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Abstract  

The significant uncertainties associated with the (eco)toxicological risks of engineered nano- materials pose 

challenges to the development of nano- enabled products toward greatest possible societal benefit. This paper argues 

for the use of risk governance approaches to manage nanotechnology risks and sustainability, and considers the links 

between these concepts. Further, seven risk assessment and management criteria relevant to risk governance are 

defined: (a) life cycle thinking, (b) triple bottom line, (c) inclu sion of stakeholders, (d) risk management, (e) benefit– 

risk assessment, (f) consideration of uncertainty, and (g) adaptive response. These criteria are used to compare five 

well-developed nanotechnology frame- works: International Risk Governance Council frame- work, 

Comprehensive Environmental Assessment, Streaming Life Cycle Risk Assessment, Certifiable Nanospecific Risk 

Management and Monitoring System and LICARA NanoSCAN. A Sustainable Nanotechnology Decision Support 

System (SUNDS) is proposed to better address current nanotechnology risk assessment and management needs, and 

makes. Stakeholder needs were solicited for further SUNDS enhancement through a stakeholder workshop that 

included representatives from regulatory, industry and insurance sectors. Workshop participants expressed the need 

for the wider adoption of sustainability assessment methods and tools for designing greener nanomaterials. 
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Introduction 

 
Nanotechnology is one of the Key Enabling Technologies identified in the European Union (EU) 2020 Strategy, 

which is expected to enhance economic growth and industrial competitiveness (COM(2009)512, COM(2012)341). 

While there is no precise information on market penetration of engineered nanomaterials (ENM), consumer nano-

enabled product inventories have been registering an increasing number of nano- enabled products over the past 

years (Nanodatabase 2015, Project on Emerging Nanotechnologies Product Inventory 2015). While the global 

nanotechnology value chain is expected to reach $4.4 trillion by 2018 (Lux Research 2014), large uncertainties 

persist about the environmental, health and safety (EHS) risks of ENM. Moreover, there is a significant time lag 

between nano- EHS data availability and its use by regulatory agencies to perform risk assessment (RA) and risk 

management (RM). These challenges, together with ambiguous perceptions of risks, economic viability and social 

impacts may potentially impede the realization of the full value of nanotechnology Research and Development. 

Credible RA can be used to inform RM to protect the safety of workers, downstream value chain,  consumers 

and the environment. However, the application of the RA methods that are in practice for conventional 

chemicals to ENM is hampered by significant uncertainty and   variability (Hristozov   et al. 2015, 2012). Risk 

can be defined as an estimate of hazard and exposure leading to adverse effects which are likely to occur in a 

human population or environmental compartment due to exposure to a substance (Van Leeuwen and Vermeire 
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2007). RA has been used for regulatory decision-making for chemicals (EU Regulation 1907/2006), biocides (EU 

Regulation 528/2012), food (EU Regulation 258/1997, 1333/2008), cosmetics (EU Regulation 1223/2009), 

medical devices (EU COM (2012) 542), but emerging nature of nanotechnology risks results in disconnect between 

risk assessment and risk management, given the dynamic nature of the threats and socio-political ambiguity 

(Linkov et al. 2014, 2009). This trend is expected to continue, with even more complexity and uncertainty 

associated with future generations of nan otechnologies (IRGC 2012; Subramanian et al. 2010). Risk governance has 

been proposed as a complimentary approach in order to address these existing inadequacies of RA for ENM 

(Linkov et al. 2009). Risk Governance is defined as a unifying approach to decision-making that involves the actors, 

conventions, rules and processes concerned with how relevant risk information is collected, analysed and 

communicated in order to enable more effective risk management that is convergent with other public and private 

policies     (IRGC 2012). Specifically, risk governance takes into account the broader scientific and societal context 

within which risks occur in order to support decision- making that minimizes risks and maximizes benefits to 

stakeholders. While risk governance and sustainability have not been explicitly linked1; the goal of risk governance 

is to reduce risk by filling gaps in risk policy in order to avoid or reduce social, environmen tal or economic costs 

(Renn and Roco 2006) directly relevant to goal of sustainable development (Subramanian et al. 2014). Renn (2008) 

relates risk governance and sustainability by positing sustainability as the outcome of successful risk governance 

process over longer time scales. 

Both Risk Management and Risk Governance require structured methods and tools that can connect data and 

provide confidence in evaluation with the given scientific uncertainties and varying management goals. The 

nanotechnology value chain comprises multiple actors with diverse goals, perspectives and needs that need to be 

aligned in charting a viable trajectory for specific nano-enabled technologies and products (NNI Report 2015). 

