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Sustainable Development has many definitions...  
Most commonly quoted is: 
 
Development that meets the needs of current generations  
without compromising the ability of future generations  
to meet their needs and aspirations.  
   WCED*, in Brundtland Report, 1987 

What is done now to improve the quality of life should not 
degrade the environment or its resources such that future 
generations are put at a disadvantage. 

*WCED is the United Nations-sponsored World Commission on Environment and Development 
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http://sites.nationalacademies.org/PGA/sustainability/EPA/index.htm 



 “We live in a material world. How our 
society uses materials is fundamental 
to many aspects of our economic and 
environmental future. If we want to be 
competitive in the world economy, the 
sustainable use of materials must be 
our goal. Our key message is simple.” 

http://www.epa.gov/epawaste/conserve/smm/vision.htm 

http://www.epa.gov/epawaste/conserve/smm/vision.htm
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Karn, 2014 SNO Annual Conference, Santa Barbara 
Dahl et al Greener Nano Synthesis, Chem. Rev. 2007 107:2228 
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Goal 1: Advance a world-class nanotechnology research and 

development program; 

 

Goal 2: Foster the transfer of new technologies into products 

for commercial and public benefit; 

 

Goal 3: Develop and sustain educational resources, a skilled 

workforce, and the supporting infrastructure and 

tools to advance nanotechnology; and 

 

Goal 4: Support responsible development of nanotechnology 



4.1. Support the creation of a comprehensive knowledge base for 
evaluation of the potential risks and benefits of 
nanotechnology to the environment and to human health 
and safety.  

 
4.2. Create and employ means for timely dissemination, 

evaluation, and incorporation of relevant EHS knowledge  
and best practices. 

 
4.3. Develop the national capacity to identify, define, and 

responsibly address concepts and challenges specific  
to the ethical, legal, and societal implications (ELSI)  
of nanotechnology 

 
4.4. Incorporate sustainability in the responsible development 

of nanotechnology. 
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> How do you measure success? 



“To accelerate nanotechnology development in support of national priorities 
and innovation strategy, OSTP and NNI member agencies identified areas 
ripe for significant advances  …on critical challenges and R&D gaps.” 

 

1. Nanotechnology for Solar Energy Collection and Conversion: 
Contributing to Energy Solutions for the Future 

2. Sustainable Nanomanufacturing: Creating the Industries of the Future 

3. Nanoelectronics for 2020 and Beyond 

4. Nanotechnology Knowledge Infrastructure  

5. Nanotechnology for Sensors and Sensors for Nanotechnology: 
Improving and Protecting Health, Safety, and the Environment 

 





 “Indeed, sustainability is not a “thing” that can be 
measured…. sustainability becomes defined by the 
parameters that can be measured, rather than the 
other way around.”  

 

 From book entitled  
“Sustainability Indicators:  

Measuring the Immeasurable?”  
Simon Bell and Stephen Morse, 2008  
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Same figure used in Draft 2014 NNI Strategic Plan… 
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Google “EPA Nanotech LCA”  
http://www.epa.gov/nanoscience/quickfinder/lifecycle.htm18 
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Why Life Cycle Thinking? 

 Help reduce material and energy consumption 

 Quantify emissions and reduce environmental burden  

 Compare nanoproducts with alternatives 

 Identify sources of inefficiencies (Energy or Impact) 

 

Challenges 

 Collecting inventories for nanomaterials and nanoprocesses 

 Quantifying impact of engineered nanomaterials on humans and 
ecosystems 

 Predicting life cycle processes and activities while processes and products 
are still in nascent stages 



LCA techniques used to investigate 
environmental impacts associated  
with a product’s life cycle 

 Scope: Sets boundaries and  
assumptions, e.g., phases of product 
life cycle to include 

 Inventory Analysis: Input data 
(materials, energy usage, labor) and 
output data (emissions to land, water, 
air) collected for lab-scale processes 

 Impact Assessment: Software used to 
determine preliminary environmental 
impact 

 Interpretation: Valuation, weighting, 
preferences, sensitivity analyses… 

 



 EPA Workshop in October 2006 

 Breakout discussions on how to 
use LCA in light of limited 
impact data 

 Participants from  
US and Europe 

 LCA experts & nano experts 

 Report released in Feb 2007 

 Report hosted on web site of 
Wilson Center,  
Project on Emerging 
Nanotechnologies 

 www.nanotechproject.org 

 

http://www.nanotechproject.org/


 Workshop in November 2009 

 Breakout discussions on how to use 
LCA in light of limited impact data 

 Participants from US 

 LCA experts & nano experts 

 Findings  
published 
in April  
2011 





... 
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 Technical feasibility 

 Economic viability 

 Intellectual property issues 

 Regulatory issues 

 Workforce health and safety 
◦ Appropriate workforce training 

 Knowledge of researchers 

 knowledge of “first responders” 
◦ Appropriate waste handling and disposal 

 Public health and environmental impact 

 

Tradeoffs in light of many uncertainties… 

                  And then “sustainable” nanomanufacturing? 

