 
assessment—an insight and discussion on selected elements of environmental 
footprints methodology. Energies 14 (16), 5004. https://doi.org/10.3390/ 
en14165004. 

Li, X., Zanwar, A., Jayswal, A., Lou, H.H., Huang, Y., 2011. Incorporating exergy analysis 
and inherent safety analysis for sustainability assessment of biofuels. Ind. Eng. 
Chem. Res. 50 (5), 2981–2993. https://doi.org/10.1021/ie101660q. 

Liew, W., Hassim, M., Ng, D., 2013. Screening of sustainable biodiesel production 
pathways during process Research and Development (R&D) stage using fuzzy 
optimization. Chem. Eng. Trans. 35, 1075–1080. https://doi.org/10.3303/ 
CET1335179. 

Limleamthong, P., Gonzalez-Miquel, M., Papadokonstantakis, S., Papadopoulos, A.I., 
Seferlis, P., Guillén-Gosálbez, G., 2016. Multi-criteria screening of chemicals 
considering thermodynamic and life cycle assessment metrics via data envelopment 
analysis: application to CO 2 capture. Green Chem. 18 (24), 6468–6481. https://doi. 
org/10.1039/C6GC01696K. 

Lindfors, A., 2021. Assessing sustainability with multi-criteria methods: a 
methodologically focused literature review. Environ. Sustain. Indicators 12, 100149. 
https://doi.org/10.1016/j.indic.2021.100149. 

Linkov, I., Moberg, E., 2012. Multi-Criteria Decision Analysis: Environmental 
Applications and Case Studies. CRC Press. 

Linkov, I., Moberg, E., Trump, B.D., Yatsalo, B., Keisler, J.M., 2020. Multi-Criteria 
Decision Analysis: Case Studies in Engineering and the Environment. CRC Press. 

Marttunen, M., Suomalainen, M., 2005. Participatory and multiobjective development of 
WaterCourse regulation creation of regulation alternatives from stakeholders ’ 
preferences. J. Multi-Criteria Decis. Anal. 49 (2005), 29–49. 

Morales, M., Ataman, M., Badr, S., Linster, S., Kourlimpinis, I., Papadokonstantakis, S., 
Hatzimanikatis, V., Hungerbühler, K., 2016. Sustainability assessment of succinic 
acid production technologies from biomass using metabolic engineering. Energy 
Environ. Sci. 9 (9), 2794–2805. https://doi.org/10.1039/C6EE00634E. 

Moretti, L., Di Mascio, P., Bellagamba, S., 2017. Environmental, human health and socio- 
economic effects of cement powders: the multicriteria analysis as decisional 

methodology. Int. J. Environ. Res. Public Health 14 (6), 645. https://doi.org/ 
10.3390/ijerph14060645. 

Morton, Alec, 2018. Multiattribute value elicitation. In: Dias, Luis C., Morton, A., 
Quigley, J. (Eds.), Elicitation: The Science and Art of Structuring Judgement. 
Springer International Publishing, pp. 287–311. https://doi.org/10.1007/978-3- 
319-65052-4_12. 

Morton, A., Fasolo, B., 2009. Behavioural decision theory for multi-criteria decision 
analysis: a guided tour. J. Oper. Res. Soc. 60 (2), 268–275. https://doi.org/10.1057/ 
palgrave.jors.2602550. 

Munda, G., 2004. Social multi-criteria evaluation: methodological foundations and 
operational consequences. Eur. J. Oper. Res. 158 (3), 662–677. https://doi.org/ 
10.1016/S0377-2217(03)00369-2. 

Munda, G., 2005. Multiple criteria decision analysis and sustainable development. In: 
Figueira, J., Greco, S., Ehrgott, M. (Eds.), Multiple Criteria Decision Analysis: State of 
the Art Surveys. Springer. 
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