Both Risk Management and Risk Governance methods and tools need to be built on what is known about risks and 

involving various actors, perspectives, goals and activities in balancing the perceived risks of ENM with the 

potential benefits arising from their innovative applications. The EU FP7 project on Sustainable Nan otechnologies 

(SUN http://www.sun-fp7.eu/) aims to achieve this through developing an overarching decision analytical 

framework for analysis and management of nanotechnology risks and implementing it as a software-based decision 

support system (DSS) for practical use by industries, insurance sector and regulators. The aim of this paper is to 

present and discuss SUN DSS framework in the light of its value for nanotechnology risk governance. 

 

Evaluation of existing risk management and sustainable nanotechnology frameworks contribution 

toward nanotechnology risk governance 

 
Literature published over the past 3 years and results of ongoing projects show an increasing focus on RM 

frameworks related to ENM and nano-enabled products (see Hristozov et al. 2015 for a comprehensive 

overview). This literature contains a few frameworks that have been described in detail to allow comparison, as 

performed by Greiger et al. (2012a, b) and Hristozov et al. (2012). In addition to RM frameworks, we also searched 

for sustainable nanotechnology frameworks. The literature on sustainable nanotechnology has almost doubled as 

of September 2015 (53,900 results in Google Scholar) as compared to 2009–2011 period (32,300 results). However, 

only one sustainable nanotechnology framework has been pro- posed in this literature namely LICARA 

NanoSCAN framework (Som et al. 2014). The following frame- works were selected for comparison as they 

significantly addressed components of nanotechnology risk assessment and management: International Risk 

Governance Council (IRGC) framework (IRGC 2012), Comprehensive Environmental Assessment (CEA) 

(Powers et al. 2012), Certifiable Nanospecific Risk Management and Monitoring System (CENARIOS ®)  (TÜ V  

SÜ D  2013),  Streamlined  Life  Cycle Risk Assessment (SLCRA) (Shatkin 2012), and LICARA 

NanoSCAN framework (Som et al. 2014). 

The selected frameworks are diverse in terms of their purpose, structure and application, so comparative 

evaluation requires the use of relevant criteria for risk assessment and management (which are relevant components 

in risk governance). Two criteria were extracted from comparison of RM frame- works in Greiger et al. (2012a) 

and Hristozov et al. (2012), namely life cycle thinking and uncertainty estimation. The remaining five criteria were 

extracted from the white papers of IRGC framework (IRGC 2005, 2010, 2012, 2015). The IRGC white papers 

support the inclusion of the criteria from Greiger et al. (2012a) and Hristozov et al. (2012). While IRGC 
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explicitly mentions only environmental and social deficit categories of risk governance, some examples mentioned 

in the description of these categories include macroeconomic impacts like inter- national trade and job loss (IRGC 

2012). Thus, sustainability as expressed by triple bottom line (TBL) can also be included as a component of 

nanotechnology risk governance. Seven evaluative criteria can be extracted for nanotechnology risk assessment 

and management: 

 

a) Life cycle thinking Life cycle thinking expands the focus on the production site and manufacturing 

processes and incorporates various aspects over a product’s entire life cycle from extraction of resources to 

the final processing of the disposed product. The incorporation of life cycle thinking is desirable for 

nanotechnology risk governance in order to avoid ‘‘problem shifting’’ to other life cycle stages. 

b) Triple bottom line The Ethical Legal and Social Implications (ELSI) literature on nanotechnology suggests 

that in addition to environmental impacts, nano-enabled products also trigger important social and 

economic impacts (Seear et al. 2009). A sustainable nanotechnology framework based on TBL criteria 

through the life cycle can be used to monitor the environmental, economic and social impacts of nano- 

enabled products. 

c) Inclusion of stakeholders Stakeholders have diverse perspectives and needs with respect to nanotechnology 

risk assessment and management, as illustrated by literature on the needs of industry (Conti et al. 2008; 

Engeman et al. 2012; Maynard 2015; Malsch et al. 2015b), regulators (Malsch et al. 2015b) and insurance 

sector (Blaunstein and Linkov 2010; Baublyte et al. 2014; Mullins et al. 2013). The National 

Nanotechnology Initiative conducted a work- shop in 2013 that elicited nanotechnology stakeholder needs 

with respect to communication resources, data resources, standards and guidance resources and decision 

tools (NNI Report 2015), and serves as a good illustration of the need to address diverse stakeholder 

perspectives. 

