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While technological and environmental benefits are important stimuli for 6 
nanotechnology development, these technologies have been contested from an 7 
environmental point of view as well. The steady growth of applications of engineered 8 
nanomaterials has heated up the debate on quantifying the environmental 9 
repercussions. The two main scientific methods to address these environmental 10 
repercussions are risk assessment (RA) and life cycle assessment (LCA). The 11 
strengths and weaknesses of each of these methods, and the relation between them, 12 
have been a topic of debate in the world of traditional chemistry for over two decades. 13 
Here we review recent developments in this debate in general and for the emerging 14 
field of nanomaterials specifically. We discuss the pros and cons of four schools for 15 
combining and integrating RA and LCA and conclude with a plea for action. 16 

Nanotechnology is rapidly evolving and is potentially capable of revolutionising many aspects 17 
of today’s world. The world demand for nanomaterials is expected to reach $5.5 billion by 18 
20161. Manipulating matter at the nanoscale (1-100 nm) has provided a way forward in 19 
designing materials with unprecedented magnetic, electrical, optical, and thermal properties. 20 
In addition, engineered nanomaterials (ENMs) have been produced with the aim of 21 
enhancing people’s lives, for instance by applying them in sunscreens, in self-cleaning 22 
facade coatings, and in clothing to reduce the numbers of microbes producing unwanted 23 
odors. 24 

Although nanomaterials are perceived to improve environmental quality due to reduced 25 
material needs, human health and environmental safety concerns around nanomaterials 26 
have also been regularly voiced2. For example, silver nanoparticles used in socks to prevent 27 
the odors created by bacteria and fungi will sooner or later disappear into the drainage 28 
system through laundering3, end up in municipal waste water treatment plants (WWTPs), and 29 
eventually emerge in streams, rivers, lakes, and oceans4-6. The resulting human health and 30 
environmental risks of nanosilver release in WWTPs and in the aquatic environment can be 31 
assessed by common risk assessment (RA) methods7-9. Another problem is that the 32 
production of silver nanoparticles for socks requires extra energy, e.g. for mining silver5, 33 
compared to traditional socks without these particles. On the other hand, it has been argued 34 
that consumers may launder socks with silver nanoparticles less frequently than traditional 35 
socks10, thus potentially saving energy and detergents. Such life cycle-related impacts and 36 
trade-offs can be assessed by life cycle assessment (LCA) methods. For all applications of 37 
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nanomaterials, the environmental burden caused by nano-applications compared to similar 38 
traditional applications may increase in one part of the life cycle and decrease in another, 39 
and risks may increase or decrease at the same spots. Risks and life cycle-wide impacts 40 
also affect issues such as human health, ecosystem health and climate change, and trade-41 
offs are commonly needed between these issues. Clearly, the environmental assessment of 42 
ENMs requires scientific, quantitative analyses, incorporating different perspectives, different 43 
environmental issues, and balancing costs and benefits. This gap can be filled by both RA 44 
and LCA, as they are both science-based quantitative analytical tools for policy support. 45 

ENMs are regularly claimed to be more environmentally sustainable than traditional 46 
materials11-13 without any supporting proof from proper research involving methods like RA 47 
and LCA. In addition, the environmental sustainability of ENMs should not just be assessed 48 
after they have entered the market, but rather in as early a stage of development as possible, 49 
to allow the assessment to still guide the technological development of these materials.  50 

The relation between RA and LCA has been intensively discussed over the past two decades 51 
for traditional chemicals (e.g. pharmaceuticals, pesticides, metals)14-16, as both RA and LCA 52 
can address the environmental consequences of technological solutions to societal issues. 53 
Relevant questions that have been raised many times include the following: should we do 54 
both an RA and an LCA, or is one of them sufficient? Can we integrate RA and LCA into a 55 
unified analysis? If we perform a separate RA and LCA, how should we deal with conflicting 56 
answers? This Perspective outlines the state of the debate on RA and LCA. We identify new 57 
elements of the debate for emerging technology systems, discuss possibilities and limitations 58 
of combining and/or integrating RA and LCA, and sketch the way forward. We use the 59 
application of silver nanoparticles in socks as an illustrating case study throughout the article. 60 

 61 

Basics of risk assessment and life cycle assessment 62 

RA has emerged as a scientific discipline and as a basis for regulatory decision-making17-18. 63 
RA refers to the quantitative and qualitative evaluation of the risk posed to human health 64 
and/or the environment by the presence of a particular contaminant or of mixtures of 65 
contaminants; see Figure 119. A hazard refers to any potential to cause harm to humans or 66 
the environment20. Risk is defined as the probability that exposure to a hazard will lead to 67 
negative consequences for human health or the environment21. 68 

Exposure can be assessed by measuring environmental concentrations or by modeling the 69 
environmental fate of a contaminant, yielding a Predicted Environmental Concentration 70 
(PEC). Adverse effects are commonly expressed in terms of laboratory-derived dose-71 
response relationships, which implies that effect assessment is the assessment of the 72 
causality between an organism’s exposure to a chemical and its response. Extrapolation of 73 
this causality to hitherto untested species allows a Predicted No Effect Concentration 74 
(PNEC) to be derived. Finally, RA involves assessing the PEC/PNEC ratio and quantifying its 75 
uncertainties. The RA paradigm of risk being proportional to the extent to which PEC/PNEC22 76 
values exceed 1 has been extensively validated for soluble chemicals7,17.  77 

There are no grounds to reject the paradigm for nanomaterials, albeit that it is essential to 78 
properly incorporate the characteristic features of nanomaterials in the RA. In this respect, 79 
the issue of dosimetry is key and a topical research area on how exposure levels should be 80 



3 

expressed in terms of numbers of particles or the subsequent derived surface-volume area 81 
instead of on a mass hence concentration base22-24. Mode of actions of many nanoparticles 82 
are largely unknown and hence the shape of the dose-response relationships as well. We 83 
acknowledge that the type of a response of a chemical has huge impacts on the low effect 84 
levels (e.g. EC1 to EC10). In LCA often EC50 levels are used and these derived effect 85 
concentrations are less sensitive to the type of fit used, and are accurate irrespective of a 86 
non-carcinogenic or carcinogenic response. A similar line of reasoning is applicable for 87 
human RA of non-carcinogenic compounds, although with the key difference that PEC and 88 
PNEC are usually modeled in terms of daily intakes (PDI/ADI), with typical pathways of 89 
exposure through breathing, food consumption and drinking water contributing to intake.  90 

