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Abstract

As with many new technologies, developing a framework for making risk management decisions
for nanotechnology is a challenge. Risk assessment has been proposed as the foundation for many
regulatory frameworks for nanomaterials. Although the traditional risk assessment paradigm
successfully used by the scientific community since the early 1980s may be generally applicable, its
application to nanotechnology requires a significant information base. The authors’ experience
supporting federal agencies in the United States, Canada, and the European Union—as well as state
agencies in Massachusetts and New York and cities such as Berkeley and Cambridge—suggests that
nanomaterial regulatory frameworks could be built upon existing regulatory approaches with the
addition of a more rigorous and transparent method for integrating technical information and
expert judgment. The authors argue that the current focus on studying the amount of risk
acceptable for a specific technology or material should be shifted toward comparative assessment
of available alternatives, and the use of science and policy to identify alternative nanotechnologies
and opportunities for risk reduction and innovation. This approach involves the use of both
quantitative and qualitative decision analysis tools, offering roadmaps for assessing different
information sources and making policy decisions. Two representative methods presented are the
Alternatives Assessment method and the Multi-Criteria Decision Analysis method.

I. Introduction

Scientists and regulators use many experimental tests, computational models, and tools to
assess toxicities and risks of chemicals in the environment; however, applying these tools to new
substances or materials may be difficult. Traditional risk assessment essentially consists of
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comparing measurable exposures associated with specific hazards to existing regulatory
benchmarks that correspond to safe exposure levels. Although agencies have tried to apply this
traditional risk assessment paradigm to emerging substances, its application to nanomaterials
requires dealing with very large uncertainties in basic knowledge, while tools that are currently
used for uncertainty analysis (e.g., Monte-Carlo simulations) may not be easily applied. Integrating
the heterogeneous and uncertain information in nanomaterial risk management therefore demands
a systematic and understandable framework to organize the scarce technical information and
required expert judgment.

This article begins with an assessment of trends in nanotechnology development and
environmental health and safety (“EHS”) data generation. Previous studies by the Project on
Emerging Nanotechnologies at the Woodrow Wilson International Center for Scholars! and Hansen
and co-authors? found that the emergence of nanotechnology products has occurred much faster
than the generation of corresponding EHS data. This is partly related to the inherent challenges in
the research underpinning EHS data generation for nanomaterials, such as the need for new
analytic approaches, the requirement of standards for testing, the adaptation of existing test
methods for nanomaterials, and the development of new sampling and monitoring equipment. The
ability of regulatory agencies to use EHS data also lags due to resource limitations. Davies3 and
Taylor,* for example, estimate that the Environmental Protection Agency (“EPA”) and the Food and
Drug Administration (“FDA”) have funding for about 50% of their workload. Additionally, until
fiscal year 2009, the Consumer Product Safety Commission had no nano-specific budget at all.
These constraints, coupled with the inherent challenges of the research, all contribute to the
existence of a gap between data generation and agencies’ ability to perform risk assessment. Our
assessment of published papers confirms this trend and highlights the growing gap between
nanotechnology development and nanomaterial EHS data generation.

We also discuss approaches for governing nanotechnology development and mitigating risk.
The regulatory pyramid approach® and its modifications for the field of nanotechnology® were used
to classify nanomaterial risk governance frameworks reported in the literature. Building on our
previous review?’ and discussions at a 2008 NATO Workshop,® we summarize several regulatory
approaches within the regulatory pyramid framework.

No matter which regulatory tools are implemented, the challenges associated with the
acquisition of solid technical information in a rapidly evolving field are likely to persist. We believe
that supplementing technical knowledge with formalized expert judgment is required for
transparent and justifiable policy decision making. A risk-based governance approach persists as
the best regulatory option. However, further development of risk assessment towards integration
of decision analysis and other social science approaches may be required to bridge the
nanotechnology EHS knowledge gap that will likely widen in the near future. We conclude with an
assessment of the strengths and limitations of quantitative (e.g., multi-criteria decision analysis)
and qualitative (e.g., alternatives assessment) tools available to support nanomaterial risk
assessment with integration of expert judgment.