d) Risk management Risk assessment and management frameworks should provide prescription on how to 

manage risks ensuing from nanotechnologies. RM has both technical and organizational components that 

should be addressed by the nanotechnology risk governance framework. Further, it is desirable that the risk 

governance framework should provide a clear RM prescription i.e. there should be a strong link between the 

risk assessment or impact assessment with its management. 

e) Benefit–risk assessment In order to assess the societal value of nano-innovation, risk assessment and 

management frameworks should assess the balance between benefits and risks (or costs) of nano-enabled 

products. Benefit– risk balance is a principle mentioned in many regulatory frameworks, but usually the 

strongest focus tends to be the risks and costs. It is important that nanotechnology risk governance is based 

on a more holistic assessment that also considers its societal value. 

f) Consideration of uncertainty There are significant knowledge and data gaps in physicochem ical properties, 

fate and transport, exposure and uptake, and (eco)toxicity of ENM (Hristozov et al. 2015). Nanotechnology 

risk assessment and management frameworks should explicitly account for this uncertainty, and 

communicate clearly the nature and magnitude of the uncertainty to the stakeholders. 

g) Adaptive response to new information Given the dynamic nature of nanotechnology EHS, risk assessment and 

management frameworks should also be flexible to adapt to completely new information. This is particularly 

relevant with regard to bridging risk governance and sustainabil ity over longer time scales (Renn 2008). An 

adaptive response to environmental management is based on monitoring a range of management alternatives and 

their implementation outcomes to improve knowledge of the system being managed over time (Gunderson 2001; 

Linkov et al. 2006). 

Table 1 compares performance of the most cited frameworks with respect to the seven criteria presented above. 

As reported in Table 1, all the selected frameworks satisfy the first criterion by including life cycle thinking, 

although in different ways. In the nanosafety context, three recommendations can be identified made toward 

integrating RA and life cycle assessment (LCA): (a) life cycle-based RA, which involves applying life cycle 

perspective to conventional RA to identify hotspots of risk (Sweet and Strohm 2006; Som et al. 2010; Greiger et 

al. 2012b), (b) RA- complemented LCA, which involves applying conventional LCA to identify hotspots to which 

RA will be applied (Greiger et al. 2012b; Barberio et al. 2014), and (c) Use of decision analysis, which suggests use 



 

of multicriteria decision analysis (MCDA) to integrate RA and LCA as criteria (Linkov and Seager 2011; Som et 

al. 2014). While LICARA NanoSCAN adopts use of decision analysis, all other frameworks com- pared in this 

paper adopt life cycle-based RA. 

Among the studied frameworks, only LICARA NanoSCAN decision framework addresses all TBL pillars 

(second criterion in Table 1). IRGC framework and CENARIOS standard propose an emphasis on nanotechnology 

ELSI and effective risk communication (i.e. social pillar), along with a main focus on nanosafety (i.e. 

environmental pillar), but do not focus upon the economic pillar. Finally, CEA and SLCRA are proposed life cycle-

based RA, which address only the environmental pillar. 

As far as the criterion inclusion of stakeholders is concerned, except the CENARIOS standard and SLCRA, 

all frameworks prescribe or utilize inclusion of stakeholder perspectives (Table 1). The IRGC framework strongly 

emphasizes the need for engage ment with a broad base of experts and stakeholders in the case of complex and 

uncertain risks (IRGC 2007). A US Environmental Protection Agency (EPA) workshop used nominal group 

technique (NGT) to prioritize expert discussions on nano-EHS research needs for three ENM (USEPA 2010, 

2012a, b), and broader group of sector and disciplinary expertise was also involved using an interactive web-based 

tool for multiwalled carbon nanotube-based flame retardant (Powers et al. 2014). LICARA NanoSCAN was built 

in close collaboration with a small and medium enterprise (SME) association as well as individual SME as 

consortium partners in order to fully address nano-enabled product manufacturing needs of SMEs. The fourth 

criterion in Table 1, Risk management, 

is addressed only in the case of three studied frame- works: IRGC, CENARIOS standard and LICARA  NanoSCAN. 

The IRGC framework provides general, technical, institutional and communication recommendations to manage 

risks. The CENARIOS standard is an organizational risk management system that posits specific risk management 

guidelines based on International Standards Organization (ISO), Austrian Standards Institute’s (ON) rules and 

Federation of European Risk Management Associations (FERMA) for organization, staff, risk monitoring and 

communication. The LICARA NanoSCAN framework addresses occupational risk management through 

Stoffenmanager Nano tool, which assesses the impact of risk management measures on the occupational risk score. 

