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1 Title - D7.2: Safe-by design standards and Life Cycle 
Analysis of CNMs and composites (M36) 

 

Dr. Sharali Malik, Leader of Work Group 7 Safety & Standards (CA19118 EsSENse).  

Institute of Quantum Materials and Technology (IQMT),  
Karlsruhe Institute of Technology (KIT),  
D-76131 Karlsruhe, Germany.  
E-mail: sharali.malik@kit.edu . 
 
 

1. Safe by design standards 
 
Safety by design standards are a set of principles and practices aimed at integrating safety 
considerations into the design process of products, systems, or infrastructure from the outset. The goal 
is to minimize or eliminate hazards and risks associated with the use of these products or systems, 
thereby enhancing safety for users, operators, and the environment. These standards typically 
encompass various aspects, including: 
 

1. Risk Assessment: Conducting thorough risk assessments to identify potential hazards and 
evaluate associated risks throughout the product lifecycle. 

2. Compliance with Regulations: Ensuring compliance with relevant safety regulations, standards, 
and codes applicable to the specific industry or product. 

3. Hazard Identification and Mitigation: Identifying potential hazards early in the design process 
and implementing appropriate measures to mitigate or eliminate them. 

4. Redundancy and Fail-Safe Design: Incorporating redundancy and fail-safe mechanisms to 
minimize the likelihood of accidents or failures and to provide backup systems in case of primary 
system failures. 

5. User-Centric Design: Designing products or systems with user safety as a primary consideration, 
including considerations for usability, ergonomics, and human factors engineering. 

6. Documentation and Communication: Documenting safety-related design decisions, 
assumptions, and rationale, and effectively communicating this information to stakeholders, 
including users, operators, and regulatory authorities. 

7. Lifecycle Considerations: Considering safety aspects throughout the entire lifecycle of the 
product or system, including design, manufacturing, operation, maintenance, and disposal. 

8. Continuous Improvement: Establishing mechanisms for ongoing monitoring, evaluation, and 
improvement of safety performance based on feedback, incident analysis, and lessons learned. 

 
These standards can vary depending on the industry and specific requirements of the product or system 
being designed. They are often developed and maintained by organizations such as regulatory agencies, 
standards development organizations, industry associations, or individual companies. Adhering to 
safety by design standards can help mitigate risks, enhance product reliability, and build trust with 
customers and stakeholders. 
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2. What is Life Cycle Assessment (LCA) 
 

 
Figure 1. What is LCA 

 
Life Cycle Analysis (LCA), also known as Life Cycle Assessment, is a systematic and comprehensive 
method used to evaluate the environmental impacts associated with a product, process, or service 
throughout its entire life cycle. The life cycle typically includes stages such as raw material extraction, 
manufacturing, transportation, use, and end-of-life disposal or recycling. 
 
The purpose of LCA is to provide a holistic view of the environmental burdens and benefits associated 
with a product or system, considering all stages of its life cycle. This allows decision-makers to identify 
areas where environmental improvements can be made and to make more informed choices regarding 
resource use, waste management, and product design. 
 
The steps involved in conducting an LCA typically include: 
 

1. Goal Definition and Scope: Clearly defining the goals and scope of the assessment, including 
the functional unit (e.g., one unit of product) and the boundaries of the system being analyzed. 

2. Inventory Analysis: Compiling an inventory of all inputs (e.g., raw materials, energy) and 
outputs (e.g., emissions, waste) associated with each stage of the life cycle. 

3. Impact Assessment: Evaluating the potential environmental impacts associated with the inputs 
and outputs identified in the inventory analysis. This may include impacts such as greenhouse 
gas emissions, energy use, water consumption, air pollution, and land use. 

4. Interpretation: Interpreting the results of the inventory analysis and impact assessment to 
identify key environmental hotspots, trade-offs, and opportunities for improvement. 

5. Sensitivity Analysis: Conducting sensitivity analysis to assess the robustness of the results and 
the influence of key assumptions or parameters on the overall findings. 

6. Reporting: Documenting the methodology, assumptions, data sources, and results of the LCA 
in a transparent and comprehensive manner, often in accordance with established standards 
such as ISO 14040 and ISO 14044. 