Risk assessment has a key role to play as the scientific foundation for many national and 91 
international regulatory guidelines, as institutionalized by OECD, US-EPA and others. 92 
Concepts such as sustainability and the precautionary principle have gained increasing 93 
attention, aiming at prospective measures to decrease levels of risk. According to European 94 
regulators25, nanomaterials in chemical substances must meet the requirements of the 95 
REACH regulation. To this end, modifications of some of the REACH annexes are 96 
envisaged26, partly because the annexes fail to take into account the unique characteristics 97 
of ENMs and partly because of a lack of relevant data22.  98 

LCA in contrast offers a method for quantitatively compiling and evaluating the inputs, 99 
outputs, and potential environmental impacts of a product system throughout its life cycle27. 100 
LCA focuses on a product, technology, or function system, i.e. a system of economic or 101 
industrial processes needed for a product to function. System refers to the entire life cycle of 102 
a product. For example, for an ENM product system it includes the extraction and refining of 103 
all input materials, the production of the ENM itself, the application of the ENM in a specific 104 
product, the use and maintenance of that product, and so on, until the final disposal of the 105 
product at the end of its life, including options for recycling. 106 

LCA also aims to include a broad range of impact categories, such as climate change, 107 
acidification, photochemical ozone formation, human toxicity, ecotoxicity, and resource 108 
depletion. There are different ways of defining and calculating these impact categories28. 109 
LCA can also map and balance environmental benefits, for instance more emissions or 110 
impact during production but less in the use phase, or more impact on climate change but 111 
less on resource depletion. 112 

A broadly accepted set of principles for LCA is based on a series of standards issued by the 113 
International Organization for Standardization (ISO), the 14040 series27,29. This includes the 114 
LCA framework (Fig. 2). Examples of hypothetical LCA results are shown in Box 1. 115 

LCA is widely applied today. It is used, for example, by companies30-32, as well as to support 116 
eco-labeling schemes and environmental product declarations33-34, and for public policy 117 
making35. It also constitutes the basis of the so-called “carbon footprint” to support 118 
performance-based regulations36-37. 119 

 120 

 121 

 122 



4 

The fundamental constraint 123 

The debate on the relationships between RA and LCA has been going on now for over two 124 
decades38-42. The main topics discussed include how RA expertise and models can be used 125 
within the framework of LCA43-47, how to include metal-specific models48, metabolites49, 126 
spatial differentiation50-54 and multi-substance impacts55, and how to define and develop new 127 
approaches for pollutants is not yet covered56-57. As part of this discussion, the compatibility 128 
of RA and LCA has been intensively discussed14-16,58-60. It has been argued that it is 129 
fundamentally impossible to perform an RA within the framework of LCA. 130 

We refer back to our case study on the application of silver nanoparticles in socks. Consider 131 
a world with a region of interest ‘C’ and a rest-of-world ‘R’. There are two products in this 132 
world, socks and TVs. We concentrate on region C, and observe that the population wears 133 
socks and watches TV, both of which are imported from R. Both socks and TVs contain 134 
nanosilver. Some of the activities (industrial processes and consumer activities) emit CO2 135 
(blue arrows) while other activities emit nanosilver particles (orange arrows; Fig. 3, panel a). 136 
The main differences between RA and LCA are their starting point of analysis and time (see 137 
Box 2). 138 

The present example is simplified, as the process of ‘washing socks’ belongs entirely to the 139 
life cycle of socks, whereas the process of ‘using TVs’ certainly does not. The process of 140 
‘generating electricity’ works partly for the socks and partly for the TVs. If this process had 141 
emitted ENMs, we would have to allocate the emissions partly to the socks and partly to the 142 
TVs. 143 

In conclusion, LCA cannot determine the PEC of nanosilver in region C, and as a result it 144 
cannot address risks. Instead, it gives an overall picture of the environmental burden from 145 
socks, due to nanosilver but also due to other pollutants (in this case CO2), not only in the 146 
region where the socks are used, but also in the rest of the world. To emphasize the 147 
difference in meaning of “impact” between RA and LCA, impacts in RA have sometimes 148 
been labelled “actual”, contrasting with those in LCA, which have been given the name 149 
“potential43. 150 

The example also shows that RA and LCA rely on the same sources of data, viz. processes 151 
(industrial and consumer activities) with emissions to the environment (Fig. 3, panel b). 152 

Despite the fact that RA and LCA show fundamental differences (see above), RA expertise 153 
can still be usefully applied in LCA (see below). 154 

 155 

Possibilities and limitations of combining and integrating 156 

As discussed above, RA and LCA approach environmental issues from different 157 
perspectives, and they thus provide complementary information61 and possibly lead to 158 
conflicting conclusions42. For instance, an RA with a focus on the laundry process and 159 
nanosilver might conclude that traditional socks are to be preferred over those containing 160 
nanosilver, whereas the LCA might end up with the opposite answer due to impacts related 161 
to the high energy use of the nanosilver production process and less laundry impacts due to 162 
the assumption that nanosilver socks are washed less. 163 
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Decision making always involves trade-offs, for instance between the economy and the 164 
environment. The use of complementary approaches implies that trade-offs are also possible 165 
within the environmental domain, namely between the risk perspective and the life cycle 166 
perspective. In addition, LCA itself already involves trade-offs, not between life cycle impacts 167 
and risks, but between different chemical emissions (more silver emissions, but less 168 
phosphate emissions due to less laundering), resource use (more silver ore for nanosilver 169 
socks but less phosphate rock), or impact categories (e.g., more global warming, less 170 
ecotoxicity). Since RA and LCA provide complementary information while representing two 171 
sides of the same coin, it is a relevant question how their results can best be combined, and 172 
how elements from one can be used in the other. Possibilities and limitations of combining 173 
and integrating RA and LCA have been explored by several authors over the past two 174 
decades. The debate on their results can be structured by distinguishing four ‘schools of 175 
thought’. The four schools, modified on the basis of previous LCA-RA application 176 
reviews16,42,60,62-64, serve to categorize most proposals in the literature; see Table 1.  177 