None of the compared frameworks studied advance a quantitative way to link risk assessment and management 

(Oksel et al. 2015). 

 

Table 1 Performance of frameworks on nanotechnology risk assessment and management needs 
 

 IRGC CEA SLCRA CENARIOS 

standard 

LICARA 

NanoSCAN 

1. Life cycle thinking Yes Yes Yes Yes Yes 

2. Triple bottom line Environmental and 

social pillar 

Environmental 

pillar only 

Environmental 

pillar only 

Environmental and 

social pillar 

Yes 

3. Inclusion of stakeholders Yes Yes No No Yes 

4. Risk management Yes (qualitative) No No Yes (qualitative) Yes (semi- 

quantitative) 

5. Benefit–risk assessment No No No No Yes 

6. Consideration of 

uncertainty 

7. Adaptive response to 

new information 

Yes No No No Yes 

 
Yes Yes Yes Yes Yes 

 
 

 
Benefit–risk assessment of nano-enabled products is addressed only by LICARA NanoSCAN (fifth criterion in 

Table 1). The IRGC framework is based on a deficit model, in which risks/costs need to be minimized, but this is 

not balanced with the benefits of the nano-enabled product. Benefit–Risk balance is critical to risk assessment and 

management, and more information is needed on benefits of specific nanotechnologies and nano-enabled products 

for a more holistic assessment of alternatives. 

Of the considered frameworks, only IRGC and LICARA NanoSCAN take uncertainty into consideration (sixth 



 

criterion in Table 1). The IRGC framework describes the use of precaution-based (e.g. As Low as Reasonably 

Achievable principle, Best Available Control Technologies) and resilience- based (e.g. preparedness for adaptation) 

strategies in the face of systemic uncertainties. LICARA NanoSCAN utilizes Information Gap Theory to consider 

the sensitivity of missing parameters in the decision model. None of the frameworks recommend using quantitative 

uncertainty estimation techniques (e.g. Monte Carlo simulations). 

Finally, all frameworks have some amount of adaptability to new information (the last criterion in Table 1). 

IRGC and CENARIOS standard address this criterion by suggesting that TBL impacts of nanotech- nology should 

be actively monitored over time. All other frameworks have a defined conceptual frame- work that accepts new 

data as nanotechnology risks and impacts improve over time. 

The comparison of frameworks above shows that while all of them incorporate life cycle thinking, none of the 

frameworks satisfy all the remaining criteria. The LICARA NanoSCAN is the one addressing all of the criteria. 

 

 
SUNDS conceptual decision framework 

 
SUNDS conceptual decision framework aims to address the lacunae in existing frameworks. A two- tiered 

framework was designed to address differing data availability and expertise of stakeholders to handle analytical 

complexity. This framework is described in the sub-sections below. 

 
SUNDS Tier 1 

 
SUNDS Tier 1 comprises LICARA NanoSCAN, a tool developed within the FP7 LICARA project (www. licara.eu) 

specifically for SMEs. As SMEs have limited time and internal expertise to carry out complex analyses, LICARA 

NanoSCAN is designed as a user- friendly, screening-level tool that assists SMEs in checking supplier risks, 

competing products, market opportunities or making an internal risk and benefit analysis. To achieve this, the tool 

integrates RA and LCA using MCDA to provide a semi-quantitative evaluation of the environmental, social and 

economic benefits and the ecological, occupational and consumer health risks of nano-enabled products from life 

cycle perspective in comparison to conventional products with similar uses and functionality (van Harmelen et al. 

2016; Som et al. 2014). The conceptual framework of LICARA NanoSCAN is provided in Fig. 1. 

LICARA NanoSCAN is modular and contains eight sections. The questions involved in each section are qualitative 

and semi-quantitative and can thus be answered without detailed data (e.g. yes, no, unknown). Uncertainty is 

estimated by user input (selecting ‘unknown’) or unanswered questions; in which case a worst case scenario is used 

(specifying the most negative answer). 

Module 0 assesses the nano-relevance of the product that is being evaluated in terms of whether it contains 

nanomaterials and provides current EU and International Standards Organization (ISO) definitions of ENM. 

Modules 1–3 aim to compare environmental, economic and societal benefits between nano-enabled products and 

conventional products. Results of these modules are presented on a scale from -1 to 1. A score close to -1 indicates 

that the nano-enabled product is worse than a conventional product; a score close to 0 indicate that they are similar; 

while a score close to 1 indicates that the nano-enabled product is better than the conventional product. 

