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Content and scope 

This document serves as an introduction and overview of the field of sustainable electronics, with a 

particular focus on small electronics systems and the efforts being made at CSEM to further develop them. 

This document covers basic definitions of key terms, an overview of relevant policies and regulations, 

methods of quantifying sustainability, and design guidelines for basic practices. Considerations for device 

components, materials, and manufacturing processes are also discussed, along with the limitations of 

current technologies in relation to sustainable electronics. Finally, current developments at CSEM are 

overviewed. The intent of this document is to serve as a jumping-off point for further education on this 

topic.  
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1 Document Purpose 

This document gives an overview of the current state of sustainable electronics and provides design and 

development direction to make the field even greener. It is not meant to be a comprehensive discussion 

on the topic, but rather an introductory document providing references and terminology to guide further 

research. In particular, this document will focus on the development of smaller scale electronics for use in 

applications such as wearables, IoT, and similar, as opposed to larger scale sustainability efforts such as 

renewable energy infrastructures. The body of literature for these larger systems is already well established 

and extensive. This paper discusses the current state of relevant technologies while acknowledging their 

limitations and the drawbacks of a transition to more sustainable options based on the current body of 

knowledge. 

In addition to establishing basic principles of sustainable electronics, this document aims to provide a 

perspective on the roadmap of CSEM’s efforts towards greener electronics, highlighting current and 

planned projects targeting this goal. Emphasis is placed on the importance of product use case and lifetime 

with regards to sustainable design and how functional life impacts the decisions made during materials 

selection and initial development. 
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2 Introduction to Sustainable Electronics 

2.1 Sustainable Electronics from a broad perspective 

In the past few decades, the quantity of electrical or electronic equipment and therefore of electronic waste 
(often termed WEEE or “e-waste”) has increased dramatically worldwide. The 2020 Global E-waste 
Monitor estimated that 53.6 megatons of e-waste were produced in 2019 alone, or approximately 7.3 kg 
of e-waste per person per year (Figure 1 below). Furthermore, the production volume of consumer 
electronics is increasing while product lifetimes keep decreasing, resulting in the global production of e-
waste increasing by approximately 2.5 Mt each year. Meanwhile, the documented quantity of e-waste 
collected and recycled was just 9.3 Mt, equivalent to less than 20% of the production volume. These 
statistics are cause for concern and an incentive to identify alternative, more sustainable solutions. 

 

Figure 1: Estimated and projected quantities of E-waste generated globally per year shown in both (left) per capita 
and (right) total mass per annum. Image reproduced from the Global E-Waste Monitor 2020. 

At the same time, the advent of the Internet of Things (IoT) in particular has resulted in a dramatic increase 

in the global quantity of electronics manufactured each year. IoT systems have tremendous potential to 

improve the quality of life of individuals and improve the efficiency of large-scale systems such as complex 

supply chains, farms, or factories (Figure 2 below). One could imagine, for example, IoT crop monitors 

being used on farms in food-insecure areas to help early detection of mold and improve crop yields. Or 

temperature tracking systems being used to ensure proper handling of medicines all along the cold chain 

until they reach at-risk populations. This makes them a valuable instrument for improving the standard of 

living and developing a more sustainable lifestyle at a global scale (e.g. by improving the efficiency of 

supply chains to reduce energy consumption and material waste). However, there is concern regarding 

the long-term effects of the electronic devices used in IoT systems and the e-waste they will turn into at 

end-of-life. Minimal effort has been devoted so far to ensuring that IoT devices are manufactured and 

handled sustainably. 

 

Figure 2: Common application areas for Internet of Things devices. 

https://ewastemonitor.info/gem-2020/
https://ewastemonitor.info/gem-2020/
https://ewastemonitor.info/gem-2020/
https://doi.org/10.1016/j.heliyon.2024.e25122
https://doi.org/10.1016/j.heliyon.2024.e25122
https://doi.org/10.1016/j.jclepro.2020.122377
https://doi.org/10.1016/j.jclepro.2020.122377


Sustainable Electronics at CSEM – An Overview Page 7 of 36 
White Paper | Morgan Monroe | November 2024/11/11  

This document is the property of CSEM S.A. Users may not use the work for commercial purposes, they may not redistribute it in 

modified form, and they must give credit to the author. 

