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Abstract: Industry and scientists develop new nanomaterials and nano-enabled products to make
use of the specific properties that the nanoscale can bring. However, the benefit of a nano-enabled
product over a conventional product is not always a given. This paper describes our development
of a Benefit Assessment Matrix (BAM) that focuses on the functional, health and environmental
benefits of nanomaterials, nano-enabled manufacturing and nano-enabled products. The BAM is
an Excel spreadsheet-based tool to help researchers and small and medium-sized enterprises assess
these potential benefits throughout their product’s life cycle while they are still in the early phase
of the innovation process. Benefit indicators were developed based on a review of the literature
on the life cycles and intrinsic properties of nanomaterials, nano-enabled manufacturing and nano-
enabled products. Assessing the benefits of a nano-enabled product involves a comparative approach,
contrasting them against the benefits of a conventional reference product. To help users understand
the reliability of the benefits, the BAM identifies the evidence of the benefit claimed. The BAM
provides a different action plan for each phase of the stage–gate product innovation process. The
tool’s applications and potential are presented using three case studies, focusing at different phases
of the innovation process: nano-clays used in internal automobile body-panels, nano-TiO2 used in
outdoor facade coatings and nano-Ag used in T-shirts. Using these cases studied, we highlight how
the results from the BAM can be used to give recommendations for moving towards the concept of
safe and sustainable by design in nanotechnology development.

Keywords: benefit assessment; nanomaterial; nano-enabled products; stage–gate product innovation
process; safe and sustainable by design; SSbD

1. Introduction

Nanotechnologies and materials are developed in various forms but always with the
expectation of improved or novel benefits over their conventional non-nano counterparts.
A nano-enabled product (NEP) contains nanomaterials or nano-enabled materials (i.e.,
powders, suspensions, composites or membranes incorporating nanoscale structures, such
as nano-thin layers or nanoporous matrixes) [1]. NEPs are the most common form of
nanotechnology encountered, such as antimicrobial fabrics incorporating nano-silver (nano-
Ag) or sunscreens containing nano-titanium dioxide (nano-TiO2). Once nanomaterials are
produced, they are integrated into NEPs during their manufacturing process. In some cases,
the nanomaterials used during manufacturing processes do not appear in the final product
(e.g., a nanocatalyst used in biodiesel manufacturing [2]). This type of nano-enabled
manufacturing process is another form of nanotechnology.

Som et al. [3,4] identified 21 potential functions (e.g., abrasion resistance, antimicrobial
activity, catalyst, dirt repellent, flame retardant, UV reflection, thermal conductivity) for
15 nanoparticles—the core advantages and functional benefits that nanomaterials can bring.
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When integrating nanomaterials into NEPs, the product is expected to inherit the benefits
of the nanomaterial.

However, as Som [3] highlighted, there is no assurance of this. For instance, where a
nanomaterial is incorporated into an NEP (e.g., on its surface or completely embedded in
its matrix) may affect the expected beneficial function. If the nanomaterial’s mechanism
of function requires physical contact for a chemical reaction, completely embedding it
within the NEP may prohibit this. Achieving better function and bigger benefits, by merely
employing an NEP rather than a standard reference product, will not always be possible.

Whether active ingredients really result in the desired efficacy once they are integrated
into products has long been questioned [5]. Accordingly, regulatory frameworks for the
effectiveness of active ingredients and the products integrating them have been developed
separately. For example, under the European Union’s Biocidal Products Regulation [6] and
the Plant Protection Products Regulation [7], data on the efficacy of an active substance and
the final product containing it must be provided separately. Although it seems clear that
the efficacy and benefits of nanomaterials and NEPs should also be addressed separately,
there is often some ambiguity.

In recent years, several EU frameworks and policy initiatives have been proposed for
safe and sustainable innovation in industry. In 2015, the European Commission initiated
a Circular Economy Action Plan to help the transition from the classic linear economic
model to a circular one [8], with the overall aim of fostering sustainable products and
reducing waste generation. In the same year, the European NANoREG project summarized
earlier approaches related to the Safe by Design (SbD) concept and their application in
nanotechnology [9–11]. Subsequently, the European ProSafe project suggested a roadmap
towards using the SbD concept as a means of including safety in an integrated way as early
as possible in stage–gate product innovation processes [12]. Later, the NanoReg2 project
introduced the Safe Innovation Approach (SIA) for nanomaterials, combining SbD and
Regulatory Preparedness to address the application (regulation) of knowledge (safety) [13].
The latest development of this field is the Safe and Sustainable by Design framework
(SSbD), introduced to produce sustainability along the entire value chain by integrating
safety-based aspects and life-cycle-based considerations [14].

Risk assessment is well-established as one of the most frequently used tools for devel-
oping frameworks for SSbD approaches. Salieri et al., for instance, suggested a framework
for integrating risk assessment, life-cycle assessment and socioeconomic assessment to
support SSbD [15]. Although environmental impacts are addressed within a life-cycle
assessment, this tool cannot provide a comprehensive overview of the benefits of a nanoma-
terial and its NEP together. Another framework suggested by Soeteman-Hernandez et al.
was an agile system for a Safe Innovation Approach for manufactured nanomaterials [13].
They discussed the economic and functional benefits of their approach; however, it did not
explicitly and systematically assess the benefits of nanomaterials and their NEPs together.

Nanotechnology stakeholders share a common understanding that risks and benefits
should be balanced [16–18]. The Safe Innovation Approach toolbox was designed to meet
these needs [19]. Among the 14 tools and 5 guidance documents listed in this toolbox, the
“LICARA NanoSCAN” tool is the only one that addresses the potential environmental,
economic and societal benefits of NEPs. The “LICARA NanoSCAN” screens environmental
benefits using life-cycle assessment and considers them alongside risks [18], but it does
not differentiate between the benefits of the nanomaterial and those of the NEP. As an aid
to the development of benefit–risk assessment approaches, the NanoKommission created
five categories of nano-product benefits and risks, covering the environment, consumers,
employees, society and the manufacturer [20].