Modules 4–6 aim to assess public health and environmental risks, occupational health risk and consumer risks 

of the nano-enabled products. Module 4  utilizes  Precautionary  Matrix  (Höck  et  al.  2013), Module 5 utilizes 

Stoffenmanager Nano (Van Duuren-Stuurman et al. 2012), and Module 6 utilizes Stoffenmanager Nano (Van 

Duuren-Stuurman et al. 2012) and NanoRiskCat (Hansen et al. 2011). The results of these modules are not 

comparative and presented on a scale of 0–1. Scores below 0.3 indicate low risks; scores between 0.3 and 0.7 indicate 

moderate risks, and a score higher than 0.7 indicates a high risk. 

Module 7 synthesizes the results of Modules 1–6 into a two-dimensional risk–benefit space that is divided into 

four quadrants with respect to nano- enabled product development: Go ahead, Cancel/ Rethink, Further research 

needed and Other benefits required. Especially in the case that the results are located in the centre (‘‘Undecided’’), 

the user is advised to move to SUNDS Tier 2. 
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Fig. 1 Conceptual Framework for LICARA NanoSCAN 

 

LICARA NanoSCAN has been tested to the case of four nano-enabled products, with additional corroboration 

from in depth RA and LCA: (1) A Polymer Electrolyte Membrane fuel cell containing multi- walled carbon 

nanotubes, (2) an antibacterial nanosil- ver coating for door handles in hospitals, (3) nanosilver  in  a  microfiber  

cloth,  and  (4)  a  façade coating containing nanotitanium dioxide. van Harme- len et al. (2016) reports that there is 

good agreement of LICARA NanoSCAN and in depth assessment for the  fuel  cell  and  façade  coating. For  the  

other two case studies, LICARA produced results that were more positive (in the case of antimicrobial fiber cloth 

due to detailed information on reference product) or negative (in the case of antibacterial coating due to magnitude 

of social benefit). The reliability of the results of LICARA NanoSCAN can be improved using corroboration with 

in depth assessment (van Harmelen et al. 2016), and these measures can be easily implemented within SUNDS Tier 

2. Application to case studies and stakeholder feedback suggested that significant value of the LICARA NanoSCAN 

framework lies in the facilitation of discussion on the sustainability of nano- enabled products and an indication of 

how it can be potentially improved. 

 

SUNDS Tier 2 

 
SUNDS Tier 2 comprises more advanced tools to support sustainable nanotechnology. A stand-alone module based 

on CENARIOS standard has also been included in order to enable users to assess the effectiveness of their 

organizational risk management                             practices (TÜ V  SÜ D  2013;  Widler  et  al.  2016). 

Figure 2 presents the conceptual framework for SUNDS Tier 2. 

 

SUNDS Tier 2 has the following sub-modules: 

Ecological risk assessment (ERA) sub-module 

derives ecological risk by integrating outputs from: 

(a) an environmental exposure model that estimates Predicted Environmental Concentrations (PECs) in different 

environmental compartments (e.g. water, soil), and (b) deterministic procedures or species sensitivity distributions 

(SSDs) (ECHA 2012) that estimate Predicted No-Effect Concentrations (PNECs) for various species in the 

ecosystem in these compartments. Resulting ecological risk will be either deterministic (i.e. PEC/PNEC <1) or 

probabilistic (i.e. potentially affected fraction of species <0.05) depending on the nature of exposure and effect input 

data. The methodology for exposure and effect estimation and its application to case studies can be found in 

other publications (Gottschalk et al. 2015, 2013; Semenzin et al. 2015; Sun et al. 2014). 

Public health risk assessment sub-module estimates the risks for humans exposed to nanomaterials via the 

environment by integrating outputs from: (a) the environmental exposure model described above, and 

(b) deterministic and probabilistic procedures for dose–response assessment and intra/inter-species 



 

extrapolations. The resulting estimation of human health risk will be always quantitative, but either deterministic 

(exposure dose/derived no-effect level (DNEL) <1) or probabilistic (e.g. 5 % of the population has at least a 10 % 

response with 95 % confidence) depending on the nature, quantity and quality of the input exposure and effects 

data. 

Occupational and consumer human health risk assessment (HHRA) sub-module derives occupational and 

consumer health risk by integrating outputs from: 

 

 
 

Fig. 2 SUNDS Tier 2 conceptual decision framework 

 

(a) Human health exposure model that assesses relevant occupational and consumer exposure scenar-ios according 

to three tiers (i.e. qualitative, semi- quantitative and quantitative) and taking into account the effect of applied risk 

management measures (RMMs), and (b) the above deterministic and probabilistic procedures for dose–response 

assessment and intra/inter-species extrapolations. 