7.  
Life Cycle Analysis can be applied to a wide range of products, processes, and services across various 
industries, including manufacturing, agriculture, energy production, construction, and transportation. 
It provides valuable insights for sustainability decision-making, product design, supply chain 
management, and policy development aimed at reducing environmental impacts and promoting 
resource efficiency. 
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3. Product Life Cycle Assessment LCA 
 

 
 

4. Carbon Nano-materials (CNMs) 
 
Carbon nanomaterials are a class of materials consisting primarily of carbon atoms arranged in various 
nanostructures. These materials exhibit unique properties due to their nanoscale dimensions and 
specific arrangements of carbon atoms. Some common types of carbon nanomaterials include: 

1. Carbon Nanotubes (CNTs): CNTs are cylindrical structures composed of rolled-up graphene 
sheets. They can be single-walled (SWCNTs) or multi-walled (MWCNTs), with different 
diameters and properties. CNTs have exceptional mechanical strength, high electrical and 
thermal conductivity, and are used in various applications such as electronics, aerospace, and 
materials science. 

2. Graphene: Graphene is a single layer of carbon atoms arranged in a two-dimensional 
honeycomb lattice. It is the basic building block of other carbon nanomaterials and exhibits 
outstanding mechanical, electrical, and thermal properties. Graphene has applications in fields 
ranging from electronics and energy storage to biomedical devices and composite materials. 

3. Fullerenes: Fullerenes are hollow carbon molecules composed of interconnected hexagonal and 
pentagonal rings, forming a spherical or cage-like structure. The most common fullerene is 
Buckminsterfullerene (C60), also known as a buckyball. Fullerenes have unique chemical and 
electronic properties and find applications in areas such as nanomedicine, catalysts, and 
materials science. 

4. Carbon Nanofibers (CNFs): CNFs are elongated structures composed of stacked graphene 
sheets arranged in a fibrous morphology. They possess high strength, flexibility, and 
conductivity and are used in various applications such as aerospace composites, energy storage 
devices, and reinforcement materials. 

 
5. Carbon Nano-materials (CNMs) composites. 

 
Carbon nanomaterials can also be incorporated into composites, where they are dispersed within a 
matrix material to enhance specific properties. Carbon nanomaterials composites often exhibit 
improved mechanical, electrical, thermal, and/or barrier properties compared to the base matrix 
material alone. These composites find applications in diverse fields including aerospace, automotive, 
construction, electronics, and energy storage. 
 
Examples of carbon nanomaterial composites include: 
 

1. Carbon Nanotube Composites: CNTs can be incorporated into polymers, metals, ceramics, and 
other materials to enhance mechanical strength, conductivity, and other properties. These 
composites are used in lightweight structural components, conductive films, sensors, and more. 

2. Graphene Composites: Graphene can be dispersed in polymers, metals, and ceramics to 
improve mechanical strength, electrical conductivity, and thermal stability. Graphene 
composites are used in applications such as flexible electronics, coatings, and structural 
materials. 
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3. Carbon Nanofiber Composites: CNFs can be incorporated into polymers, ceramics, and metals 
to reinforce the material and improve mechanical properties such as stiffness and toughness. 
These composites are used in automotive components, sporting goods, and aerospace 
structures, among others. 
 

Overall, carbon nanomaterials and their composites offer a wide range of opportunities for advanced 
materials development and technological innovation across numerous industries. 
 

6. Safe by design and LCA 
 
Safety by design standards and life cycle analysis are crucial aspects when considering the 
development, production, and utilization of carbon nano-materials and composites. 

 
1. Safety by Design Standards: 

o Material Selection: Safety begins with selecting materials that minimize risks to human 
health and the environment. Carbon nano-materials and composites should be chosen 
based on their inherent properties and potential risks. 

o Risk Assessment: Conducting thorough risk assessments helps identify potential 
hazards associated with the materials at various stages of their life cycle, including 
production, use, and disposal. 

o Engineering Controls: Implementing engineering controls such as enclosure, 
ventilation, and automation can mitigate risks associated with handling carbon nano-
materials and composites. 

o Personal Protective Equipment (PPE): Providing appropriate PPE for workers handling 
these materials is essential to minimize exposure risks. 

o Training and Education: Proper training and education programs ensure that workers 
understand the risks associated with carbon nano-materials and composites and know 
how to handle them safely. 

o Regulatory Compliance: Adhering to relevant regulations and standards set by 
governmental agencies helps ensure that safety measures are in place and followed 
throughout the life cycle of the materials. 