There is, therefore, a need to develop a tool that can assess the benefits of a nano-
material and its NEP separately and concurrently to provide a comprehensive overall
understanding of those benefits. The aim of the current study was therefore to develop a
Benefit Assessment Matrix (BAM) to focus on the functional, health and environmental
benefits of nanomaterials, nano-enabled manufacturing and NEPs across different life
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cycles. The benefit indicators were developed based on a review of the literature on the life
cycles and intrinsic properties of nanomaterials, nano-enabled manufacturing and NEPs,
and they are further discussed in Section 3.1’s overview of benefits. Assessing an NEP’s
benefits involves a comparative approach, contrasting them against the benefits of a con-
ventional reference product. The nanomaterial in an NEP can be: (i) a substitute for its bulk
material to enhance function (e.g., nano-TiO2 as a substitute for pigment-grade TiO2 for its
self-cleaning property [21]); (ii) a substitute for another material for an improved function
(e.g., nano-Ag as a substitute for triclosan for its antimicrobial properties in textiles [22]); or
(iii) a new material providing a novel function to an NEP. In order to help users understand
the reliability of the benefits that they report during a BAM assessment, the tool identifies
the degree of evidence supporting the claimed benefits. The BAM recommends a different
action plan for each stage in a stage–gate product innovation process.

2. Scope and Domain of Applicability of the BAM

The present paper describes the development of a nano-Benefit Assessment Matrix
(BAM). This is an Excel spreadsheet-based tool (see Supporting Information S1) to help
researchers and small and medium-sized enterprises assess the functional, health and
environmental benefits of nanomaterials, nano-enabled manufacturing and NEPs when
they are still in the early stages of a stage–gate product innovation process. The BAM aims
to support assessments from the first stages of innovation until the product is on the market.
The benefit-related actions for each stage of the innovation process are shown in Figure 1.
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Figure 1. Stage-gate innovation process (adapted from the NanoReg2 project [10]) and benefit
analysis. The green boxes describe the benefit-related actions for each step.

Both functional and direct benefits are explored theoretically during the Idea stage.
In the Scoping stage, indirect benefits should also be considered, but in most cases, the
benefits in these first two stages are considered theoretically, without supporting empirical
studies on potential benefits. In the Business Case stage, screening should identify other
potential benefits not identified in the previous stages. Once identified, a semi-quantitative
assessment of the impact of all those benefits is important to enabling a comparison with
reference materials or products. This process should be completed during the Research and
Development (R&D) stage, at the latest. In the Testing and Validation stage, the benefits
screened for in the earlier stages and the quantified impact of those benefits in later stages
should be updated, based on the results of market testing and production. In the Launch
stage—the last stage before Monitoring—the main goal is updating how achievable benefits
are based on market feedback and a post-launch review.
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3. Overview of the BAM
3.1. Overview of Benefit Indicators

The BAM can help to assess three innovation scenarios:

(i) A company develops, produces and sells specific nanomaterials or formulations
containing or combined with them (suspensions, composites, coatings, etc.) or other
nanoscale structures, such as nanoporous materials or nanoscale layers, membranes
or fibers: BAM for nanomaterials.

(ii) A company produces or buys these specific nanomaterials, nanomaterial formulations
or nanoscale structured materials and integrates them into their own products: BAM
for nano-enabled products.

(iii) A company uses nanomaterials during its product manufacturing process (e.g., a
catalyst), but the nanomaterial does not appear in the finished product: BAM for
nano-enabled manufacturing.

The BAM helps users assess the relative functional, health and environmental benefits
of nanomaterials, nano-enabled manufacturing and NEPs compared to a reference material
or product. Health and environmental benefits are further categorized into direct and
indirect benefits. For example, if the nanomaterial, nano-enabled manufacturing process or
NEP is intended to have an environmental benefit, that benefit is a direct one (e.g., nano-
TiO2 as a photocatalyst for water purification [23]). An indirect health or environmental
benefit is one achieved by using a nanomaterial, nano-enabled manufacturing or an NEP
despite its initial purpose not being related to those domains. For example, a nano-Ag-
enabled antimicrobial T-shirt eliminates odor-producing bacteria, but as the T-shirt is
washed less frequently, this leads to the indirect environmental benefit of lower water
and energy consumption. Differentiating direct from indirect benefits improves users’
understanding of the benefits of nanomaterials, nano-enabled manufacturing and NEPs.

The four life-cycle stages identified are production, manufacturing, use and EoL, and
different benefits exist in each (Table 1). At the beginning of a BAM assessment, users
identify the final form of their product or process (i.e., nano-enabled manufacturing or an
NEP), and this defines the maximum number of benefit indicators that the product can
score (35 indicators for NEPs and 19 for nano-enabled manufacturing). For NEPs, there
are relevant potential benefits in using nanomaterials during the production (8 indica-
tors), manufacturing (8 indicators), use (11 indicators) and EoL (8 indicators) phases. For
nano-enabled manufacturing, there are relevant potential benefits in using nanomaterials
during the production phase (8 indicators) and during nano-enabled manufacturing itself
(11 indicators). The benefit indicators of each life-cycle phase are shown in Table 2.

Table 1. Functional, health and environmental benefits at four stages of the product life-cycle.

Life-Cycle Stage
Functional

Benefit Health Benefit Environmental Benefit

Direct | Indirect Direct | Indirect

Nanomaterial Production Not applicable Indirect Indirect

Nano-enabled
manufacturing Manufacturing Direct Indirect Indirect

Nano-enabled product

Manufacturing Not applicable Indirect Indirect

Use Direct Direct/Indirect Direct/Indirect

EoL Not applicable Indirect Indirect
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Table 2. Benefit indicators at each stage of the life cycle. NEP = nano-enabled product.