Table 1. Summary of the four schools for combining and integrating LCA and RA. 178 

Schools Knowledge 
integration 

Chain 
perspective 

RA for LC 
hotspots 

Combining 
results 

RA performed No yes yes yes 
LCA performed yes no sometimes yes 
 179 

The Supplementary Information provides a more systematic overview of the literature on 180 
combining and integrating LCA and RA. 181 

 182 

The first school is what we refer to here as ‘knowledge integration’. Researchers within this 183 
school adopt specific elements of knowledge from RA into LCA’s impact assessment phase. 184 
An early example is the approach of USES-LCA46, where the USES model65, which was 185 
developed for RA, was adapted to meet the requirements of LCA43-44. This idea has been 186 
further developed by many researchers in various ways (see section “The fundamental 187 
constraint of LCA compared to RA”). It must be stressed, however, that although using 188 
elements from an RA model in a different context may be useful in improving LCA, it lacks 189 
some of the strengths of RA. One example is the ‘relative’ nature of LCA, invalidating one of 190 
the purposes of RA, viz. that of being able to predict threshold exceedance66. Some 191 
authors67-69 have tried to resolve this by using RA results (for instance, a PEC/PNEC-ratio as 192 
an indicator of threshold exceedance) to moderate LCA results. A second example concerns 193 
absolute versus relative risks. As an RA assesses absolute risks, it can work with safety 194 
factors to remain on the cautious side. Although this may lead to conservative results, it does 195 
not introduce bias. In LCA, the RA data are used to trade off risks. The absolute value is not 196 
important, but the relative value, in relation to other ENMs and to traditional chemicals, is60,70. 197 

The second school can be referred to as the ‘chain perspective’. We adopt the term chain 198 
instead of life cycle to indicate that this school looks at a different ‘life cycle’ than the product 199 
life cycle that is central to LCA. Researchers in this school65-74 include the life cycle of a 200 
chemical in an RA. However, the life cycle of a chemical is different from the life cycle of a 201 
product. The life cycle of a chemical includes all processes of all applications of the studied 202 
chemical, for example nanosilver, within a certain region; the life cycle of a product 203 
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containing the studied chemical comprises of all processes (e.g. production, use and 204 
disposal of the nanosilver for socks) as allocated to that product (see Box 2), but also other 205 
processes needed for the functioning of the nanosilver socks, for instance the cultivation of 206 
cotton, production of fertilizers needed for that cultivation, transport of the cotton, etc. The EU 207 
REACH7 regulation requires that RA is based on an assessment of the ‘life cycle’ of the 208 
chemical, which then includes its production, use and disposal. While this clearly makes 209 
sense when estimating the emission volume as a part of RA’s exposure assessment65, it 210 
overlooks parts of the life cycle where different chemicals are released (see Box 2). A clear 211 
example is the electricity production process, which is important in an LCA of nanosilver, but 212 
which is not part of the nanosilver’s chain from an RA point of view. 213 

The third school, referred to here as ‘RA for LC-hotspots’, starts from the opposite idea of 214 
including risks in a product life cycle. There are many proposals on this including life cycle 215 
risk assessment and life cycle based RA68,75-83. The basic idea is to first perform a full LCA 216 
and then do an RA for the dominant chemicals identified as part of the LCA (LC-hotspots). 217 
This then leads to more accurate impact assessments, as each process can be assessed on 218 
the basis of the local conditions (climate, population density, soil type, etc.)42. It could also 219 
yield an absolute assessment84, in terms of ‘actual impacts’ rather than ‘potential impacts14. 220 
However, there are still certain fundamental (‘different perspectives’ and ‘real time versus 221 
virtual time’) and practical limitations (‘allocation’) regarding the extent to which risks can be 222 
assessed in a life cycle context; see Box 2. 223 

The fourth school, referred to here as ‘combining results’, aims to combine the results of RA 224 
and LCA, rather than combining or integrating parts of the analytical methods themselves. 225 
The results from LCA and RA can form the input for a procedure for multi-criteria decision-226 
making (MCDM)84-89.  227 

 228 

Challenges for engineered nanomaterials 229 

The four schools discussed above apply to traditional chemicals and products as well as 230 
ENMs and their product applications. ENMs are an example of an emerging technology87, 231 
which means they are at an experimental stage with lab-scale experimental set-ups, or pilot-232 
plant scales at best, and therefore create additional challenges to performing RA and 233 
LCA54,88-89.  234 

Firstly, as emerging technologies often only function at lab- or pilot-scale, data are also only 235 
available at these scales, and not at evidence-based full-market scales. Estimating the latter 236 
requires explorative scenarios of possible full-scale future applications of the technology 237 
studied5,89-90. Such scenarios then become the input for an RA and LCA. LCAs performed on 238 
emerging technology systems are often referred to as ex-ante or anticipatory LCAs91-94. 239 

Secondly, RA has to deal with the challenge of unknown environmental behavior of the 240 
product and unknown effects on humans and the environment of the ENMs themselves95-96. 241 
As the LCA impact modeling relies on RA expertise, nanoparticle impacts are often beyond 242 
the scope of present-day LCA studies88,97. 243 

Thirdly, complex technologies like nanotechnology require a larger supply chain and 244 
infrastructure than traditional technologies, while LCA databases are designed primarily for 245 
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the latter ones. As an example, the widely-used ecoinvent LCA database98 contains data 246 
about bulk materials and traditional equipment, such as steel, concrete, and rolling and 247 
crushing equipment, but not about nanomaterials, clean rooms and lithography machines. 248 
The result is that LCA studies on nanomaterials require explicit collection of data not only on 249 
the nanomaterials themselves, but also on the associated equipment. Another high priority is 250 
therefore the development of databases for the entire nanochain, from clean rooms to waste 251 
separation technologies5,88-89. 252 

 253 

Conclusions and outlook 254 

We have shown that there is a fundamental constraint to combining and integrating RA and 255 
LCA, which hampers their full integration. Combining elements or results of RA and LCA is 256 
nevertheless useful and necessary. We have distinguished four different schools of thought 257 
for combining results of RA and LCA or integrating elements from RA into LCA and vice 258 
versa. 259 