Bosso, Isaacs, Kay, Sandler, “Leaving the Laboratory: Regulatory and  

Societal Issues Confronting Nanotechnology Commercialization” in 

The Handbook of Nanomanufacturing, Busnaina, ed. Taylor and Francis/CRC Press, 2006 
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... 
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US - Pennsylvania 7 

US - Massachusetts 5 

US - New York 5 

US - California 4 

US - Texas 4 

US - Florida 3 

US - Illinois 3 

US - North Carolina 3 

US - Ohio 3 

US - Connecticut 2 

US - Idaho 2 

US - Indiana 2 

US - Michigan 2 

US - South Carolina 2 

 55 NSF SNM Active Awards listed (2007-2013) 
 8 have “societal” (or some variant) in abstract 
 4 have “sustainable” (or some variant) in abstract 
 2 have “societal” and “sustainable” in abstract 
 1 has “life cycle assessment” in abstract 

 



 Search shows 111 awards for “Life Cycle Assessment”  
 Searching within this award set resulted in  

18 awards with “nano” in the… 
◦ Title or 
◦ Abstract or 
◦ Program classification:  

 “Enviro Health & Safety of Nano” or 

 NANOSCALE: INTRDISCPL RESRCH T, NANO EHS CORE,  
SOCIETAL IMPLICATIONS OF NANO or 

 NANTOXICOLOGY 

◦ 4 of the 18 are conferences 
◦ 6 awards where nano issues are addressed using LCA methods 

 
(This is not the “definitive list” of LCA-nano projects.) 
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Integrated Systems Approach Required  

for Appropriate and Efficient Commercialization 

Responsible Nanomanufacturing 
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Social & Ethical Issues 

Regulatory Issues  

Enviro & Economic 

Uncertainties  

EHS  

Assessment, 

Tox Screening 

& EOL Impacts 

 Measure and control to 
determine best safety practices 
and screening methods for 
nanomaterials as well as  
impact of possible releases 

 Perform assessment of 
developing processes / 
products and evaluate 
tradeoffs for EHS 
(environmental health 
and safety) with costs 

 Promote informed 
policymaking  

 Advocate productive 
public discourse  



 What aspects of sustainability need to be addressed?  
 How will we know whether it’s “sustainable”?  

 

 Are there standard methods or metrics can be used to 
assess nanomanufacturing as it develops? 

 Can we use current metrics developed for sustainable manufacturing? 

 

 Can LCA be used as an effective  tool for evaluating  
nano-enabled products throughout their life cycles? 

 Given uncertainties in potential EHS effects of nanomaterials,  
can we determine life cycle impacts…? 

 

 How can we encourage innovators (in industry or 
academia) to  adopt life cycle thinking? 

 Is there some way to be proactive for end-of-life Product Stewardship,  
in light of uncertainties? 
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Moderators 

◦ Jackie Isaacs, Northeastern University 

◦ Bruce Hamilton, NSF 

Panelists 

◦ Jackie Isaacs, Northeastern University 

 Manufacturing Phase / Life Cycle Inventories 

◦ Matt Eckelman, Northeastern University 

 Use Phase / Life Cycle Impact Assessment 

◦ Gabrielle Gaustad, Rochester Institute of Technology 

 End-of-Life Phase /  
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2013 NSF Nanoscale Science and Engineering Grantees Conference 
December 4-6, 2013 

Westin Hotel - Arlington, VA 



 How can industry develop  
new nanotechnologies in a 

responsible, sustainable manner?  
 

 How can we ensure 
nanomanufacturing processes and 
products remain safe for workers, 
consumers and the environment?  



 Where can we gather 
data for inventories? 
◦ Literature 

◦ Laboratory 

◦ Estimates 

◦ LCI Databases 

◦ Industrial data 

◦ …. 



Outstanding Properties 

Expanding Global Market 

Potential Environment Issues 
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http://www.epa.gov/dfe/pubs/projects/lbnp/final-li-ion-battery-lca-report.pdf 
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http://www.epa.gov/dfe/pubs/projects/lbnp/final-li-ion-battery-lca-report.pdf 



41 http://www.epa.gov/dfe/pubs/projects/lbnp/final-li-ion-battery-lca-report.pdf 

“LCI data were based on current recycling processes, which do not recycle large volumes 
of Li-ion batteries for vehicles at present. Recovery and eventual disposition of 
materials will be better characterized as the volume of battery waste increases and 
markets for recovered/recycled materials emerge. “ 
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Pati, Vikesland, & McGinnis,2014 SNO Annual Conference, Santa Barbara 



Pati, Vikesland, & McGinnis,2014 SNO Annual Conference, Santa Barbara 



Pati, Vikesland, & McGinnis,2014 SNO Annual Conference, Santa Barbara 



Results do not indicate  
effect of CNTs… 

…limited toxicological factors!  
 