II. Nanotechnology: Industry Growth and EHS Data Generation

Our literature review of nanotechnology application and EHS data generation trends began with
an analysis of the Science Citation Index (SCI) database available through the Web of Science,?
focusing on the years 1995 though 2008. Figure 1 presents the number of articles published
annually resulting from:
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A search using the string: “TS=(quantum dot OR nanostruc* OR nanopartic* OR
nanotub* OR fulleren* OR nanomaterial* OR nanofib* OR nanotech* OR nanocryst*
OR nanocomposit* OR nanohorn* OR nanowir* OR nanobel* OR nanopor* OR
dendrimer* OR nanolith* OR nanoimp* OR nano-imp* OR dip-pen)”10

The total number of publications satisfying this search criterion increased from about 2,000 in
1995 to approximately 40,000 in 2008. This data is consistent with data reported by Lux Research
for the span 1990-2006.11

The above results were then limited by adding the required search term Characteriz*. This
search is designed to include publications which include nanomaterial characterization as part of
the study. Figure 1 clearly shows that only a fraction of all papers report results of nanomaterial
characterization. It is important to note that although the percentage of papers with
characterization is steadily increasing (from about 10% in 1995 to over 20% in 2008), this does not
mean that characterization of the tested nanomaterials is actually being reported, or that the
quality of the characterization is sufficient to permit accurate identification of the hazardous
properties of nanomaterials. 12

Moreover, the number of papers satisfying the original search string that mention risk, as well
as the number of papers co-authored by EPA or FDA scientists, was less than 10 through 2003.
After this point we observe a rapid increase (from 7 in 2003 to almost 100 in 2008 alone). The
number of papers co-authored by the EPA and FDA lags significantly (even though the papers in
this category may be not necessarily risk or EHS-related; the agencies are also involved in
nanomaterial technology development and publish technology-related papers), highlighting the
challenges faced by agencies with tightly constrained funding.

Figure 1: Number of Journal Articles on
Nanotechnology Topics by Year in Science Citation Index.
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“All Nano” corresponds to all published papers returned by the Science Citation Index search string
“TS=(quantum dot OR nanostruc* OR nanopartic* OR nanotub* OR fulleren* OR nanomaterial* OR
nanofib* OR nanotech* OR nanocryst* OR nanocomposit* OR nanohorn* OR nanowir* OR nanobel* OR
nanopor* OR dendrimer* OR nanolith* OR nanoimp* OR nano-imp* OR dip-pen)” with document type
= article. “Nano Characterization” and “Nano and Risk” are the subsets of papers returned by the
original search string plus the refinements “characteriz*” or “risk.” The final plot represents papers
co-authored by scientists from FDA and EPA.
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Figure 1 shows that the emergence of nanotechnology products has occurred much faster than
the generation of corresponding EHS data (see Figure 2). Moreover, there is currently a lag
between the time EHS data is available and the time when regulatory agencies use this data. This
lag exists because these agencies have limited resources and it takes time for them to adjust risk
assessment procedures for application to nanomaterials. The precise extent to which a lag exists is
unclear at this stage. A study by the European Environmental Agency (“EEA”), for example,
analyzed fourteen cases where a lack of regulatory action following reports of harmful effects had
costly and unpredicted consequences on human health and the environment.!3 In many of the
cases, the time gap between the first report of harm and effective regulatory action was decades,
and in some cases, even over a century.