We conclude that all four schools represent valuable approaches to combining or integrating 260 
LCA and RA. We also conclude that it is not a matter of choosing between these schools but 261 
rather a matter of pursuing several of them. For example, both ‘knowledge integration’ and 262 
‘combining results’ are required if we want to include system-wide trade-offs and risks in the 263 
environmental evaluation of ENMs. For the schools identified as ‘chain perspective’ and ‘RA 264 
for LC hotspots’, further clarification is needed as to how they can add to this evaluation, if 265 
they actually address other questions, or if they simply belong to one of the other two 266 
schools. 267 

We have argued that the environmental evaluation of ENMs is not just a matter of RA or 268 
LCA, but that both methods are needed for a complete and comprehensive assessment of 269 
possible trade-offs and risks. As the specific use of both methods has been and is still being 270 
debated, clarity and a clear vocabulary are needed to structure the debate60, achieve 271 
consensus, and effectively use the two tools while realizing their fundamental incompatibility. 272 
It is for this purpose that we have postulated the above classification into four schools, and 273 
described a number of incompatibilities between RA and LCA in detail. We welcome further 274 
inputs to this debate, and realize that this will definitely not be the final word on this matter. 275 

Finally, realizing that all human activities lead to some level of environmental impact and that 276 
the level and seriousness of these impacts should rather be assessed ex-ante than ex-post99-277 
100, a specific challenge for ENMs is in combining and/or integrating RA and LCA even when 278 
the ENM systems and their properties are not yet well known. Collaboration between the 279 
fields of RA and LCA is of the utmost importance to effectively address this challenge, and to 280 
use RA and LCA for ex-ante technology assessments and the timely identification or 281 
resolution of environmental issues. The RA and LCA communities should collaborate 282 
intensively on procedures to estimate the unknown data, including proper uncertainty 283 
assessments, defining and developing approaches for modeling of as yet unclear impacts, 284 
co-developing better methods for impacts already covered, and estimating LCA data for the 285 
most crucial processes in the environmental evaluation of ENMs. Alternatively, we could just 286 
wait until all data and models are available. By then, however, most nanomaterials will 287 
already have been fully marketed, implying that all systems have already been designed, 288 
with no way back101. The choice is ours. 289 



8 

 290 

References 291 

1. Freedonia. World Nanomaterials to 2016 - Industry Market Research, Market Share, Market Size, Sales, 292 
Demand Forecast, Market Leaders, Company Profiles, Industry Trends 293 
http://www.freedoniagroup.com/World-Nanomaterials.html (accessed December 14, 2016). 294 

2. OECD Environment Directorate. Future Challenges Related to the Safety of Manufactured Nanomaterials: 295 
Report from the Special Session https://one.oecd.org/document/ENV/JM/MONO%282016%2958/en/pdf 296 
(accessed December 14, 2016). 297 

3. Meyer, D. E., Curran, M. A. & Gonzalez, M. A. An examination of silver nanoparticles in socks using 298 
screening-level life cycle assessment. J. Nanopart. Res. 13, 147-156 (2011). 299 

4. Toumey, C. Quick lessons on environmental nanotech. Nat. Nanotechnol. 10, 566-567 (2015). 300 
5. Meyer, D. E., Curran, M. A. & Gonzalez, M. A. An examination of existing data for the industrial 301 

manufacture and use of nanocomponents and their role in the life cycle impact of nanoproducts. Environ. 302 
Sci. Technol. 43, 1256-1263 (2009). 303 

6. Hicks, A. L. & Theis, T. L. A comparative life cycle assessment of commercially available household silver-304 
enabled polyester textiles. Int. J. Life Cycle Ass. (FirstOnLine), DOI 10.1007/s11367-016-1145-2 (2016). 305 

7. European Parliament, Council of the European Union. Regulation (EC) No 1907/2006 of the European 306 
Parliament and of the Council of 18 December 2006 Concerning the Registration, Evaluation, Authorisation 307 
and Restriction of Chemicals (REACH) (Official Journal of the European Union 30.12.2006 L 396/831, 308 
Brussels, 2006). 309 

8. US Congress. Toxic Substances Control Act http://www.epw.senate.gov/tsca.pdf (accessed July 14, 2016). 310 
9. US Congress. Amendment 22 juni 2016 on Toxic Substances Control Act https://www.epa.gov/assessing-311 

and-managing-chemicals-under-tsca/frank-r-lautenberg-chemical-safety-21st-century-act (accessed July 312 
14, 2016). 313 

10. Walser, T., Demou, E., Lang, D. J. & Hellweg, S. Prospective Environmental Life Cycle Assessment of 314 
Nanosilver T-Shirts. Environ. Sci. Technol. 45, 4570-4578 (2011) 315 

11. Saha, A., Saha, D. & Ranu, B. C. Copper nano-catalyst: sustainable phenyl-selenylation of aryl iodides and 316 
vinyl bromides in water under ligand free conditions. Org. Biomol. Chem. 7, 1652–1657 (2009). 317 

12. Polshettiwar, V. & Varma, R. S. Green chemistry by nano-catalysis. Green Chem. 12, 743-754 (2010). 318 
13. Wang, S. et al. Motion charged battery as sustainable flexible-power-unit. ACS Nano 7, 11263-11271 319 

(2013). 320 
14. Owens, J. W. Life-cycle assessment in relation to risk assessment: An evolving perspective. Risk Anal. 17, 321 

359-365 (1997). 322 
15. Olsen, S. I. et al. Life cycle impact assessment and risk assessment of chemicals - A methodological 323 

comparison. Environ. Impact Asses. 21, 385-404 (2001). 324 
16. Udo de Haes, H. A., Wegener Sleeswijk, A. & Heijungs, R. Similarities, Differences and Synergisms Between 325 

HERA and LCA—An Analysis at Three Levels. Hum. Ecol. Risk Assess. 12, 431–449 (2006). 326 
17. Van Leeuwen C. J. & Hermens, J. L. M. Risk Assessment of Chemicals: An Introduction (Kluwer Academic 327 

Publishers, Dordrecht, 1995). 328 
18. Paustenbach, D. The practice of health risk assessment in the United States (1975–1995): How the U.S. 329 

and other countries can benefit from that experience. Hum. Ecol. Risk Assess. 1, 29-79 (1995). 330 
19. Boersema, J. J. & Reijnders, L. Principles of Environmental Sciences Ch. 12 (Springer 2009). 331 
20. Sperber, W.H. Hazard Identification: From a Quantitative to a Qualitative Approach. Food Control 12, 223- 332 