Life-Cycle Stage Category of
Benefit Benefit Indicator Description

Nanomaterial production Indirect

Energy consumption Nanomaterial production process consumes less
energy than the reference material

Water consumption Nanomaterial production process consumes less
water than the reference material

Raw material consumption Nanomaterial production process consumes
fewer raw materials than the reference material

Greenhouse gas emission
Nanomaterial production process produces less
greenhouse gas or has a lower carbon footprint

than the reference material

Emission of pollutants Nanomaterial production process emits fewer
pollutants than the reference material

Waste volume Nanomaterial production process produces less
waste than the reference material

Hazardous waste Nanomaterial production process produces less
hazardous waste than the reference material

Safe(r) handling Nanomaterial production process is safer than
the reference material’s process

Nano-enabled manufacturing

Direct

Environmental protection

The main goals of using nanomaterials during
the manufacturing process are protecting the

environment or reducing negative
environmental impacts

Health protection
The main goal of using nanomaterials during the
manufacturing process is to avoid any adverse

effects on human health

Functionality Using nanomaterials has a functional benefit on
the manufacturing process

Indirect

Energy consumption
Using nanomaterials during the manufacturing
process consumes less energy than the reference

manufacturing process

Water consumption
Using nanomaterials during the manufacturing
process consumes less water than the reference

manufacturing process

Raw material consumption
Using nanomaterials during the manufacturing
process consumes fewer raw materials than the

reference manufacturing process

Greenhouse gas emission
Using nanomaterials during the manufacturing
process produces less greenhouse gas than the

reference manufacturing process

Emission of pollutants
Using nanomaterials during the manufacturing
process emits fewer pollutants than the reference

manufacturing process

Waste volume
Using nanomaterials during the manufacturing
process produces less waste than the reference

manufacturing process

Hazardous waste
Using nanomaterials during the manufacturing
process produces less hazardous waste than the

reference manufacturing process

Safe(r) handling
Using nanomaterials during the manufacturing

process is safer than the reference
manufacturing process
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Table 2. Cont.

Life-Cycle Stage Category of
Benefit Benefit Indicator Description

Manufacturing NEPs Indirect

Energy consumption Manufacturing the NEP consumes less energy
than manufacturing the reference product

Water consumption Manufacturing the NEP consumes less water
than manufacturing the reference product

Raw material consumption
Manufacturing the NEP consumes fewer raw

materials than manufacturing the
reference product

Greenhouse gas emission Manufacturing the NEP emits less greenhouse
gas than manufacturing the reference product

Emission of pollutants Manufacturing the NEP emits fewer pollutants
than manufacturing the reference product

Waste volume Manufacturing the NEP produces less waste
than manufacturing the reference product

Hazardous waste Manufacturing the NEP produces less hazardous
waste than manufacturing the reference product

Safe(r) handling Manufacturing the NEP is a safer procedure than
manufacturing the reference product

Using NEPs

Direct

Environmental protection
The main goal of using the NEP is to protect the

environment or reduce negative
environmental impacts

Health protection The main goal of using the NEP is to avoid any
adverse effects on human health

Functionality There are functional benefits to using the NEP in
the manufacturing process

Indirect

Energy consumption Using the NEP consumes less energy than using
the reference product

Water consumption Using the NEP consumes less water than using
the reference product

Raw material consumption Using the NEP consumes fewer raw materials
than using the reference product

Greenhouse gas emission Using the NEP emits less greenhouse gas than
using the reference product

Emission of pollutants Using the NEP emits fewer pollutants than using
the reference product

Waste volume Using the NEP produces less waste than using
the reference product

Safe(r) handling Using the NEP is a safer procedure than using
the reference product

NEP EoL Indirect

Energy consumption The NEP’s EoL consumes less energy than the
reference product’s EoL

Water consumption The NEP’s EoL consumes less water than the
reference product’s EoL

Raw material consumption The NEP’s EoL consumes fewer raw materials
than the reference product’s EoL

Greenhouse gas emission The NEP’s EoL emits less greenhouse gas than
the reference product’s EoL

Emission of pollutants The NEP’s EoL emits fewer pollutants than the
reference product’s EoL

Waste volume The NEP’s EoL produces less waste than the
reference product’s EoL

Hazardous waste The NEP’s EoL produces less hazardous waste
than the reference product’s EoL

Safe(r) handling The NEP’s EoL is a safer procedure than the
reference product’s EoL
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Direct functional benefits and indirect health and environmental benefits can already
be observed during nanomaterial production phases. For instance, nanomaterials used
to improve dispersion during the production phase (a direct functional benefit) can pose
lower environmental and human health risks (indirect health and environmental benefits).

The benefits of nano-enabled manufacturing appear during the product manufacturing
phase. The functional benefits of nano-enabled manufacturing are considered to be direct
(e.g., catalytic oxidation of cyclohexane using cobalt and oxygen to produce adipic acid,
which is an essential intermediate for preparing nylon 6 and nylon 6.6 [24]). If using
nanomaterials during nano-enabled manufacturing can reduce health and environmental
risks, it is considered to have indirect health and environmental benefits.

Nanomaterials are integrated into NEPs during the manufacturing phase, remaining
in the final product. Whereas the main goal of using a nanomaterial in nano-enabled
manufacturing is a functional benefit during the manufacturing process, the main goal of
using nanomaterials in an NEP is inheriting their functional benefits during the use phase.
Therefore, a functional benefit is irrelevant to the manufacture of an NEP. During their
use phase, however, NEPs have five types of potential benefits: functional benefits (e.g.,
nano-Ag-enabled antimicrobial T-shirt), direct and indirect health benefits, and direct and
indirect environmental benefits. At EoL, if the nanomaterials in an NEP lower resource
consumption or health or environmental risks, they are considered to have indirect health
and environmental benefits.

3.2. Scoring System

The BAM assesses the benefits of nanomaterials, nano-enabled manufacturing and
NEPs by answering two questions: (i) “Is there evidence of the benefits that the user
claims?” (i.e., the degree of evidence) and (ii) “How achievable is that benefit?” (i.e., the
degree of benefit).

Another parameter assessed by the BAM is the degree of evidence for each benefit.
This is estimated using the type of evidence and the status of the benefit and is calculated
as shown in Equation (1):

Degree o f evidence = ∑n
i=1 ei · si

n
(1)

where n is the number of benefits that are better than the reference material and ei indicates
whether there is any evidence to prove those benefits (ei = 0: no evidence available, ei = 1:
there are one or more pieces of evidence to prove the benefit). si is the status of the evidence.
An empirical study has the highest impact (si = 1), followed by modeling or calculation
(si = 0.5), a theoretical study (si = 0.1) and assumption (si = 0.01). Any reported studies
that are not empirical or modeling studies using the nanomaterial are considered to be
theoretical, whereas assumptions are simply those of the BAM user.