In 1977, Lawless!* and his team published the book Technology and Social Shock, which
presented forty-five cases documenting a wide range of new technologies, including reproduction
and genetics, food and medicine, and environmental problems. Lawless describes the episodes of
public alarm or strong concern over various technologies and terms these cases “Social Shocks.” A
common theme identified by Lawless was that “social institutions grapple with the problem” for
varying amounts of time while “papers on effects increased in the technical literature.”!> On
average, this delay was one or two decades. Although the cases analyzed by the EEA and Lawless
might not reflect all emerging technologies, they do represent plausible worst-case scenarios.
Given that the “shelf life” of specific new nanotechnology products is likely to be short because of
continuous technology improvements, the approaches to regulate these materials should be
adjusted to the evolving nature of the field.

Figure 2: Schematic Representation of Emergence
of Nanotechnology Products in Comparison to Generated EHS Data.¢

This diagram is purely qualitative and is meant to illustrate the relative amount of time between the
emergence of nano-products, the generation of EHS data, and the analysis of those EHS data by
regulatory agencies.

A

Emerging nano-
products

Generated EHS
data

Volume

7 T

EHS data analyzed by
regulatory agencies

»
»

Time

206



Linkov et al., Nano Risk Governance: Current Developments and Future Perspectives,
6 Nanotechnology Law & Business 203 (Summer 2009)

1. Available Regulatory Frameworks

A. Regulatory Pyramid Approach

Our review!? identified multiple regulatory policy instruments (e.g., voluntary programs,
labeling, tax incentives, etc.) available for nanomaterial regulation. Fifteen documents!8 were
specifically discussed by the Policy Working Group (“Group”) at the 2008 NATO Workshop on
Nanomaterial Risk Assessment.1 The Group used a regulatory pyramid approach and responsive
regulations?® to provide a starting point for classifying these regulatory policy instruments and
associated tools. The Group revised the original pyramid during the NATO Workshop (see Figure
3).

The underlying idea of responsive regulation is that the degree of regulatory intervention and
supervision is based on a dynamic assessment of market conditions and regulated community
performance rather than a ‘one-size-fits-all’ prescription.2! Self regulation forms the base of the
pyramid, representing the bulk of matters that can be handled informally without oversight by
regulatory agencies. The regulatory approach becomes more prescriptive and punitive at the top of
the pyramid. The regulatory response depends on the effectiveness of individual firms’ self-
regulation activities, as well as on how successfully they have responded to hazards and risks.
Examples of regulatory tools from all levels are presented in the following sections.

Figure 3: Regulatory Pyramid based on Ayers & Braithwaite22
and modified during discussions at 2008 NATO Workshop.

Command
Regulation
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B. Self-regulation - A Partnership between Environmental Defense and DuPont

The base of the regulatory pyramid is self-regulation. In industry, one example is the Nano Risk
Framework which was jointly released in early 2007 by Environmental Defense (“ED”) and the
DuPont Corporation.23 This framework describes a process for “ensuring the responsible
development of nanoscale materials.”2¢ The framework can be used freely by companies and other
organizations. The intent of the framework “is to define a systematic process for identifying,
managing, and reducing the potential environmental, health, and safety risks of engineered
nanomaterials across all stages of a product’s ‘lifecycle’.”25 It is meant to offer a voluntary approach
to facilitate the responsible development of nanomaterials by companies, as well as private and
public research institutions.2¢ The framework is designed to be used iteratively at different stages
of development advancement including basic R&D, prototyping, pilot testing, test marketing, and
finally full-scale commercial launch as well as when new information becomes available.2?

The framework consists of six distinct steps:

1. Develop a general description of the nanomaterial and its intended uses, based on
information already available, and identify analogous materials and applications
that may help fill data gaps in this and other steps;28

2. Develop profiles of the nanomaterial’s properties, inherent hazards, and associated
exposures, considering all the elements of the nanomaterial’s full lifecycle and also
considering that a material’s properties, hazards, and exposures may change during
its lifecycle;29

3. Evaluate all of the information generated in the profiles and identify and
characterize the nature, magnitude, and probability of risks of the nanomaterial and
its application. Gaps in the lifecycle profiles should be prioritized and a decision
should be made on how to address them;3°

4. Evaluate the available risk management options and recommend a course of action,
including engineering controls, protective equipment, risk communication, and
product or process modifications;3!