228 (2001). 333 
21. Ropeik, D. & Gray, G. Risk: A Practical Guide for Deciding What's Really Safe and What's Really Dangerous 334 

in the world around us (Houghton Mifflin Company, USA, 2002). 335 
22. Savolainen, K. et al. Nanosafety 2015-2025: A Strategic Research Agenda towards Safe and Sustainable 336 

Nanomaterial and Nanotechnology Innovations (Finnish Institute of Occupational Health, Helsinki, 2013). 337 
23. Mihelcic, J.R. & Zimmerman, J.B. Environmental Engineering: Fundamentals, Sustainability, Design (Wiley, 338 

2014).  339 
24. Hua, J., Vijver, M. G., Chen, G., Richardson, M. K. & Peijnenburg, W. J. G. M. Dose metrics assessment for 340 

differently shaped and sized metal-based nanoparticles. (2016). Environ. Toxicol. Chem. 35, 2466-2473. 341 
25. European Commission. Regulatory Aspects of Nanomaterials. Communication from the Commission to the 342 

European Parliament, the Council and the European Economic and Social Committee http://eur-343 
lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A52008DC0366 (accessed May 29, 2017). 344 



9 

26. European Commission. Second Regulatory Review on Nanomaterials. Communication from the 345 
Commission to the European Parliament, the Council and the European Economic and Social Committee 346 
http://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1496062992759&uri=CELEX:52012DC0572  347 
(accessed May 29, 2017). 348 

27. International Organisation for Standardisation (ISO). International Standard ISO 14040. Environmental 349 
Management – Life Cycle Assessment - Principles and Framework (ISO, Geneva, 2006). 350 

28. Hauschild M. Z. & Huijbregts M. A. J. Selection of Impact Categories and Classification of LCI Results to 351 
Impact Categories Ch. 2 (Springer, Dordrecht, 2014). 352 

29. International Organisation for Standardisation (ISO). International Standard ISO 14044. Environmental 353 
Management - Life Cycle Assessment - Requirements and Guidelines. (ISO, Geneva, 2006). 354 

30. Frankl, P. & Rubik, F. Life Cycle Assessment in Industry and Business Ch. 5 (Springer-Verlag, 355 
Berlin/Heidelberg, 2000). 356 

31. Vink, E. T. H., Rábago, K. R., Glassner, D. A. & Gruber, P. R. Applications of life cycle assessment to 357 
NatureWorksTM polylactide (PLA) production. Polym. Degrad. Stabil. 80, 403-419 (2003). 358 

32. Clift, R. & Druckman, A. (Eds). Taking Stock of Industrial Ecology Ch. 15 (Springer Open, 359 
http://www.springer.com/us/book/9783319205700, 2015). 360 

33. Clift, R. Life cycle assessment and ecolabelling. J. Clean. Prod. 1, 155-159 (1993). 361 
34. Environmental Product Declaration (EPD). The Environmental Product Declaration System 362 

http://www.environdec.com/ (accessed May 29, 2017). 363 
35. European Parliament, Council of the European Union. European Parliament and Council Directive 364 

94/62/EC of 20 December 1994 on packaging and packaging waste (Official Journal of the European Union 365 
31.12.1994 L 365/10-23, Brussels, 1994). 366 

36. US Congress. Energy independence and security act of 2007 https://www.gpo.gov/fdsys/pkg/BILLS-367 
110hr6enr/pdf/BILLS-110hr6enr.pdf (accessed July 7, 2016). 368 

37. Matthews, S. H., Hendrickson, C. & Weber, C. L. The Importance of Carbon Footprint Estimation 369 
Boundaries. Environ. Sci. Technol. 42, 5839–5842 (2008). 370 

38. Sorensen, B. The role of life-cycle analysis in risk assessment. Int. J. Environ. Pollut. 6, 729-746 (1996). 371 
39. Tukker, A. Risk Analysis, Life Cycle Assessment—The Common Challenge of Dealing with the Precautionary 372 

Frame (Based on the Toxicity Controversy in Sweden and the Netherlands). Risk Anal. 22, 821-831 (2002). 373 
40. Boize, M., Borie, A.-L., Landrin, A. et al. Relevance of life cycle analysis (LCA) for assessing health impacts: 374 

Comparison with quantitative health risk assessments (QHRA). Envir. Risques Sante 7, 265-277 (2008). 375 
41. Breedveld, L. Combining LCA and RA for the integrated risk management of emerging technologies. J. Risk 376 

Res. 16, 459-468 (2013). 377 
42. Kobayashi, Y., Peters, G. M. & Khan, S. J. Towards More Holistic Environmental Impact Assessment: 378 

Hybridisation of Life Cycle Assessment and Quantitative Risk Assessment. Procedia CIRP 29, 378-383 379 
(2015). 380 

43. Guinée, J.B. & Heijungs, R. A proposal for the classification of toxic substances within the framework of 381 
Life Cycle Assessment of Products. Chemosphere 26, 1925-1944 (1993).  382 
This paper presents the first example of the ‘knowledge integration’ school. 383 

44. Guinée, J.B. et al. USES. Uniform system for the evaluation of substances. Inclusion of fate in LCA 384 
characterisation of toxic releases applying USES 1.0. Int. J. Life Cycle Ass. 1, 133-138 (1996). 385 

45. Hauschild, M. & Wenzel, H. Environmental Assessment of Products, Volume 2, Scientific Background 386 
(Chapman & Hall, London, 1998). 387 

46. Huijbregts, M. A. J. et al. Priority assessment of toxic substances in life cycle assessment. Part I: 388 
Calculation of toxicity potentials for 181 substances with the nested multi-media fate, exposure and 389 
effects model USES-LCA. Chemosphere 41, 541-573 (2000). 390 

47. Bennett, D.H., Margni, M. D., McKone, T.E. & Jolliet, O. Intake fraction for multimedia pollutants: a tool for 391 
life cycle analysis and comparative risk assessment. Risk Anal. 22, 905-918 (2002). 392 