During discussions about benefits, how realistic or achievable those benefits are is
often ignored. If a potential benefit can only be achieved in a highly specific way, for
example, then that benefit’s probability is low. Therefore, for the n benefits required by
the BAM assessment, the score (b) of ith benefit (i.e., bi) is characterized by the probability
of achieving that benefit (ai) and the magnitude of that ith benefit (mi) (Table 3). The
magnitude of the benefit (m) is treated relatively by comparison with the reference material
and is shown as Equation (2):

Degree o f bene f it = ∑n
i=1 bi

n
(2)
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Table 3. Numerical value of the b score considering the probability of achieving the benefit (a) and
the benefit’s magnitude (m) used in Equation (2).

Probability of Achieving the Benefit (a)
Magnitude of Benefit (m)

Better Same Worse

A standard procedure is implemented, and the
benefit will always be achieved. B = 1 B = 0.5 B = 0.01

There is a correct usage or treatment, and this
should be taught and implemented. B = 0.5 B = 0.25 B = 0.005

The benefit is only achievable theoretically. B = 0.01 B = 0.02 B = 0

The BAM assessment is provided as an Excel spreadsheet in Supporting Information S1.
Examples of how to fill out the BAM are given further below in Section 4 of this mansucript
when presenting the three case studies.

3.3. Scoring Assessment

The BAM helps users to calculate degree of benefit (DOB) and degree of evidence
(DOE) scores. Assessing those scores helps stakeholders decide and characterize further
action within their particular stage of the innovation process. Potential further actions are:
(i) the user proceeds happily to the next stage of the stage–gate innovation process; (ii) with
at least that stage’s minimum goal met, the user could choose to proceed to the next stage;
and (iii) proceeding is not desirable, and the user is recommended to reconsider the further
production of the nanomaterial, nano-enabled manufacturing or NEP development.

Based on the benefits at each life-cycle stage, the BAM suggests different requirements
and action plans for stakeholders at the different stages of the stage–gate innovation
process (Figure 2). As the main users targeted are the stakeholders at the earlier stages of
the innovation process, four relevant stages are identified: (i) the idea stage, (ii) the scoping
stage, (iii) the business case development stage and (iv) the R&D stage and later stages.
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Figure 2. Scoring assessments and recommendations for further actions at each stage of the stage–
gate innovation process. Green areas show that users can proceed to the next stage, whereas red
areas show that they are recommended to reconsider any further nanomaterial (NM) production,
nano-enabled manufacturing or nano-enabled product (NEP) development. Orange areas show the
minimum criteria for proceeding to the next stage of the innovation process. DOB = degree of benefit;
DOE = degree of evidence.
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The idea stage is the very first in the innovation process. At this stage, innovators can
explore the potential benefits of their product of interest with more flexibility. In the idea
stage, therefore (before gate 1 of the innovation process), if the degrees of benefit and degrees
of evidence for any nanomaterial, nano-enabled manufacturing process or NEP are calculated
as <0.5, it is considered “not desirable”. If a nanomaterial’s degree of benefit or the degree
of evidence for nano-enabled manufacturing or an NEP is ≥0.5, the idea stage’s minimum
criterion is met, and users can proceed to the next stage in the innovation process.

In the scoping stage (before gate 2), indirect benefits should also be addressed. Al-
though this is still a very early stage in the innovation process, evidence of a nanomaterial’s
benefits should be better understood than at the idea stage. Therefore, at the scoping stage,
a nanomaterial’s degree of evidence ≥0.5 is still considered not desirable. However, if that
nanomaterial’s degree of benefit is also ≥0.5 or the nano-enabled manufacturing process or
the NEP’s degree of benefit is ≥0.5, then that stage’s minimum criterion is considered to
have been met.

At the business case development stage (before gate 3), a nanomaterial’s benefits
should be fully understood. Therefore, both its degree of benefit and degree of evidence
should be ≥0.5; otherwise, proceeding further with the innovation process is not desirable.
The degree of benefit of nano-enabled manufacturing or an NEP should also be ≥0.5 to
meet the minimum criterion for proceeding from the business case development stage.

In later stages, after gate 3, only when both the degree of benefit and degree of evidence
for nano-enabled manufacturing or an NEP are ≥0.5 is it recommended to proceed to the
innovation process’s next stage.

While the scoring of the degree of benefit may be to some extent subjective as it is
mostly based on a qualitative evaluation of the situation, the inclusion of the degree of
evidence considers the uncertainty of the available information. As both metrics form an
integral part of the BAM, the state of knowledge is considered in the final evaluation as
will be shown when discussing the case studies in the next section.

4. BAM Examples Using Three Case Studies

The three nanomaterials and their applications used for our three case studies are
summarized in Table 4. Data for each case study were identified based on the results of a
literature search. The case studies aim to illustrate how stakeholders can use the BAM. Note
that these case studies were not selected to represent the latest stage of development of
their respective nanomaterials and NEPs. Therefore, firstly, when there was no information
available, the BAM was completed based on assumptions, without any further literature
research, and secondly, the relevant stage of the innovation process for use in the BAM was
based on the developmental stage of the reference study.

Table 4. Description of the nanomaterials and their applications in our case study NEPs.

Nanomaterial Nano-Enabled
Product

Nanomaterial-Related
Enhancement

Stage of the Innovation
Process Reference Study

Nanoclay
(Layered silicates)

Internal automobile
body-panels

Improved elasticity,
strength and fire-retardant

properties
Idea stage (before gate 1) [25]

Nano-TiO2 Outdoor facade coatings Self-cleaning
Business case

development stage
(between gates 3 and 4)

[26]

Nano-Ag T-shirts Antimicrobial activity Scoping stage (between
gates 1 and 2) [27]

4.1. Nanocomposite: Polymer Car Part Incorporating Nanoclay

The automobile industry has long sought an alternative material to steel or alu-
minum [28]. Polymers (e.g., polyolefins and polyvinylchloride) and composite materials,
such as polypropylene (PP) combined with a filler (e.g., glass fiber), are good candidates
thanks to their low production cost and reduced weight. Nanoclay (layered silicate) is also
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a candidate material as a PP-composite filler as it improves that polymer’s mechanical prop-
erties [25]. Nanoclay-reinforced PP (nanoclay-PP) exhibits the same functionalities as its
reference material (glass fiber-reinforced PP; GF-PP) but uses smaller amounts of material.
Therefore, the weight of the final NEP should be lighter than the reference product.