Life cycle impact assessment (LCIA) sub-module uses tools that employ LCA midpoint methods for each life 

cycle stage [e.g. ReCiPe (Goedkoop et al. 2009)]. These indicators will be weighed using shadow prices (van 

Harmelen et al. 2007; De Bruyn et al. 2010) or national-level statistical data and subsequently aggregated in order 

to obtain a final score. 

Economic assessment (EA) sub-module assesses microeconomic impacts for each life cycle stage of a nano-

enabled product. This module implements a cost evaluation methodology that considers the cost of capital, material, 

manufacturing inputs, regulatory compliance, risk management and benefits at the individual company level for the 

functional unit under consideration. An insurance cost assessment method- ology will also be included in this sub-

module that estimates an insurance premium that internalizes the economic externalities of creation and 

management of risk. 

Social impact assessment (SIA) sub-module assesses social impacts through the life cycle due to a nano-enabled 

product (Althaus 2009). This sub- module will focus upon quantitative evaluation of social impacts, classified as 

benefit or cost, to workers and community stakeholders. Its methodology and application to a case study is presented 

in Subramanian et al. (2016). 



 

Like SUNDS Tier 1, SUNDS Tier 2 is based on the integrated evaluation based on Risk control (RC) (ECHA 2011a) 

and socioeconomic analysis (SEA) (ECHA 2011b). In the RC module in Tier 2, the best risk control strategies will 

be assessed for scenarios of nano-enabled product development. Toward this end, outputs of ERA and HHRA sub-

modules will be ranked according to efficiency and cost using an inventory that includes safety-by-molecular 

design solutions, personnel protective equipment and engineering controls. An inventory of technological alter- 

natives and risk management measures (TARMM) ranks TARMM relevant to specific exposure scenarios 

according to their efficiency and cost using questionnaire and data from literature and ongoing projects (Oksel et 

al. 2015). 

The SEA module in Tier 2 will integrate outputs of ERA, HHRA, LCIA, EA and SIA sub-modules using user 

preference profiles to compare scenarios of nano- enabled products with each other or conventional product. While 

mathematical integration to produce a single score is possible, the interpretation of such an output is not clear or 

theoretically supported by the sustainability literature. Thus, the SEA module pro- vides a snapshot of various 

sustainability criteria, classified according to users’ preference profiles, to support decision-making. 

 

 
SUNDS framework and stakeholder needs 

 
The proposed framework was presented at a stake- holder workshop held at Utrecht (NL) in October 2014 to 

representatives of potential users of SUNDS. The workshop included twenty-four participants, and attendance by 

core stakeholders was as follows: six regulator representatives (risk assessors and policy- makers), three 

representatives from industry and three representatives from insurance sector. The remaining participants 

comprised of researchers and tool developers. Arguably, sustainability of the nanotechnology sector is dependent 

on a broader range of stakeholders (e.g. workers, consumers and the general public). We          focussed upon regulators, 

industry (small and large) and insurance sector representatives as they are the intended users of the SUNDS tool. 

The stakeholders recognized the potential utility of the SUN conceptual decision framework and offered feedback 

on the decision analytic framework and other tools proposed to be included in SUNDS (http://www.sun-fp7.eu/ 

summary-report-on-sun-stakeholder-workshop/). 

Based on thematic analysis of transcript of work- shop discussions, it was possible to extract the stakeholder 

preferences for the following sustainability assessment methods: screening and advanced RA [RA(s) and RA(a)], 

screening and advanced LCA [LCA(s) and LCA(a)], Benefit cost assessment (BCA), Insurance cost assessment 

(ICA), Social impact assessment (SIA) and alternatives assessment based on risk management measures efficiency 

and cost [RMM (e) and RMM (c)].Specifically, stakeholder preferences were assigned to selected methods in the 

categories of ‘‘no preference’’ (score = 0), ‘‘medium preference’’ (score = 0.5) and ‘‘high preference’’ (score = 

1). Figure 3 presents needs of regulators, SME, large industry and insurance sector with respect to sustainability 

assessment methods represented as force diagrams. The visualization was built using JSFiddle software. Averages 

across nodes (TBL and Alternative Assessment criteria) and sub-nodes (specific methods) to calculate distance from 

the outermost orbit. In other words, the closer the node is to the centre, the greater is the interest of the stakeholder 

in the method. 