48. Gandhi, N. et al. New Method for Calculating Comparative Toxicity Potential of Cationic Metals in 393 
Freshwater: Application to Copper, Nickel and Zinc. Environ. Sci. Technol. 44, 5195–5201 (2010). 394 

49. Van Zelm, R., Huijbregts, M. A. J. & Van de Meent, D. Transformation products in the life cycle impact 395 
assessment of chemicals. Environ. Sci. Technol. 44, 1004-1009 (2010). 396 

50. Potting, J. & Hauschild, M. Spatial differentiation in life-cycle assessment via the site-dependent 397 
characterisation of environmental impact from emissions. Int. J. Life Cycle Ass. 2, 209-216 (1997). 398 

51. Bellekom, S., Potting, J. & Benders, R. Feasibility of applying site-dependent impact assessment of 399 
acidification in LCA. Int. J. Life Cycle Ass. 11, 417-424 (2006). 400 



10 

52. Azevedo, L. B., Henderson, A. D., van Zelm, R., Jolliet, O. & and Huijbregts, M. A. J. Assessing the 401 
Importance of Spatial Variability versus Model Choices in Life Cycle Impact Assessment: The Case of 402 
Freshwater Eutrophication in Europe. Environ. Sci. Technol. 47, 13565-13570 (2013). 403 

53. Wegener Sleeswijk, A. Regional LCA in a global perspective. A basis for spatially differentiated 404 
environmental life cycle assessment. Int. J. Life Cycle Ass. 16, 106-122 (2011). 405 

54. Hellweg, S. & Milà i Canals, L. Emerging approaches, challenges and opportunities in life cycle assessment. 406 
Science 344, 1109-1113 (2014). 407 

55. Posthuma, L., Suter II, G. W. & Traas, T. P. Species sensitivity distributions in ecotoxicology (CRC Press, 408 
Boca Raton FL, 2002). 409 

56. Harder, R., Heimersson, S. Svanström, M. & Peters, G.M. Including pathogen risk in life cycle assessment 410 
of wastewater management. 1. Estimating the burden of disease associated with pathogens. Environ. Sci. 411 
Technol. 48, 9438-9445 (2014). 412 

57. Heimersson, S., Harder, R., Peters, G.M. & Svanström, M. Including pathogen risk in life cycle assessment 413 
of wastewater management. 2. Quantitative comparison of pathogen risk to other impacts on human 414 
health. Environ. Sci. Technol. 48, 9446-9453 (2014). 415 

58. Assies, J. A. A risk-based approach to life-cycle impact assessment. J. Hazard. Mater. 61, 23-29 (1998). 416 
59. Sonnemann, G., Castells, F. & Schuhmacher, M. Integrated Life-Cycle and Risk Assessment for Industrial 417 

Processes Ch. 6 (CRC Press, Boca Raton FL, 2004). 418 
60. Harder, R., Holmquist, H., Molander, S., Svanstrom, M. & Peters, G. M. Review of Environmental 419 

Assessment Case Studies Blending Elements of Risk Assessment and Life Cycle Assessment. Environ. Sci. 420 
Technol. 49, 13083-13093 (2015). 421 

61. Guinée, J. B. et al. Human and Ecological Life cycle tools for the Integrated Assessment of Systems 422 
(HELIAS). Int. J. Life Cycle Ass. 11, Special Issue (1), 19-28 (2006). 423 

62. Bare, J. C. Risk assessment and Life-Cycle Impact Assessment (LCIA) for human health cancerous and 424 
noncancerous emissions: Integrated and complementary with consistency within the USEPA. Hum. Ecol. 425 
Risk Assess. 12, 493-509 (2006). 426 

63. Flemström, K., Carlson, R. & Erixon, M. Relationships between Life Cycle Assessment and Risk Assessment 427 
- Potentials and Obstacles. Naturvardsverket Stockholm, Sweden (2004). 428 

64. Spina, F., Ioppolo, G., Salomone, R., Bart, J. C. J. & Milazzo, M. F. Human and environmental impact 429 
asessment for a soybean biodiesel production process through the integration of LCA and RA. In: 430 
Salomone, R. & Saija, G. (Eds.). Pathways to environmental sustainability, 117-0126 (Springer International 431 
Publishing AG, Switzerland, 2014). 432 

65. Vermeire, T. G., Van der Zandt, P. T. J., Roelfzema, H. & Van Leeuwen, C. J. Uniform system for the 433 
evaluation of substances I – Principles and structure. Chemosphere 29, 23-38 (1994).  434 
This paper presents the first example of the ‘chain perspective’ school. 435 

66. Heijungs, R. Harmonization of methods for impact assessment. Environ. Sci. Pollut. R. 2, 217-224 (1995). 436 
67. Potting, J., Schöpp, W., Blok, K. & Hauschild, M. Site-Dependent Life-Cycle Impact Assessment of 437 

Acidification. J. Ind. Ecol. 2, 63-87 (1998). 438 
68. Carpenter, A. C., Gardner, K. H., Fopiano, J., Benson, C. H. & Edil, T. B. Life cycle based risk assessment of 439 

recycled materials in roadway construction. Waste Manage. 27, 1458-1464 (2007).  440 
69. Wegener Sleeswijk, A. & Heijungs, R. GLOBOX: a spatially differentiated global fate, intake and effect 441 

model for toxicity assessment in LCA. Sci. Total Environ. 408, 2817-2832 (2010). 442 
70. Pennington, D. W., Margni, M., Payet, J. & Jolliet, O. Risk and regulatory hazard-based toxicological effect 443 

indicators in life-cycle assessment (LCA). Hum. Ecol. Risk Assess. 12, 450-475 (2006). 444 
71. Guinée, J. B. et al. Evaluation of risks of metal flows and accumulation in economy and environment. Ecol. 445 

Econ. 30, 47-65 (1998). 446 
72. Grieger, K. D. et al. Analysis of current research addressing complementary use of life-cycle assessment 447 

and risk assessment for engineered nanomaterials: Have lessons been learned from previous experience 448 
with chemicals? J. Nanopart. Res. 14, 958 (2012). 449 

73. Wardak, A., Gorman, M. E., Swami, N. & Deshpande, S. Identification of risks in the life-cycle of 450 
nanotechnology-based products. J. Ind. Ecol. 12, 435–448 (2008). 451 