This case study is based on a life-cycle assessment performed by Roes et al. [25]; in
2003, they stated that nanoclay-PP was still in the early stages of development. The present
case study, therefore, uses it to demonstrate the case of a material at the earliest stage of
the innovation process (the idea stage). It should be noted that this case study does not
represent the status of the automobile industry today.

Roes et al. also highlighted that the life-cycle inventory data for nanoclay production
is highly uncertain, especially because that data was based on the pilot production plant’s
estimations and not on established, standardized procedures that would be implemented
in the future. Therefore, all the “Probability of achieving the benefit” indicators were set to
“There is a correct usage or treatment, and this should be taught and implemented”. The
details of the BAM assessment are presented in Supporting Information S2.

BAM assessment results for the internal automobile body panel incorporating nanoclay-
PP are shown in Figure 3. They indicated that the innovators could proceed to the next
stage of the stage–gate innovation process. As they were still in the first stage of their
innovation (the idea stage), although the degree of benefit and degree of evidence scores for
their product were low (NEP DOB = 0.25, NEP DOE = 0.37), a moderate score for evidence
of the benefits of the incorporated nanomaterial itself (NM DOE = 0.5) suggested that the
innovators could proceed to the next stage.
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4.2. Nano-TiO2-Enabled Paint for Outdoor Facades

The good photocatalytic self-cleaning effect of adding titanium dioxide (TiO2) to
paints and coatings makes it useful for outdoor facades [29], and nanomaterials show
better photocatalytic activity than their bulk materials [30]. Based on these observations,
nano-TiO2 is today used in paints to improve their photocatalytic self-cleaning properties.

This case study investigates the benefits of nano-TiO2-enabled paint for outdoor
facades in comparison with a reference outdoor facade paint containing only bulk TiO2.
The BAM assessment data for this case study were from the study performed by Hischier
et al. [26]. Of the two inventory data sets reported by Hischier et al., we used data for the
production of pigment-grade TiO2 via the sulfate pathway, which is the most common
process used in Europe. Our case study reference did not report the inputs and outputs
of the manufacturing process separately. However, it did report on the environmental
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impacts of the production of other materials in the paint, and this information was used to
approximate the NEP manufacturing phase. The details of the approximation are available
in Supporting Information S3.

Figure 4 summarizes the BAM assessment results for nano-TiO2-enabled paint for out-
door facades, showing that this case study’s product met the minimum criterion for this stage.
This was mainly due to the nanomaterial’s high degrees of benefit (0.94) and evidence (0.57).
The benefit of nano-TiO2 (NM DOB = 0.94) was greater than that of pigment-grade TiO2.
Seventeen of the nanomaterial’s 35 benefit indicators were better than those of the reference
product. Nano-TiO2’s benefits (NM DOB = 0.94) during the production phase were greater
than the pigment-grade TiO2’s. The evidence for these benefits was well-documented, and
the degree of evidence was estimated to be higher than 0.5 (NM DOE = 0.57).
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The benefit of nano-TiO2-enabled paint for outdoor facades was identified as moderate
(NEP DOB = 0.48), with low evidence (NEP DOE = 0.02). Although the reference study had
clearly assessed data from the manufacturing phase, the paper did not report that data in
detail. Therefore, seven of the eight evidence of benefits indicators for the manufacturing
phase were based on assumptions.

Using nano-TiO2-enabled paint for outdoor facades is clearly more beneficial than
the reference product as it has a longer expected lifetime. The product containing nano-
TiO2 has a direct functional benefit (improved function) and an indirect environmental
benefit (nano-TiO2-enabled paint for outdoor facades needs to be applied less often than the
reference material). However, it should be noted that these benefits will only be achieved if
the user is aware of them and actually reapplies the nano-TiO2-enabled paint less often.
As the EoL treatment will be the same for nano-TiO2-enabled and reference paints, all the
indicators for the EoL phase were determined to be the same.

4.3. Nano-Ag-treated Antimicrobial T-Shirt

The application of nano-Ag to create an antimicrobial textile is one of the most com-
mon nanomaterial uses [31]. Our scenario investigated the benefits of antimicrobial T-shirts
produced using nano-Ag sputtering during plasma polymerization in comparison with a
reference material and product (antimicrobial T-shirts treated with triclosan) [27]. Triclosan is
a well-known biocide applied to textiles to prevent undesirable odors [32]. The original article
used for this case study investigated two different methods for producing a nano-Ag T-shirt,
namely flame spray pyrolysis and plasma polymerization with silver co-sputtering. Plasma
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polymerization technology is at an early stage of development, whereas flame spray pyrolysis
is a mature technology. The present case study, therefore, compared antimicrobial T-shirts
produced using nano-Ag sputtering during plasma polymerization with T-shirts treated using
the reference material to demonstrate the results for the nanomaterial and the early stage
of the NEP’s innovation process (Supporting Information S4). The original study provided
the impact assessment results of a cradle-to-gate assessment, summing the nanomaterial’s
production and the NEP’s manufacture, and we applied these in our case study.