5. Decide alongside key stakeholders, experts, and decision-makers whether or not, or
in what capacity, to continue development and production and document these
decisions as well as their rationale, and share appropriate information with the
relevant stakeholders;32

6. Update and re-execute the risk evaluation regularly or as necessary to ensure that
risk management systems are working as expected and adapt in the face of new
information or conditions; document and share appropriate information with
relevant stakeholders.33

The author’s clarify that, “[t]hrough these six steps, the framework seeks to guide a process for
risk evaluation and management that is practical, comprehensive, transparent, and flexible.”34

The ED-DuPont framework is further intended to guide users through information generation
and help them update assumptions, decisions, and practices as new information becomes available.
At various stages in the product-development process, the document provides a worksheet3s to
help participants: 1) organize, document, and communicate the information they have about their
material; 2) acknowledge that information is incomplete; 3) explain how information gaps were
addressed; and 4) explain the rationale behind the user’s risk management decisions and actions.36
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However, the amount of information required in the framework is directly related to the potential
extent and degree of exposure of the specified application. ED and DuPont recommend that a broad
range of stakeholders have access to the worksheet or summaries of it as products move into
commercialization in order to facilitate ease of understanding.3’

DuPont has made it clear that it fully supports this framework. In fact, DuPont has made the
framework standard for its own operations involving nanomaterials.38 In at least one instance,
applying the framework indicated that a product’s development should be halted.3°

Similar to the ED-DuPont Nano Risk Framework, Davies4® believes that the Responsible Care
program of the American Chemistry Council (“ACC”)#! is also a useful example of self-regulation for
the nanotechnology industry. Reponsible Care requires member companies to measure and
publicly report performance as well as to obtain independent third-party verification that their
operations are up to set standards.42 Davies, however, notes that voluntary codes often suffer from
a lack of participation, as well as lack of transparency and specificity.43 Indeed, public opinion
surveys reveal skepticism about self-regulatory programs alone.#¢ That is, failures of self-
regulation could damage public acceptance of nanotechnology. Thus, effective self-regulation with
the threat of external pressure—enforced self-regulation—has been found to be more effective.45

2. Government Registration

Government registration moves one step beyond self regulation. While not directly regulating
conduct, governments may require nanomaterial users within their jurisdiction to register their
activities and provide some basic information about those activities. Berkeley, California, for
example, issued a nanoparticle hazardous materials ordinance in December 2006.4¢ This was the
first time a city took such an approach in the United States.

Berkeley’s ordinance states, “All facilities that manufacture or use manufactured nanoparticles
shall submit a separate written disclosure of the current toxicology, to the extent known, and how
the facility will safely handle, monitor, contain, dispose, track inventory, prevent release and
mitigate such materials.”47 In the spring of 2007, Berkley published guidelines implementing the
ordinance.48 Berkeley’s guidelines make it clear that the City only seeks published information and
data.#® Regarding toxicity, the City seeks five types of data: (i) inhalation, (ii) dermal, (iii) oral, (iv)
mutagenicity/genotoxicity, and (v) reproductive.5¢ While this comprehensive data does not exist
for all materials, the Guidelines allow reporting businesses to indicate such “information is not
available” in instances where none has been published.5! At the same time, the City mandates a
precautionary approach if toxicity data is unavailable.52

Javiera Barandiaran,>3 a researcher, criticized the “open-ended” question format used in the
City’s guidelines. She challenges that an “open” format is unlikely to produce useful data.5*
Barandiaran also believes that “[t]he type of information required by the ordinance fails to capture
some key characteristics of nanomaterials considered to be important [for the] potential toxicity,”55
such as surface to mass ratio, surface coatings, or surface characteristics and reactivity potential.56
The author argues that while the information collected by the Berkeley ordinance fits well within
the needs of a hazardous materials business plan, the debate on how to regulate nanomaterials
would benefit more from the development of a reporting form that begins to get at the key factors
of nano-toxicity.