 
2. Life Cycle Analysis (LCA) of Carbon Nano-Materials and Composites: 

o Resource Extraction and Production: Assessing the environmental impacts associated 
with the extraction of raw materials and the production processes of carbon nano-
materials and composites helps identify areas for improvement. 

o Manufacturing: Evaluating the energy consumption, emissions, and waste generation 
during manufacturing provides insights into the environmental footprint of these 
materials. 

o Product Use: Understanding how carbon nano-materials and composites are used and 
their impact on energy consumption, emissions, and human health during their service 
life is essential for a comprehensive LCA. 

o End-of-Life Management: Analyzing the disposal, recycling, or reuse options for carbon 
nano-materials and composites helps determine their overall sustainability and 
environmental impact. 

o Socio-Economic Considerations: LCA also considers socio-economic factors such as job 
creation, economic benefits, and social implications associated with the production and 
use of carbon nano-materials and composites. 
 

By integrating safety by design principles and conducting life cycle analyses, stakeholders can make 
informed decisions to minimize risks and environmental impacts associated with carbon nano-materials 
and composites throughout their life cycle. 
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7. An example of a simple LCA – a plastic bottle: 

 
Figure 2. LCA of a plastic bottle (courtesy of Davide Fossati from the CIT and Toray Group) 

 
However, for CNMs and composites the story is rather more complex. 

 
 
Therefore, most LCAs do not use the “cradle-to-grave” approach, in practice a from “cradle-to-gate” 
approach is used. 
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8. The from “cradle-to-gate” approach. 

 
 
As can be clearly seen CO2 emission reduction activities have to be considered at the outset: 

 
• GhG emission reduction: many companies already perform ISO 14064 analysis. Following 

standard strategies (use of green energy, photovoltaic plants etc.); 
 

• Introduce recycled materials and bio-based components; 
 

• Substitute raw materials with other certified mass balance concept assessment of renewable 
sources. 
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9.  The Mass Balance Approach 
 

 
Figure 3. International Sustainability & Carbon Certification 

 
When carrying out a Life Cycle Assessment (LCA), using a mass balance approach offers several 
advantages and disadvantages. Here’s a detailed look at both: 
 
Advantages 
 

1. Accuracy and Consistency: 
o Fundamental Principle: The mass balance approach is based on the law of conservation 

of mass, which is a fundamental principle in physical sciences. This ensures that all 
inputs, outputs, and accumulations within the system are accounted for, providing a 
consistent framework. 

o Precise Tracking: It allows for precise tracking of material flows within a system, 
ensuring that all materials entering, leaving, or transforming within the system 
boundaries are considered. 

2. Comprehensive Analysis: 
o Detailed Inventory: A mass balance provides a detailed inventory of all inputs and 

outputs, which is crucial for identifying and quantifying environmental impacts 
accurately. 

o System Understanding: It helps in understanding the system comprehensively by 
providing insights into material efficiencies, losses, and by-products. 

3. Data Reliability: 
o Verification: The approach facilitates verification of data, as discrepancies in the mass 

balance can indicate errors in data collection or assumptions, thus improving the 
reliability of the results. 
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o Holistic View: It encourages a holistic view of the process, ensuring that no significant 
flows are overlooked. 

4. Application Versatility: 
o Broad Applicability: It is applicable across various industries and processes, making it a 

versatile tool for environmental assessment and process optimization. 
 

Disadvantages 
 

1. Data Intensity: 
o Data Requirement: Implementing a mass balance approach can be data-intensive, 

requiring detailed and accurate data on all material flows, which can be challenging to 
obtain. 

o Complex Calculations: The approach can involve complex calculations, especially for 
systems with multiple inputs and outputs, or where chemical reactions are involved. 

2. Resource Intensive: 
o Time and Cost: Gathering comprehensive data and performing the necessary 

calculations can be time-consuming and costly, potentially requiring significant 
resources. 

o Expertise Needed: It often requires specialized knowledge and expertise to accurately 
perform and interpret mass balances. 

3. Static Nature: 
o Steady-State Assumption: Mass balance approaches often assume steady-state 

conditions, which may not account for dynamic changes in the system over time. 
o Temporal Variability: It might not effectively capture temporal variations and 

fluctuations in material flows, leading to potential inaccuracies in dynamic systems. 
4. System Boundaries: 

o Boundary Definition: Defining appropriate system boundaries can be challenging. If 
boundaries are too narrow, significant impacts might be overlooked; if too broad, the 
analysis can become overly complex. 

o Allocation Issues: In systems with co-products or by-products, allocating environmental 
impacts among different outputs can be problematic and can introduce uncertainties. 