Figure 5 summarizes the BAM assessment’s results for a nano-Ag-treated antimicrobial
T-shirt. Findings indicated that the case study product did not meet the minimum criterion
for this stage and suggested that it was not desirable to proceed to the next stage of the
innovation process. Not one of the 35 benefit indicators was identified as having a better
magnitude of benefit (M) than the reference material. The nanomaterial’s degree of benefit
and degree of evidence were 0.08 and 0, respectively. The relative benefit of the nanoma-
terial’s production over triclosan production was estimated to be low (NM DOB = 0.08).
Walser et al.’s (2011) reference study did not specify the source of its triclosan production
data [27]; therefore, the nanomaterial’s degree of evidence of benefit was low (0), somewhat
contradicting the commonly held idea that both nano-Ag and triclosan treatments on
textiles have been well-investigated. It should be highlighted that this case study demon-
strated a situation where the BAM user based their assessment specifically on Walser et al.’s
study, not necessarily on the latest academic findings.
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The degree of benefit of the antimicrobial T-shirts produced using nano-Ag sputtering
was estimated at 0.21. The weight of nanomaterial used per T-shirt was 1.5 times greater
than the weight of triclosan. The estimated energy consumption of nanomaterial production
was more than 8 times higher than for triclosan. Based on these two factors, it is estimated
that the energy consumption of nanomaterial production per nano-Ag-enabled T-shirt was
12 times higher than the energy consumption per reference material T-shirt. The estimated
mass of nanomaterial used per T-shirt—an important parameter for estimating the energy
consumption of nanomaterial production—varies by study. In Windler et al.’s (2013)
study [33], for instance, that weight was 10 times lower (10–20 mg per kg of T-shirt textile)
than the estimation made by Walser et al. (200 mg per kg of T-shirt textile) [27]. This shows
the importance of the database of studies used for BAM assessments. Because the reference
study by Walser et al. (2011) [27] did not specify any information on benefit indicators, the
magnitude of benefit was assumed to be the same as the reference material. Five out of eight
(62.5%) benefit indicators for the manufacturing phase of nano-Ag-treated antimicrobial
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T-shirts were identified as being the same as for the reference product (triclosan-treated
antimicrobial T-shirts).

Considering the current EoL data for textiles, it is reasonable to assume that there is
no difference in EoL treatment between nano-Ag-enabled T-shirts and triclosan-treated
T-shirts. Therefore, energy, water, raw materials consumption, greenhouse gas emissions
and safe(r) handling were assumed to be the same.

5. Conclusions and Recommendations

The Benefit Assessment Matrix (BAM) is the first tool to provide insight into not
only the magnitude of functional, environmental and health benefits but also the status
of the evidence claiming to support those benefits. It is unique in that it can address and
differentiate between the benefits of nanomaterials, nano-enabled manufacturing and nano-
enabled products at different stages of their life cycles, helping BAM users to understand
the real benefits that might be achieved. The BAM is an easy-to-use Excel spreadsheet-based
tool that can be used from the earliest stage of the innovation process.

The results of the BAM assessments in our three case studies illustrated the various
recommendations that could be made to innovators. The idea stage assessment of internal
automobile panels incorporating nanoclay-propylene suggested that the innovators could
proceed to the next stage of the innovation process. This was an example of how the BAM
might support users trying to identify how much knowledge they had about their product at
an early stage in its development. The business case development stage assessment of nano-
TiO2-enabled paint for outdoor facades suggested that the innovators had met the minimum
criterion for that stage. This case study showed how the BAM might help users to understand
their nano-enabled product’s benefits, the evidence of those benefits and the knowledge
gaps surrounding their product. The result of the BAM assessment of nano-Ag-enabled
antimicrobial T-shirts showed that although a nanomaterial may commonly be recognized
as beneficial, its true benefits and those of its nano-enabled product may be low. This third
case study showed how a BAM assessment might prevent innovators from proceeding to the
next stage of an innovation process when it is not desirable. With these three case studies we
showed that the BAM can be applied at different stages of the innovation and with different
knowledge about the product, even with very limited information.

The functionality of a material or chemical is an important part of the European
Commission’s Safe and Sustainable by Design framework (SSbD) [14]. In the context of
safety and sustainability assessments, the actual benefits of a new material did not so far
receive the required attention, but their evaluation should form an integral part of the
assessment procedure [34]. While the standard risk assessment methods for nanomaterials
are already well-developed [35], the evaluation of benefits, e.g., within a cost-benefit
analysis or a risk-benefit analysis, should be part of an alternative assessment [36]. The
BAM may thus become a valuable tool in the toolbox that is needed to operationalize the
SSbD framework.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/su15032321/s1: Excel document with the BAM tool; completed BAM-assessments for the
three case studies.

Author Contributions: H.H.: Conceptualization, Formal analysis, Investigation, Visualization,
Writing—original draft, Writing—review & editing. C.S.: Conceptualization, Writing—review &
editing. B.N.: Conceptualization, Writing—review & editing, Supervision, Funding acquisition.. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by the Gov4Nano project, under grant agreement number 814401,
as part of the European Union’s Horizon 2020 Research and Innovation Programme.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

https://www.mdpi.com/article/10.3390/su15032321/s1
https://www.mdpi.com/article/10.3390/su15032321/s1


Sustainability 2023, 15, 2321 14 of 15

Data Availability Statement: The BAM tool and the results from the three case studies are available
as Supporting Information.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Moloi, M.S.; Lehutso, R.F.; Erasmus, M.; Oberholster, P.J.; Thwala, M. Aquatic Environment Exposure and Toxicity of Engineered

Nanomaterials Released from Nano-Enabled Products: Current Status and Data Needs. Nanomaterials 2021, 11, 2868. [CrossRef]
[PubMed]

2. Bano, S.; Ganie, A.S.; Sultana, S.; Sabir, S.; Khan, M.Z. Fabrication and Optimization of Nanocatalyst for Biodiesel Production: An
Overview. Front. Energy Res. 2020, 8, 350. [CrossRef]

3. Som, C.; Zondervan-van den Beuken, E.; Van Harmelen, T.; Güttinger, J.; Bodmer, M.; Brouwer, D.; Buist, H.E.; Carroll, R.; Coll, C.;
Fransman, W.; et al. LICARA Guidelines for the Sustainable Competitiveness of Nanoproducts; Empa: Dübendorf, Switzerland, 2014.

4. Bickel, M.; Som, C. Nano Textiles-Grundlagen und Leitprinzipien zur effizienten Entwicklung Nachhaltiger Nanotextilien. Empa:
Dübendorf, Switzerland; TVS Textilverband: Zürich. Switzerland, 2011.