Same issues as in 2007, 2009… 





 SWNT Switch  Sensors 

 EMI-Shielding  Batteries 

Isaacs, Bosso, Busnaina, Cullinane, Eckelman, Sandler : Northeastern 
Mead, Bello: U Mass Lowell; Zimmerman: Yale; Nash: Harvard 



1- Material preparation

2- Cutting the Aluminum

3- Treating the surface

7- Electrophoresis assembly

8- Clean up 

4- Preparing CNT solution

9- Additional layer MWCNT

11- Additional layer LiMnO

6- Inspection

5- Directed assembly (Spinning)

10- Inspection

ENERGY kWh

1.073657

INPUT MATERIAL g/chip

ethanol (200 proof) 15.78

Lithium Manganese Oxide Powder 0.1

Gold Chip 0.5576

N2 Gas 10.324

ethylene glycol 0.446

deionized water 5163.95

disposable lab materials (plastic and paper 10.48

MWCNT 0.00112

INPUT TOTAL 5201.639

OUTPUT MATERIAL g/chip

mixed wastewater to treatment 5174.364

hazardous waste 16.276

emissions to air 10.324

MWCNT 0.00112

OUTPUT TOTAL 5200.964

Busnaina and Somu, Northeastern University 



Nanobattery normalized result 
indicate three greatest contributors:  

• Respiratory inorganics 
• Land use 
• Fossil fuels 

Nanobattery Labscale Fabrication 

Hakimian and Isaacs, Northeastern University 



Results do not indicate  
effect of CNTs… 

…limited toxicological factors!  
 

Same issues as in 2007, 2009… 



 
Estimates of inventories throughout  
the lifecycle offer insights on mass  
of nanomaterials for potential release 
at each stage… 
 
 
 
 
 









 Process-based inventory 
collection applied to lab-scale 
fabrication of CNT applications 

 Scale-up estimates allow 
approximation of possible CNT 
releases by series of nano-
enabled products 
◦ Manufacturing 
◦ Use 
◦ End-of-Life decommission  

 Opportunity to reduce 
environmental footprint  
of nano-fabrication   
◦ Greener design… 

◦ Early intervention… 

Inventory collection and estimations through the 
lifecycle can provide data for influence diagrams 
and help prioritize subsequent research needs. 



Air Biotic Soil Water 

Nanomaterial 
Sources 

Nano-enabled 
Products 

Product  
End of Life 

0 

Adapted from Wiesner, 2011 ICEIN Plenary Talk 

Intermediate 
Products 



1. Can nano-enabled products be handled 
appropriately using the stewardship collection 
infrastructure developed for other products, or 
must manufacturers provide some form of special 
handling for products containing nanomaterials? 
  

2. Does mixing of recyclate from nano-enabled 
products impact markets for recycled materials?  
 

3. Does the collection of nano-enabled products 
pose particular challenges to household waste 
facilities run by municipalities in terms of costs, 
worker health and safety, or public perception? 
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 Materials scarcity (lithium, polymers…)? 
 Energy for raw material production? 
 Energy reduction during manufacture? 
 Societal benefit (greater sensitivity) in product use? 
 Dissipation issues at End-of-Life? 
 How can businesses make decisions in light of all 

uncertainties (EHS, legal, regulatory, market…)? 
 

System analysis needed to inform decisions --  
although system can become quite broad and includes 

the social context into which the technology evolves… 



Funded by NSF Award Numbers  
EEC-0832785 and SNM-1120329 

http://www.northeastern.edu/chn/ 



 What aspects of sustainability need to be addressed?  
 How will we know whether it’s “sustainable”?  

 

 Are there standard methods or metrics can be used to 
assess nanomanufacturing as it develops? 

 Can we use current metrics developed for sustainable manufacturing? 

 

 Can LCA be used as an effective  tool for evaluating  
nano-enabled products throughout their life cycles? 

 Given uncertainties in potential EHS effects of nanomaterials,  
can we determine life cycle impacts…? 

 

 How can we encourage innovators (in industry or 
academia) to  adopt life cycle thinking? 

 Is there some way to be proactive for end-of-life Product Stewardship,  
in light of uncertainties? 
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