Regarding the government registration approach, Suellen Keiner>? suggests that action by states
can spur action at the federal level. In her article, Room at the Bottom? Potential State and Local
Strategies for Managing the Risks and Benefits of Nanotechnology, Keiner explains how certain
federal laws allow states and municipalities to enact their own nanomaterial EHS laws, even if
federal laws are later enacted.58 She highlights examples where states have promulgated their own
regulations concerning air,5 waste,60 water,6! labeling,62 and worker safety.63 The author then
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suggests four specific routes of possible state action concerning potential nano-related EHS
concerns:

1. Require disclosure of potential health, safety, or environmental hazards (like
Berkeley);

2. Adopt standards that are expert-driven by standard-setting bodies;
3. Stakeholders should pressure states to act; and

4. States may collaborate on joint regionally standards or approaches and also draft
model laws, rules, and/or ordinances.64

While the author recognizes that these approaches may be made moot if the federal government
chooses to regulate in this area, the author notes that it is still important for states to act because
they can enact more restrictive regulations than the federal government.¢> The paper concludes
that a lack of federal initiatives leaves plenty of room at the bottom for states and municipalities to
regulate nanotechnology.6¢

3. Enforced Self-Regulation: The U.S. Stewardship Program and the NPPTAC Reporting
Program

Selecting the appropriate regulatory tools for external pressure is crucial. Ayers and
Braithwaite recommend engaging public interest groups in this process.¢” In A New Approach to
Risk Management for Nanotechnology, Abbott, Marchant, and Sylvester expand this
recommendation to include multiple stakeholder groups.68 For any method selected, tools for
information gathering should also be used to help build databases of nanomaterial properties as
well as to facilitate the communication of risks and related information.

Indeed, information-based tools play an important role in applying external pressure. Two
examples of programs that use this strategy in the U.S. are the Toxics Release Inventory (TRI) and
California Proposition 65.¢9 Under the TRI, companies that release more than de minimis amounts
of potentially hazardous chemicals must inform the EPA, which then publicly releases the
information.”’® In California, Proposition 65 established a state-maintained list of chemicals known
to cause cancer, birth defects, or reproductive harm.” A product’s label must declare if it contains
any of the chemicals on the list.72 Davies notes that the enforcement of these regulations is not
always straightforward.”? Nonetheless, the tools are conceptually simple, and they inform the
public of a company’s or chemical’s behavior, applying pressure on companies to seek safer
substitutes, as appropriate.

External pressure could also be applied in the form of economic incentives. Davies, in Managing
the Effects of Nanotechnology, suggests, for example, tools such as tax breaks and tax penalties to
promote adherence of companies to their industry code of conduct while penalizing those that fall
behind.’*  Another economic tool is acceleration of the review and approval process for
environmentally beneficial new products.”> These actions would provide real incentive for
companies in the nanotechnology industry to follow a code of conduct and act in an
environmentally responsible manner. Davies is less enthusiastic about liability tools, since these
require the enforcement of tort law and are applied only after some demonstrable environmental
or health harm has been committed.”¢

One particular example of enforced self-regulation is the EPA’s voluntary Nanoscale Material
Stewardship Program (“NMSP”).77 The program’s objectives are to help the agency assemble data,
which encourages the development of data in particular, and to foster responsible nanomaterial
development.’8 The scope of the NMSP includes nanomaterials that have been manufactured or
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imported for commercial purposes or are soon to enter commerce.’? Thus, the approaches are
intended to be applicable to both “new” and “existing” chemical nanoscale materials, regardless of
whether they qualify for various exemptions or fall below reporting or notification thresholds
under the U.S. Toxic Substances Control Act (“TSCA”).80 The NMSP consists of two levels—one
providing participants the opportunity to provide basic information (i.e., EPA’s Basic Program), and
one providing them with the opportunity to generate and report in-depth information and
implement more in-depth risk management practices (i.e., EPA’s In-Depth Program).8! Participants
would volunteer to provide information (although the specific information requirements are still to
be determined) on one or more specific nanomaterials, but they need not volunteer all of their
materials. The EPA would then make information relevant to understanding and addressing
nanomaterial risk publicly available unless it is considered confidential business information.