Stakeholders from industry are interested in a tool that supports safe and sustainable nanomanufacturing (Malsch 

et al. 2015b), but large industry and SME have different needs for such a tool. Large Industry users have an interest 

in proactively tailoring their products-in-development toward safety and sustain- ability, and have dedicated 

Research and Development (R&D) units to address these needs. On the other hand, while SMEs are interested in 

sustainability, they are limited in capacity to handle complex analyses and data generation. Due to this difference, 

large Industry is more interested in RA (a) and LCA (a),while SMEs are more interested in RA (s) and LCA (s). 

However, large industry may also use screening-level tools for prioritizing (or flagging) product development. 

Similarly, SMEs can use advanced tools and interpret its output with the assistance of consultants. 

Regulators at the workshop included individuals who support the implementation of regulation like REACH. 

While existing RA frameworks are considered to cover ENM (SCENIHR 2009; OECD 2012), 

regulatory agencies are making efforts to address case- specific aspects of ENM dossiers. In the case of REACH 

regulation, European Chemicals Agency (ECHA) requires that the nano-form of the substance needs to be registered 

separately from the bulk form. It participates in two working groups to improve the application of RA to ENM: 

http://www.sun-fp7.eu/summary-report-on-sun-stakeholder-workshop/
http://www.sun-fp7.eu/summary-report-on-sun-stakeholder-workshop/


 

nanomaterials working group (NMWG) and group assessing already registered nanomaterials (GAARN). ECHA 

and regulators expressed preference for SUNDS to be tailored to REACH guidelines. Quantitative ecological and 

human health risk assessment and the implementation of suitable risk management measures are mandatory for 

REACH registration and authorization dossiers. Regulators favour absolute assessment for both threshold (i.e. 

substances with a linear dose–response up to a particular limit) and non-threshold effects (i.e. substances with a 

linear dose–response e.g. endocrine disrupting chemicals and carcinogens), with appropriate uncertainty analysis 

methods. In the event that applicants are making a socioeconomic argument for authorization, regulators also 

require to review LCA, BCA, SIA as well as RMM (c). 

 

 

 

 

 

Legend of Nodes and Sub-nodes 

  Central node depicting user type: SME/Large Indusry/Regulator/Insurance 

Environmental (Env) node comprising of four sub-nodes 

RA (s) Screening-level Risk 

Assessment 

 
Advanced Risk 
Assessment 

Screening-level Life 

Cycle Assessment 

 
Advanced Life Cycle 
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Economic (Econ) node comprises of two sub-nodes 

 

Benefit Cost 

Assessment 

 
 

Social (Soc) node comprises of one sub-node 

 
Social Impact Assessment 

Insurance Cost 

Assessment 

 

Alternatives Assessment (AA) node comprises of two sub-nodes 

 

 
 
 
 
 

Fig. 3 User needs with respect to sustainability assessment methods 

Risk Management 

Measure efficiency 

Risk Management 

Measure cost 

The insurance sector is extremely concerned about knowledge gaps in nanosafety, potential liability claims as 

they are called upon to accept nanotechnology production risk in a field with high scientific and economic 

uncertainty and no actuarial data (Mullins et al. 2013). Development of actuarial protocols and other ICA tools was 

deemed by the insurance sector stakeholders as a pressing need to ensure the long term sustainability of the 

nanotechnology. As these needs are being addressed, the insurance industry has emerged as an effective lobby for 

improved risk management practices in industry. Insurance providers present at the stakeholder workshop expressed 

a willingness to offer discretionary premium discounts if industry demonstrated an understanding of risk,  regulation 

and Standard Operating Procedures. Insur ance providers are not interested in assessment of alternatives according 

to efficiency and cost, and hence the AA node has not been shown in the insurance diagram in Fig. 3. 

 

 
Summary and future developments 

 
This paper discusses current needs for nanotechnology risk management, and proposes the SUNDS conceptual 

decision framework as an advancement over existing risk assessment and management frameworks with respect to 

seven criteria. Two of these frameworks i.e. LICARA NanoSCAN and CENARIOS standard have been included 

 

  

  

 

  



 

within the SUNDS conceptual decision framework. LICARA NanoSCAN as Tier 1 of SUNDS provides a good 

screening-level assessment that can be used even with limited data (Som et al. 2014). A stand-alone module based 

on the CENARIOS standard addresses the efficacy of organizational risk management, which is an important aspect 

to be addressed owing to the uncertain and fast evolving nature of nano-EHS research (Widler et al. 2016). The 

following para- graphs discuss how the SUNDS conceptual decision framework expands the locus from 

nanotechnology risk assessment and management to emerging risk governance needs. 