In this sense, the aim is to develop electronic devices and technology platforms that minimize a product’s 

environmental impact throughout the full life of the product. This involves both selecting greener (i.e. more 

sustainable) materials for the product as well as utilizing more effective manufacturing processes that 

minimize consumption of energy or water, as well as production of waste material. It also involves taking 

into consideration the full life of the product and designing the most effective product for a sufficiently small 

footprint. Depending on the intended use case of the product, it can be designed to be recycled, repaired, 

composted, or remanufactured at the end of its functional life. 

On the whole, the development and implementation of sustainable electronic devices is a complicated 

topic with many considerations specific to each product. However, current research suggests that doing 

so can have a dramatic impact on the environment and thus is worthwhile. This holds true even for low-

level changes, such as substituting individual components with more sustainable alternatives. 

2.2 Defining e-waste 

Any electronic or electrical equipment discarded without reuse can be termed as electronic or e-waste 

(sometimes called WEEE for Waste Electronic and Electrical Equipment), according to the EU’s WEEE 

Directive. This generally includes any product with circuitry and a battery or other power supply. Examples 

include personal electronics (phones, laptops, smart watches, etc.) or household appliances (toasters, 

hairdryers, dishwashers, etc.) as well as larger equipment used for industrial applications. Because of the 

unique material composition of each product, there is no uniform method of recycling of e-waste, making 

it particularly challenging to implement on a large scale. Yet non-recycled e-waste can be highly detrimental 

to the environment, often due to the specialized materials it contains. 

More and more electrical devices are manufactured for Internet of Things (IoT) applications, with 

anticipated lifetimes ranging from a few years down to just a single use. This foreshadows a significant 

increase in e-waste in the coming years and justifies a specific push for sustainable development in the 

field of IoT devices. 

2.3 Defining Sustainability and a Circular Economy 

Sustainability, in the context of environmental and social governance, refers to the practice of conducting 

activities in a manner that does not deplete natural resources or harm ecological systems, ensuring that 

these remain available to future generations. This approach encompasses a broad spectrum of 

considerations, including efficient use of resources, minimizing environmental impact and promoting 

social equity. The principle of sustainability integrates three core elements: environmental protection, 

social development, and economic growth. The goal is to create a balance between them, enabling a 

healthy ecosystem and a stable society, while fostering economic activity that does not compromise the 

ability of future generations to meet their own needs. With regards to sustainable electronics, the focus is 

predominantly on the development of technologies that do not harm the environment. But this cannot be 

done in isolation, and development of sustainable electronics requires acknowledgment of the other 

aspects of sustainability. 

The concept of a circular economy (Figure 3 below) represents a systemic shift from traditional linear 

economic systems, where products are made, used, and disposed of, to a more sustainable framework 

that minimizes environmental impact by addressing the full lifecycle of the product whilst excluding 

traditional disposal methods. A circular economy keeps resources in use as long as possible in order to 

extract maximum value during their lifecycle, followed by recovery and regeneration of products, 

components and materials at the end of their service life. This philosophy not only extends the life of the 

products, but limits mining of raw materials and manufacturing in ways even more beneficial to the 

environment than those that consumers can see for themselves. 

 

https://doi.org/10.1016/j.resconrec.2022.106757
https://environment.ec.europa.eu/topics/waste-and-recycling/waste-electrical-and-electronic-equipment-weee_en
https://environment.ec.europa.eu/topics/waste-and-recycling/waste-electrical-and-electronic-equipment-weee_en
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Figure 3: Schematic depicting the phases of a circular economy, in which the end-of-life of a product is taken into 
consideration and excess material waste is minimized. Image reproduced from the European Parliament Research 

Service. 