In order to ensure broad participation, the EPA would require participants in the Basic Program
to report existing material characteristics (such as chemical composition, physical form, solubility,
etc.) as well as characterize hazard, use and exposure potential, and risk management practices.82
Participants in the Basic Program are not required to fill in the gaps of knowledge about basic
material characteristics or to implement basic risk management practices such as worker training,
use of available engineering controls, product labeling, customer training, and waste management
practices.83 They are furthermore not required to describe their experiences in implementing the
basic risk management practices and their degree of satisfaction with these.84

The In-Depth NMSP is aimed at organizations (or consortia) interested in going beyond the
basic program.8> These would be obligated to generate new information about the hazards and
risks—including risk reduction—of specific nanomaterials, as well as identifying, implementing,
and expanding risk management measures appropriate for a given lifecycle of the material,
including monitoring workplaces, environmental releases, and worker health.86 The NMSP is not
time-limited and there is no mentioning of the EPA starting to develop regulations based on this
program.

A basic concern is whether a sufficient number of manufacturers will choose to voluntarily
participate in the NMSP. The EPA initially predicted that 120 out of an estimated 480 existing small
nano-related business and 120 out of an estimated 240 existing large nano-related businesses
would participate in the basic program over a three year period.8” Further, depending on company
interest and the resources dedicated to the program in the EPA Office of Pollution Prevention and
Toxics, EPA expected to analyze 15 additional nanoscale substances through the in-depth program
during this same period.88 In mid-January 2009, EPA published an interim status report8?
regarding the NMSP. So far, information under the basic program has been submitted by 29
companies/associations, covering 123 nanoscale materials. Seven additional companies have
also committed to submitting data under the basic program at a future date.?0 The in-depth
program has commitments from four companies thus far. Additionally, the American Chemistry
Council has expressed an interest in coordinating in-depth data submissions.9!

A similar program in the United Kingdom?92 has faced similar hurdles. In the spring of 2008, the
United Kingdom’s Department for Environment, Food and Rural Affairs (“DEFRA”) released its
Sixth Quarterly Report concerning the response to its Voluntary Reporting Scheme for
Manufactured Nanomaterials (“VRS”).93 The UK reported that no new submissions were received
by DEFRA since its prior quarterly report in December 2007.9¢ Consequently, the count for total
submissions remained at nine, seven from industry and two from academia. DEFRA is still seeking
submissions under the VRS, but it is recommending that the “objectives and data requirements for
the scheme be more clearly articulated.”95
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4. Command Regulation: Registration, Evaluation and Authorization of Chemicals
(“REACH”) in Europe

Agencies, such at the EPA, practice risk assessment as a tool to evaluate risks associated with
chemicals which have been in the environment for decades. The U.S. National Academy of Sciences
formulated the risk assessment approaches and procedures® that were subsequently tailored to
specific applications by the EPA%7 and other agencies in the US and worldwide. Risk management
was initially separated from risk assessment; risk assessment was perceived as a scientific activity
while risk management was dealt with in a policy framework. A risk assessment is generally
constructed to have four components: hazard identification, toxicity assessment, exposure
assessment, and risk characterization.?® This traditional scientific risk assessment framework may
then be used in support of developing command regulations for substances such as nanomaterials.