SUNDS conceptual decision framework has a two- tier structure comprising screening and advanced tools to 

address varying data availability and stakeholder needs. Currently, data may not be available to apply the SUNDS 

Tier 2 to all nano-enabled products. In these situations, Tier 1 results can provide some insight on nano-enabled 

products to the user to support decision-making. 

SUNDS assesses TBL impacts over the life cycle of nano-enabled products (criteria 1 and 2). In addition to 

(eco)toxicological risks and environmental impacts, it includes screening-level and advanced methodologies for 

economic and social impact assessment. The Benefit–Risk Assessment in the framework is not balanced in terms 

of being more comprehensive on the risk and costs than benefits due to case-specific nature of benefits and more 

developed risk research. How- ever, a comparative methodology can help choose nano-enabled product alternatives 

with lower risks or costs and higher benefits (criterion 5). 

SUNDS includes the perspectives of regulatory, industry and insurance stakeholders from early stages of 

framework design through a comprehensive user elicitation process (Malsch et al. 2015a, b), to the inclusion of 

their criteria preferences in the decision- making. User preferences form the core of sustain- ability assessment in 

the SEA module (criterion 3). Further, SUNDS conceptual decision framework and tools include elements from 

the EU REACH regulation so that stakeholders can be guided in approaching risk management and sustainability 

in a manner compatible with existing regulatory frameworks. SUNDS conceptual decision framework will adopt 

the two REACH authorization foci of RC (ECHA 2011a) and SEA (ECHA 2011b) within both tiers. Our intention 

is not to build a DSS that is in strict compliance with REACH regulation, but to support users to approach risk 

management and sustainability in the way that is compatible with REACH regulation. SUNDS has comprehensive 

risk management compo nent covering all risk management categories of the traditional hierarchy of risk control 

(criterion 4). Risk control in SUNDS is addressed through: (a) Techno- logical Alternative and Risk Management 

Measures (TARMM) inventory linked to RA modules with efficiency, cost of safety-by-molecular design 

measures, engineering controls and personal protective equipment (Oksel et al. 2015), and (b) a stand-alone 

module that assesses implementation of organizational risk management based on the CENARIOS standard 

(Widler et al. 2016). 

SUNDS conceptual decision framework is based on decision analysis, which provides two strategies to address 

uncertainty (criterion 6). First, it enables the utilization of latest research findings to structure the decision problem 

and provide useful insight on the most relevant impacts. The framework can also be linked to a methodology that 

supports explicit con- sideration of parameter sensitivity and uncertainty (criterion 6). SUNDS conceptual decision 

framework is also adaptive to new data and stakeholder perspectives, and is thus suitable for nanotechnology risk 

governance over an extended time period (criterion 7). Even during stakeholder elicitation process conducted thus far 

to develop the SUNDS conceptual decision framework, we have experienced and witnessed a growing 

understanding of nanotechnology risk management and sustainable innovation issues. 

SUNDS not only supports traditional risk Management, but also has potential contribution towards Risk 

Governance. Risk governance in the context of nanotechnology has received limited attention until the recent past, 

but ongoing work is attempting to coalesce existing concepts and methodologies that could facilitate risk governance 

and in result, better define what it means in the context of nanotechnology. Broader methodologies and outcomes for 

stakeholder engagement in the context of nanotechnology are being reported (Isaacs et al. 2015; Malsch et al. 2015c; 

NNI Report 2015). In terms of the classification of risk regulation as mandatory (Breggin and Pendergrass 2010) or 

voluntary risk regulation (Meili and Widmer 2010), upcoming risk governance frameworks repre- sent a combined 

approach which includes mandatory elements (e.g. aspects of existing environmental regulation) but voluntary in 

its implementation. Cur- rent efforts include developing tools to facilitate risk governance (SRA/NSC 2016) and 

extend risk assessment and management to risk governance by including stakeholder needs and perspectives (Prosafe 

2015). 

SUNDS conceptual decision framework forms the basis of the SUN DSS, whose beta prototype is in 

implementation stage. It will be tested in two case studies comprising real industrial products: antimicrobial wood 



 

coating formulation containing copper oxide and organic pigments used in automotive finishes. These imminent 

developments are expected to further improve the understanding of the links between risk management, sustainable 

innovation and risk governance in specific use contexts, and facilitate holistic decision-making by stakeholders. 
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