5. Wiechers, J.W.; Kelly, C.L.; Blease, T.G.; Dederen, J.C. Formulating for Efficacy. Int. J. Cosmet. Sci. 2004, 26, 173–182. [CrossRef]
[PubMed]

6. European Commission Regulation (EU) No 528/2012 of the European Parliament and of the Council of 22 May 2012 Concerning the Making
Available on the Market and Use of Biocidal Products; OJ L 167 2012; European Commission: Brussels, Belgium, 2012.

7. European Commission Regulation (EC) No 1107/2009 of the European Parliament and of the Council of 21 October 2009 Concerning
the Placing of Plant Protection Products on the Market and Repealing Council Directives 79/117/EEC and 91/414/EEC; L 309/1 2009;
European Commission: Brussels, Belgium, 2009.

8. Manfredi, S.; Ciacci, L.; Nuss, P.; Manfredi, S. Material Flow Analysis of Aluminium, Copper, and Iron in the EU-28; Publications Office
of the European Union: Luxembourg, 2018; ISBN 9789279857447.

9. RIVM NANoREG Results Repository. Available online: https://www.rivm.nl/en/international-projects/nanoreg (accessed on 4
May 2022).

10. Noorlander, C.; Sips, A.; Sabella, S.; Wickson, F.; Salverda, J.; Prina-Mello, A. Comparison on Toxicity Testing in
Drug Development and in Present MNMs Safety Testing. NANoREG Deliverable D6.03. 2014. Available online:
https://www.rivm.nl/sites/default/files/2019-01/NANoREG_D6_03_DR_Comparison_on_toxicity_testing_in_drug_
development_and_in_present_MNMs_safety_testing.pdf (accessed on 27 January 2023).

11. Micheletti, C.; Roman, M.; Tedesco, E.; Olivato, I.; Benetti, F. Implementation of the NANoREG Safe-by-Design Approach for
Different Nanomaterial Applications. In Proceedings of the Journal of Physics: Conference Series; Institute of Physics Publishing:
Bristol, UK, 2017; Volume 838, p. 012019.

12. Sørensen, S.N.; Baun, A.; Burkard, M.; Maso, M.D.; Hansen, S.F.; Harrison, S.; Hjorth, R.; Lofts, S.; Matzke, M.; Nowack, B.; et al.
Evaluating Environmental Risk Assessment Models for Nanomaterials According to Requirements along the Product Innovation
Stage-Gate Process. Environ. Sci. Nano 2019, 6, 505–518. [CrossRef]

13. Soeteman-Hernandez, L.G.; Apostolova, M.D.; Bekker, C.; Dekkers, S.; Grafström, R.C.; Groenewold, M.; Handzhiyski, Y.;
Herbeck-Engel, P.; Hoehener, K.; Karagkiozaki, V.; et al. Safe Innovation Approach: Towards an Agile System for Dealing with
Innovations. Mater. Today Commun. 2019, 20, 100548. [CrossRef]

14. European Commission; Joint Research Centre; Caldeira, C.; Farcal, R.; Moretti, C.; Mancini, L.; Rauscher, H.; Riego Sintes, J.; Sala,
S.; Rasmussen, K. Safe and Sustainable by Design Chemicals and Materials: Review of Safety and Sustainability Dimensions, Aspects,
Methods, Indicators, and Tools; Publications Office of the European Union: Luxembourg, 2022.

15. Salieri, B.; Barruetabeña, L.; Rodríguez-Llopis, I.; Jacobsen, N.R.; Manier, N.; Trouiller, B.; Chapon, V.; Hadrup, N.; Jiménez,
A.S.; Micheletti, C.; et al. Integrative Approach in a Safe by Design Context Combining Risk, Life Cycle and Socio-Economic
Assessment for Safer and Sustainable Nanomaterials. NanoImpact 2021, 23, 100335. [CrossRef]

16. O’Brien, N.; Cummins, E. Development of a Three-Level Risk Assessment Strategy for Nanomaterials. In Nanomaterials: Risks and
Benefits; Linkov, I., Steevens, J., Eds.; NATO Science for Peace and Security Series C: Environmental Security; Springer: Dordrecht,
The Netherlands, 2009.

17. Sun, Y.-D.; Chen, Z.-M.; Wei, H.; Liu, C. Nanotechnology Challenge: Safety of Nanomaterials and Nanomedicines. Nanotechnology
2007, 7, 17–31.

18. Van Harmelen, T.; Zondervan-van den Beuken, E.K.; Brouwer, D.H.; Kuijpers, E.; Fransman, W.; Buist, H.B.; Ligthart, T.N.;
Hincapié, I.; Hischier, R.; Linkov, I.; et al. LICARA NanoSCAN—A Tool for the Self-Assessment of Benefits and Risks of
Nanoproducts. Environ. Int. 2016, 91, 150–160. [CrossRef]

19. RIVM Introduction Safe Innovation Approach (SIA) Toolbox|RIVM. Available online: https://www.rivm.nl/en/international-
projects/nanoregii/introduction-sia-toolbox (accessed on 12 October 2022).

20. Grobe, A. Verantwortlicher Umgang mit Nanotechnologien–Bericht und Empfehlungen der NanoKommission 2011; Bundesministerium
für Umwelt, Naturschutz und Reaktorsicherheit (BMU): Berlin, Germany, 2010.

21. Krishna, M.G.; Vinjanampati, M.; Purkayastha, D.D. Metal Oxide Thin Films and Nanostructures for Self-Cleaning Applications:
Current Status and Future Prospects. EPJ Appl. Phys. 2013, 62, 30001. [CrossRef]

http://doi.org/10.3390/nano11112868
http://www.ncbi.nlm.nih.gov/pubmed/34835631
http://doi.org/10.3389/fenrg.2020.579014
http://doi.org/10.1111/j.1467-2494.2004.00211.x
http://www.ncbi.nlm.nih.gov/pubmed/18494924
https://www.rivm.nl/en/international-projects/nanoreg
https://www.rivm.nl/sites/default/files/2019-01/NANoREG_D6_03_DR_Comparison_on_toxicity_testing_in_drug_development_and_in_present_MNMs_safety_testing.pdf
https://www.rivm.nl/sites/default/files/2019-01/NANoREG_D6_03_DR_Comparison_on_toxicity_testing_in_drug_development_and_in_present_MNMs_safety_testing.pdf
http://doi.org/10.1039/C8EN00933C
http://doi.org/10.1016/j.mtcomm.2019.100548
http://doi.org/10.1016/j.impact.2021.100335
http://doi.org/10.1016/j.envint.2016.02.021
https://www.rivm.nl/en/international-projects/nanoregii/introduction-sia-toolbox
https://www.rivm.nl/en/international-projects/nanoregii/introduction-sia-toolbox
http://doi.org/10.1051/epjap/2013130048