On January 1, 2007, the European Parliament regulation, termed Registration, Evaluation and
Authorization of Chemicals (“REACH”), went into effect.99 REACH is a new chemical legislation
regarding the manufacturing and commercialization of chemical substances in the European
market. The regulation establishes an authorizing system that requires the registration and
evaluation of existing and new chemical substances.100 A chemical substance is defined as “a
chemical element and its compounds in the natural state or obtained by any manufacturing process,
including any additive necessary to preserve its stability and any impurity deriving from the
process used, but excluding any solvent which may be separated without affecting the stability of
the substance or changing its composition[.]”191 In theory, the broad definition of a chemical
substance under REACH includes nanoscale substances.102

While the REACH definition may cover nanoscale substances, REACH does have at least two
major potential limitations in regard to nanoparticles. First, registration is based on chemical
composition—and not, for instance, properties, which might be a better descriptor for the risks of
nanoparticles such as particle size or surface area.103 This means that Ce¢o and carbon nanotubes
could in theory be registered under the same registration as carbon black,1%4 and nano-sized TiO>
could be registered under the same registration as micron-sized Ti0,.105

Second, although REACH obliges producers or importers to provide toxicological data and
assess environmental exposure, requirements are based on mass thresholds.1%6 Hence, data sets
are not required until production or imported volumes are above the threshold of 1 ton/year of a
substance per producers.!7 For many nanoparticles, this threshold would likely not be reached in
the short term.198 Furthermore, the usually low concentration of nanoparticles in the final article is
likely to exclude many nanoengineered articles from the REACH legislation, since no registration is
required when the concentrations of a substance is lower than 0.1% w/w.109

5. In Search of Solutions

There is no doubt that risk assessment is key to developing nanotechnology governance;
however, its application to nanomaterials is impaired by significant uncertainty and variability in
available data. Most of the uncertainty analysis methods developed for chemicals and other
stressors (e.g., probabilistic assessment, Bayesian analysis, and multivariate statistical analysis) can
be generally characterized as data-intensive. A clear deficiency, if not a practical impossibility, of
these types of methods when applied to nanomaterials risk assessment is their rigid data quality
requirements. Implementation of these methods is currently not achievable for most studied
nanomaterials.

Several decision support methods and tools have been proposed for how to best govern
nanomaterial development in the face of heterogeneous information, uncertainty, and risk. The
proposed application frameworks clearly acknowledge the need to integrate expert judgment with
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multiple other factors to support the risk assessment and decision-making process. They advocate
a change from the current focus of studying risk to investigating solutions. Rather than focusing on
how much risk is acceptable for specific nanomaterials, these approaches could use science and
policy to identify alternative nanotechnologies and opportunities for risk reduction and innovation.

One group of decision tools includes
qualitative policy instruments that offer
roadmaps for assessing different information
sources and making policy decisions, often
through several analysis tiers or steps. At each
tier, specific decision points are assessed. Even
though quantitative tools could be applied
within such methods, their use is limited to
traditional statistical and mathematical analysis
of technical and scientific information while
judgment is integrated qualitatively. A second
group of methods quantitatively integrate
expert judgment of the utility of heterogeneous
technical information with societal value calls.
Two representative methods that the authors
have experience with are Alternatives
Assessment, 110 corresponding to the first group,
and multi-criteria decision analysis
(“MCDA”),111  corresponding to the second

group.

Alternatives Assessment is a common-sense
approach whereby a wide range of alternatives
(e.g., technologies, processes, social changes) to
potentially hazardous activities are examined at
the time risks are identified.1’2 The key
elements of Alternatives Assessment include
performing a broad appraisal, opening up of a
range of options (change phrasing), and looking
for risk-superior alternatives and avoidance of
risk-risk tradeoffs.113

Generally, Alternatives Assessment consists
of six steps: (1) identify target(s) for action, (2)
characterize and prioritize end uses, (3) identify
alternatives, (4) evaluate and compare
alternatives, (5) select preferred alternative(s),
and (6) review selection.l*  Alternatives
Assessment does not only involve, for example,
substituting a hazardous chemical with a less
hazardous one; rather, it mandates that society
examines the service and function that it
requires as opposed to just examining the

The Alternatives Assessment
approach consists of six steps:
(1) identify target(s) for action,
(2) characterize and prioritize
end uses,

(3) identify alternatives,

(4) evaluate and compare
alternatives,

(5) select preferred
alternative(s), and

(6) review selection.