 
Summary 
 
The mass balance approach in LCA provides a robust framework for ensuring accurate and 
comprehensive accounting of material flows, which is essential for assessing environmental impacts 
reliably. However, it requires significant data, resources, and expertise, and may face challenges in 
dynamic systems and allocation scenarios. Balancing these advantages and disadvantages is crucial for 
effectively using the mass balance approach in LCA studies. 
 
 
10 Susceptibility to Greenwashing 
 
However, the mass balance approach in Life Cycle Assessment (LCA) studies can be prone to 
greenwashing, but this susceptibility largely depends on how the approach is implemented and the 
transparency of the process. Here are some factors that contribute to the potential for greenwashing 
and how they can be mitigated: 
 

1. Data Manipulation: 
o Selective Reporting: Companies might selectively report data to emphasize positive 

outcomes and downplay negative impacts. For example, focusing on recycled content 
without fully accounting for the environmental impacts of the recycling process itself. 

o Omission of Flows: Important material flows or processes might be omitted or 
inadequately accounted for, leading to incomplete assessments that portray a product 
or process as more sustainable than it actually is. 
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2. System Boundaries and Allocation: 
o Narrow Boundaries: Defining system boundaries too narrowly can exclude significant 

environmental impacts, making a product appear greener. 
o Allocation Methods: The choice of allocation methods for shared processes or by-

products can be manipulated to favorably skew results. 
3. Assumptions and Scenarios: 

o Optimistic Assumptions: Using overly optimistic assumptions about efficiency, 
recovery rates, or environmental impacts can lead to misleading results. 

o Scenario Selection: Choosing scenarios that are not representative of typical or worst-
case conditions can misrepresent the true environmental performance. 

4. Complexity and Transparency: 
o Complex Calculations: The complexity of mass balance calculations can obscure the 

true environmental impacts, making it difficult for stakeholders to verify claims. 
o Lack of Transparency: Without full transparency about the data sources, assumptions, 

and methodologies used, it is easier to present a misleadingly positive picture. 
 

Mitigation Strategies 
 

1. Third-Party Verification: 
o Independent Audits: Having third-party audits and verifications can help ensure that 

the data and methodologies used are accurate and unbiased. 
o Certification Schemes: Adherence to recognized certification schemes and standards 

(such as ISO 14040/44) can enhance credibility. 
2. Transparency and Disclosure: 

o Full Disclosure: Providing full disclosure of data sources, assumptions, system 
boundaries, and allocation methods allows for better scrutiny and reduces the risk of 
greenwashing. 

o Clear Reporting: Clear and comprehensive reporting of both positive and negative 
impacts ensures a balanced view. 

3. Robust Methodologies: 
o Standardized Methods: Using standardized and widely accepted methodologies can 

reduce the scope for manipulation and improve comparability. 
o Sensitivity Analysis: Conducting sensitivity analyses to understand how changes in 

assumptions affect results can provide a more robust picture of environmental impacts. 
4. Stakeholder Engagement: 

o Inclusive Process: Engaging stakeholders in the LCA process can help ensure that 
diverse perspectives are considered and that the assessment is comprehensive and 
unbiased. 

o Feedback Mechanisms: Providing mechanisms for stakeholder feedback can help 
identify and address potential biases or omissions. 

 
Summary 
 
While the mass balance approach in LCA studies offers a rigorous framework for assessing material 
flows and environmental impacts, it is not immune to greenwashing. The potential for greenwashing 
arises from selective reporting, boundary definitions, optimistic assumptions, and lack of transparency. 
Mitigating these risks requires robust methodologies, transparency, third-party verification, and 
stakeholder engagement. By adhering to best practices and standards, the integrity and credibility of 
LCA studies using the mass balance approach can be upheld, reducing the risk of greenwashing. 
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11 Final conclusion 
 

• Product LCA is ongoing in the whole CNMs and composites market, having fixed that only the 
crade-to-gate approach is possible today. 

 

• GhG emission evaluation is fundamental to quantify CO2 reduction activities. 

• In general, R&D rarely stops to think about sustainability: recycle and bio-based materials need 
to be included. 

 

• From a practical point of view, subject to the caveats outline above, a mass balance approach 
is a quicker way to start to invest in sustainability. 

 
 
 