Sustainability 2023, 15, 2321 15 of 15

22. Khurana, C.; Vala, A.K.; Andhariya, N.; Pandey, O.P.; Chudasama, B. Antibacterial Activity of Silver: The Role of Hydrodynamic
Particle Size at Nanoscale. J. Biomed. Mater. Res. A 2014, 102, 3361–3368. [CrossRef]

23. Adesina, A.A. Industrial Exploitation of Photocatalysis: Progress, Perspectives and Prospects. Catal. Surv. Asia 2004, 8, 265–273.
[CrossRef]

24. Roucoux, A.; Schulz, J.; Patin, H. Reduced Transition Metal Colloids: A Novel Family of Reusable Catalysts? Chem. Rev. 2002, 102,
3757–3778. [CrossRef]

25. Roes, A.L.; Marsili, E.; Nieuwlaar, E.; Patel, M.K. Environmental and Cost Assessment of a Polypropylene Nanocomposite. J.
Polym. Environ. 2007, 15, 212–226. [CrossRef]

26. Hischier, R.; Nowack, B.; Gottschalk, F.; Hincapie, I.; Steinfeldt, M.; Som, C. Life Cycle Assessment of Façade Coating Systems
Containing Manufactured Nanomaterials. J. Nanoparticle Res. 2015, 17, 1–13. [CrossRef]

27. Walser, T.; Demou, E.; Lang, D.J.; Hellweg, S. Prospective Environmental Life Cycle Assessment of Nanosilver T-Shirts. Environ.
Sci. Technol. 2011, 45, 4570–4578. [CrossRef]

28. Nahin, A.M.; Asrafuzzaman; Amin, K.F. Life-Cycle Assessment of Polymer Nanocomposites. In Advanced Polymer Nanocomposites;
Woodhead Publishing: Sawston, UK, 2022; pp. 145–167.

29. Isaifan, R.J.; Samara, A.; Suwaileh, W.; Johnson, D.; Yiming, W.; Abdallah, A.A.; Aïssa, B. Improved Self-Cleaning Properties of an
Efficient and Easy to Scale up TiO2 Thin Films Prepared by Adsorptive Self-Assembly. Sci. Rep. 2017, 7, 9466. [CrossRef]

30. Miyoshi, A.; Miyoshi, A.; Kato, K.; Yokoi, T.; Wiesfeld, J.J.; Nakajima, K.; Yamakara, A.; Maeda, K. Nano: Vs. Bulk Rutile TiO2:
N,F in Z-Scheme Overall Water Splitting under Visible Light. J. Mater. Chem. A Mater. 2020, 8, 11996–12002. [CrossRef]

31. Krifa, M.; Prichard, C. Nanotechnology in textile and apparel research—An overview of technologies and processes. J. Text. Inst.
2020, 111, 1778–1793. [CrossRef]

32. Heine, E.; Knops, H.G.; Schaefer, K.; Vangeyte, P.; Moeller, M. Antimicrobial Functionalisation of Textile Materials. In Multifunc-
tional Barriers for Flexible Structure; Duquesne, S., Magniez, C., Camino, G., Eds.; Materials Science; Springer: Berlin/Heidelberg,
Germany, 2007; Volume 97.

33. Windler, L.; Height, M.; Nowack, B. Comparative Evaluation of Antimicrobials for Textile Applications. Environ. Int. 2013, 53,
62–73. [CrossRef]

34. Gottardo, S.; Mech, A.; Drbohlavová, J.; Małyska, A.; Bøwadt, S.; Riego Sintes, J.; Rauscher, H. Towards safe and sustainable
innovation in nanotechnology: State-of-play for smart nanomaterials. NanoImpact 2021, 21, 100297. [CrossRef]

35. Isigonis, P.; Hristozov, D.; Benighaus, C.; Giubilato, E.; Grieger, K.; Pizzol, L.; Semenzin, E.; Linkov, I.; Zabeo, A.; Marcomini,
A. Risk Governance of Nanomaterials: Review of Criteria and Tools for Risk Communication, Evaluation, and Mitigation.
Nanomaterials 2019, 9, 696. [CrossRef] [PubMed]

36. Som, C.; Nowack, B.; Krug, H.; Wick, P. Towards the development of decision supporting tools that can be used for safe production
and use of nanomaterials. Acc. Chem. Res. 2013, 46, 863–872. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1002/jbm.a.35005
http://doi.org/10.1007/s10563-004-9117-0
http://doi.org/10.1021/cr010350j
http://doi.org/10.1007/s10924-007-0064-5
http://doi.org/10.1007/s11051-015-2881-0
http://doi.org/10.1021/es2001248
http://doi.org/10.1038/s41598-017-07826-0
http://doi.org/10.1039/D0TA04450D
http://doi.org/10.1080/00405000.2020.1721696
http://doi.org/10.1016/j.envint.2012.12.010
http://doi.org/10.1016/j.impact.2021.100297
http://doi.org/10.3390/nano9050696
http://www.ncbi.nlm.nih.gov/pubmed/31060250
http://doi.org/10.1021/ar3000458
http://www.ncbi.nlm.nih.gov/pubmed/23110540

	Introduction 
	Scope and Domain of Applicability of the BAM 
	Overview of the BAM 
	Overview of Benefit Indicators 
	Scoring System 
	Scoring Assessment 

	BAM Examples Using Three Case Studies 
	Nanocomposite: Polymer Car Part Incorporating Nanoclay 
	Nano-TiO2-Enabled Paint for Outdoor Facades 
	Nano-Ag-treated Antimicrobial T-Shirt 

	Conclusions and Recommendations 
	References