The Multi-Criteria Decision
Analysis process consists of
four steps:

(1) structuring the problem by
identifying stakeholders and
criteria (e.g., nanomaterial
properties) relevant to the
decision at hand,

(2) eliciting the parameters of
the mathematical model (e.g.,
weights, thresholds, etc.) and
assigning measurements for
each alternative (e.g.,
nanomaterial risk group),

(3) executing the model
through software, and

(4) interpreting the results of
the model and possibly re-
iterating the process from step
1or2.

chemical under question. Alternatives in this instance need not simply be nanomaterials, but may
include the process or administrative changes that reduce the need for the materials in the first
place.115 The main limitation of Alternatives Assessment is that the evaluation and comparison of
alternatives is a complex and challenging process so that, generally, no one method exists which can
compare environmental, health, technical, economical, and social trade-offs.116
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MCDA tools have recently been attracting attention as a way to structure fragmented
information for application in environmental management.11?” MCDA refers to a group of methods
used to impart structure to the decision-making process.118 Generally, the MCDA process consists
of four steps: (1) structuring the problem by identifying stakeholders and criteria (e.g.,
nanomaterial properties) relevant to the decision at hand, (2) eliciting the parameters of the
mathematical model (e.g., weights, thresholds, etc.) and assigning measurements for each
alternative (e.g., nanomaterial risk group), (3) executing the model through software, and (4)
interpreting the results of the model and possibly re-iterating the process from step 1 or 2.119 The
goal of the MCDA process is not to select a single best alternative, but to rank or group alternatives
through a structured process. In Multiple Criteria Decision Analysis: An Integrated Approach, Belton
and Stewart120 present a detailed analysis of the theoretical foundations for different MCDA
methods and their comparative strengths and weaknesses. Linkov et al.1?! present a review of
MCDA applications to environmental management. Researchers have also reported examples of
MCDA application for use with nanomaterials.122

The advantage of using MCDA techniques over other less-structured decision-making methods
is in its clear and transparent methodology for combining information from disparate sources.
MCDA algorithms provide the ability to clearly explain and quantify technical judgment and values.
Moreover, MCDA software can provide useful graphical techniques and visualization methods to
express the gathered information in understandable formats. When changes occur in the
requirements or the decision process, decision analysis tools can repeat the analysis by
reprocessing and iterating with the new inputs. MCDA has been recommended as one of the most
promising risk governance tools.123 The main limitations of MCDA are the need for quantification
of multiple criteria and measures developed as part of a decision model. Additionally,
implementation of different MCDA theories may lead to potentially different solutions.

Decision analysis tools (both qualitative and quantitative) can help to generate and map
technical data as well as individual judgments into organized structures that can be linked with
other technical tools from risk analysis, modeling, monitoring, as well as cost estimation. Such an
integration of decision, scientific and engineering tools provides users with a valuable decision-
making framework without attempting to apply either type of tool beyond its intended scope. Both
qualitative and quantitative tools have strengths and limitations.

III. Conclusion

In summary, we believe that nanomaterial regulatory frameworks could be built on the existing
risk assessment and management approaches with the addition of rigorous and transparent
methods for integrating technical information and expert judgment that are offered by decision
analysis tools. The use of these tools does not replace information collection and application of
quantitative risk assessment methods; rather it provides a quantitative and adaptive framework
under which expert judgment and technical data can be congruently managed to arrive at potential
solutions. This increasingly important function is underscored by the existence of a potentially
widening data/knowledge gap in the field of nanomaterial risk management and provides
additional rigor for the interim period prior to acquisition of definitive technical data.
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