74. Willis, H. H. & Florig, H. K. Potential Exposures and Risks from Beryllium-Containing Products. Risk Anal. 452 
22, 1019-1033 (2002). 453 

75. Shatkin, J. A. Informing Environmental Decision Making by Combining Life Cycle Assessment and Risk 454 
Analysis. J. Ind. Ecol. 12, 278-281 (2008). 455 

76. Shatkin J. A. Nano LCRA: An Adaptive Screening-Level Life Cycle Risk-Assessment Framework for 456 
Nanotechnology Ch. 6 (CRC Press, 2012). 457 



11 

77. Shatkin, J. A. & Kim, B. Cellulose nanomaterials: life cycle risk assessment, and environmental health and 458 
safety roadmap. Environ. Sci.: Nano 2, 477-499 (2015). 459 

78. Shih, H. C. & Ma, H. W. Life cycle risk assessment of bottom ash reuse. J. Hazard. Mater. 190, 308-316 460 
(2011). 461 

79. Sharratt, P. N. & Choong, P. M. A life-cycle framework to analyse business risk in process industry projects. 462 
J. Clean. Prod. 10, 479-493 (2002).  463 
This paper can be considered as a first example of the ‘RA for LCA hotspots’ school. 464 

80. Socolof, M. L. & Geibig, J. R. Evaluating human and ecological impacts of a product life cycle: The 465 
complementary roles of life-cycle assessment and risk assessment. Hum. Ecol. Risk Assess. 12, 510–527 466 
(2006). 467 

81. Sweet, L. & Strohm, B. Nanotechnology - Life-cycle risk management. Hum. Ecol. Risk Assess. 12, 528-551 468 
(2006). 469 

82. Lim, S.-R., Lam, C. W. & Schoenung, J. M. Priority screening of toxic chemicals and industry sectors in the 470 
U.S. toxics release inventory: A comparison of the life cycle impact-based and risk-based assessment tools 471 
developed by U.S. EPA. J. Environ. Manage. 92, 2235-2240 (2011). 472 

83. Kuczenski, B., Geyer, R. & Boughton, B. Tracking toxicants: Toward a life cycle aware risk assessment. 473 
Environ. Sci. Technol. 45, 45-50 (2011). 474 

84. Benetto, E., Tiruta-Barna, L. & Perrodin, Y. Combining lifecycle and risk assessments of mineral waste 475 
reuse scenarios for decision making support. Environ. Impact Asses. 27, 266-285 (2007).  476 
This paper presents the first example of the ‘combining results’ school. 477 

85. Linkov I., Matthew, E., Trump, B. D. & Keisler, J.M. For nanotechnology decisions, use decision analysis. 478 
Nano Today 8, 5-10 (2013). 479 

86. Tsang, M. P., Bates, M. E., Madison, M. & Linkov, I. Benefits and Risks of Emerging Technologies: 480 
Integrating Life Cycle Assessment and Decision Analysis To Assess Lumber Treatment Alternatives. 481 
Environ. Sci. Technol. 48, 11543-11550 (2014). 482 

87. Rotolo, D., Hicks, D. & Martin, B. R. What is an emerging technology? Res. Policy 44, 1827-1843 (2015). 483 
88. Hischier, R., & Walser, T. Life cycle assessment of engineered nanomaterials: state of the art and 484 

strategies to overcome existing gaps. Sci. Total Environ. 425, 271–282 (2012). 485 
89. Klöpffer, W. et al. Nanotechnology and life cycle assessment. A systems approach to nanotechnology and 486 

the environment March 2007  http://orbit.dtu.dk/files/3374746/NanoLCA_3.07.pdf (accessed May 29, 487 
2017). 488 

90. Vaseashta, A. Life Cycle Analysis of Nanoparticles – Risk, Assessment, and Sustainability (Destech 489 
Publication, Inc. Northfield VT, 2015). 490 

91. Wender, B. A. et al. Illustrating Anticipatory Life Cycle Assessment for Emerging Photovoltaic 491 
Technologies. Environ. Sci. Technol. 48, 10531-10538 (2014). 492 

92. Miller, S. A. & Keoleian, G. A. Framework for analyzing transformative technologies in life cycle 493 
assessment. Environ. Sci. Technol. 49, 3067-3075 (2015). 494 

93. Tecchio, P., Freni, P., De Benedetti, B., Fenouillot, F., 2015. Ex-ante Life Cycle Assessment approach 495 
developed for a case study on bio-based polybutylene succinate. J. Clean. Prod. 112, 316-325 (2016). 496 

94. Villares, M., Işıldar, A., Mendoza Beltran, A. & Guinée, J. Applying an ex-ante life cycle perspective to 497 
metal recovery from e-waste using bioleaching, J. Clean. Prod. 129, 315-328 (2016). 498 

95. Selck, H., Handy, R. D., Fernandes, T. F., Klaine, S. J. & Petersen, E. J. Nanomaterials in the Aquatic 499 
Environment: A European Union–United States Perspective on the Status of Ecotoxicity Testing, Research 500 
Priorities, and Challenges Ahead. Environ. Toxicol. Chem. 35, 1055-1067 (2016). 501 

96. Adam, V., Loyaux-Lawniczak, S. & Quaranta, G. Characterization of engineered TiO2 nanomaterials in a life 502 
cycle and risk assessments perspective. Environ. Sci. Pollut. R. 22, 11175-11192 (2015). 503 

97. Pereira, S. R. & Coelho, M. C. Can nanomaterials be a solution for application on alternative vehicles? - A 504 
review paper on life cycle assessment and risk analysis. Int. J. Hydrogen Energ. 40, 4969-4979 (2015). 505 

98. Ecoinvent. The ecoinvent database http://www.ecoinvent.org/database/database.html 506 
99. Beck, U. Risk Society: Towards a New Modernity (Sage Publications Ltd, London, 1992). 507 
100. Swierstra, T. & Rip, A. Nano-ethics as NEST-ethics: patterns of moral argumentation about new and 508 

emerging science and technology. Nanoethics 1, 3-20 (2007). 509 
101. Collingridge, D. The Social Control of Technology (St. Martin's Press, New York, 1980). 510 
 511 

 512 



12 

 513 

Acknowledgements 514 

The authors would like to thank Leo Breedveld for helpful discussions while preparing this 515 
manuscript and Lauran van Oers for assistance with some of the figures. 516 

 517 

Competing financial interests 518 

The authors declare no competing financial interests. 519 

  520 



13 

Figure 1 | The general methodological framework for RA distinguishing the four main phases of 521 
environmental RA: hazard identification (establishing if there is a risk present), exposure assessment 522 
(predicted environmental concentration (PEC) or daily intake (PDI)), effect assessment (establishing 523 
critical levels of exposure: predicted no effect concentration (PNEC) or acceptable daily intake (ADI)), 524 
and risk characterization (calculating the PEC/PNEC or PDI/ADI quotient). Figure adapted from ref. 525 
19. 526 

 527 

Figure 2 | The general methodological framework for LCA distinguishing four main phases: goal 528 
and scope definition (establishing the aim, the functional unit as a basis for the comparison, and the 529 
scope of the intended study), inventory analysis (compiling and quantifying inputs and outputs for a 530 
product), life cycle impact assessment (understanding and evaluating the magnitude and significance 531 
of the potential environmental impacts), and life cycle interpretation (evaluating the findings in order to 532 
reach conclusions and recommendations). The red arrows indicate the result of the inventory analysis 533 
as input for impact assessment or interpretation, the blue arrows the result of the impact assessment. 534 
Figure adapted from ref. 27. 535 

 536 

Figure 3 | Example illustrating the fundamental differences between RA and LCA using the 537 
application of silver nanoparticles in socks as a hypothetical case study. 538 

  539 
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 540 

Box 1 | LCA results comparing nanosilver containing socks with traditional socks 

Suppose two pairs of socks are compared using LCA, and adopting as the functional unit ‘1 
year of wearing clean socks’. The technical assumptions made for this comparison might 
include the following: 

 traditional socks nanosilver socks 
lifetime of socks (yrs) 1 3 
washings per week 3 1 
temperature of washing  (˚C) 40 30 
Etc. … … 
 

The inventory table, which is the result of the inventory analysis (see red arrow in Fig. 2), 
might look as follows: 

emissions / resource uses traditional socks nanosilver socks 
CO2 to air (kg) 25 20 
SO2 to air (kg) 0.4 0.2 
Phosphate to water (g) 60 20 
Nanosilver particles to water (µg) 0 0.01 
Crude oil from earth (kg) 3 4 
Silver ore from earth (mg) 0 1 
Etc. … … 
 

The characterization results, which are the most important results of the impact assessment 
phase (see blue arrow in Fig. 2), might look as follows (using dichlorobenzene (DCB) as a 
reference compound for toxicity assessment): 

impact categories traditional socks nanosilver socks 
Climate change (kg CO2-eq.) 25 20 
Aquatic ecotoxicity (kg DCB-eq.) 10 35  
Human toxicity (kg DCB-eq.) 45 43 
Aquatic eutrophication (kg PO43--eq.) 5 1 
Depletion of fossil fuels (MJ) 3 6 
Etc. … … 
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Box 2 | The fundamental differences between RA and LCA 

Different perspectives: RA typically focuses on the risk (interpreted as the extent to which the 
PEC/PNEC ratio exceeds 1; see above) of a specific chemical in a specific region, resulting 
from its measured or predicted use and release. For instance, it addresses the risks of 
nanosilver in region C (Fig. 3). Assuming that there is no transboundary pollution of 
nanosilver, the RA addresses only the emissions from washing socks and using TVs. 
Supposing that the region’s emission of nanosilver from washing 130,000,000 kg of socks/yr 
is 25 kg/yr, and the region’s emission of nanosilver from using 1,450,000 TVs/yr is 15 kg/yr, 
so a total of 40 kg/yr. This is the result of the emission assessment, and will form the basis of 
the PEC. It may be used to decide if a critical concentration (PNEC) will be exceeded or not. 

The LCA perspective typically starts with a functional unit, say 1 pair of socks, regardless of 
the number of socks in use. The socks will have a life cycle emission of nanosilver during 
manufacturing (say 1 mg), during washing (5 mg), and during disposal (2 mg), so a total of 8 
mg per pair of socks. This 8 mg cannot be compared with a critical threshold, for several 
reasons: 

• Only real-time (see below) emission flows (in kg/yr), not emission quantities (in kg), will 
lead to a steady-state concentration (PEC). 

• The functional unit of 1 pair of socks is completely arbitrary, and we might just as well 
have taken 1,000 pairs of socks, or 1 billion pairs of socks. 

• The calculated emission of 8 mg is scattered across the region of study and the rest of the 
world. 

• The calculated emission of 8 mg is also distributed over a long period of time (there may 
be several years between manufacture and disposal of the socks). 

• By studying the life cycle of socks, we are overlooking the other source of nanosilver in 
region C, namely TVs. 

 

Real time and virtual time: With respect to the first bullet, note that LCAs are typically 
performed in terms of ‘per unit of product’. If an industrial process emits 𝑥𝑥 kg/yr and produces 
𝑦𝑦 product units/yr, LCA eliminates the time unit: 

emission
unit of product

(kg/unit) =
emission rate (kg/yr)

production rate (unit/yr)
=
𝑥𝑥
𝑦𝑦

 

RAs, on the other hand, are based on real-time steady-state emission rates (𝑦𝑦), yielding 
steady-state concentrations (PEC). 

Some of these problems might be overcome by adopting a new LCA paradigm, for instance 
by taking a functional unit with a flow character (pairs of socks per year; bullet 1), and using 
the real number (130,000 tons of socks; bullet 2). Indeed, with a functional unit of 
130,000,000 kg of socks/yr, some of the limitations will be removed. Starting from the total 
use of socks in region C per year, the resulting nanosilver emissions may reflect the real-time 
yearly emission for the washing process. However, this is not the case for the nanosilver 
emissions due to any upstream or downstream processes, such as the production process, 
as we are not considering their total process flows but only the quantity needed for producing 
the nanosilver socks. The total number of socks introduces a time dimension to these 
upstream processes but this reflects a virtual time rather than real-time. Moreover, by 
concentrating on a product (socks), all activities that do not relate to socks (such as those 
relating to TVs) are ignored and we will still do not obtain a proper estimation of the 
concentration of nanosilver in the region (bullet 5). 
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