To develop fully sustainable products and devices, such considerations must be taken into account so that 

environmental impact is minimized at all phases of a product’s lifecycle, not just the period(s) in which the 

consumer uses it. 

2.4 Current Governmental Policies and Efforts 

Over the past several years, efforts have been made to regulate and reduce e-waste. This has been 

triggered both by broader-scale governmental or international policies and by more specific regulations 

concerning materials of concern due to their potentially detrimental effects on either humans or the 

environment. Below are listed a small number of such policies and their intents. Developers of sustainable 

electronics should be aware of such policies and take them into account during the design phase of a new 

product. Additionally, stemming from these efforts are a series of research projects and consortiums 

actively working on developing new technologies to aid in the transition to a greener economy. 

2.4.1 Broader-Scale Policies and Efforts 

UN Sustainable Development Goals (SDGs) – A set of 17 goals established by the United Nations to 

promote sustainable development worldwide, with a target to reach all goals by 2030. The concept 

of sustainable electronics fits in with a number of these broader-scale goals, including those about 

Clean Energy (Goal 7), Sustainable Cities and Communities (Goal 11), and Responsible 

consumption and production (Goal 12). As a UN member, Switzerland participates in this effort 

through the 2030 Agenda. 

European Green Deal (and Green Pact) – Proposed in 2019, this is part of the EU’s efforts to achieve 

climate neutrality by 2050, focusing on circular economy, biodiversity, and innovation among other 

https://www.europarl.europa.eu/topics/en/article/20151201STO05603
https://www.europarl.europa.eu/topics/en/article/20151201STO05603
https://sdgs.un.org/goals
https://www.eda.admin.ch/agenda2030/en/home/agenda-2030/globaler-kompass-fuer-nachhaltige-Entwicklung.html
https://commission.europa.eu/strategy-and-policy/priorities-2019-2024/european-green-deal_en
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things. In turn it has triggered several of the European initiatives mentioned below, including the 

CEAP and Critical Raw Materials Act. 

Paris Agreement – 2015 International agreement promoting the reduction of climate change. 

Waste from Electrical and Electronic Equipment Directive (WEEE) – 2012 EU Directive regulating the 

reduction of waste electronics reduction through collection recycling and recovery of materials. 

Switzerland has similar regulations regarding the retrieval of standard consumer electronics through 

the Ordinance on the Return, Taking Back and Disposal of Electrical and Electronic Equipment 

(ORDEE). 

Restriction of Hazardous Substances Directive (RoHS) – An EU directive limiting the use of hazardous 

components in electronics. The initial 2003 directive has been amended several times over the 

years, with the newer version using the term RoHS 2 to set itself apart from the original framework. 

European Critical Raw Materials Act (CRM) – Effort by the EU to identify and strategize the handling of 

materials critical to daily life or where supply chains are at risk. 

Circular Economy Action Plan (CEAP) – Updated in 2020, this effort is in line with Europe’s 2050 targets 

established in the Paris Agreement. It aims to reduce waste and promote a circular economy. 

Ecodesign for Sustainable Products Regulation (ESPR) – Established in 2009 and under revision, this 

regulation encourages more sustainable products and a circular economy in Europe. 

Global Electronics Council (GEC) – Institution encouraging sustainable electronics. This nonprofit 

manages the Electronic Product Environmental Assessment Tool (EPEAT) ecolabel and registry for 

product footprint assessment. 

2.4.2 Materials-Specific Policies and Efforts 

Aside from the broad, high-level policies being implemented to foster more sustainable electronics and a 

circular economy, several policies and initiatives have been launched to assess individual materials or 

classes of materials for potential risk. Though these standards are not the only metric to be considered for 

material sustainability, they can serve to flag materials of concern (e.g. even if a material is not listed as 

toxic for humans, this says nothing about the environmental impact of mining that material, as is a concern 

with metallic gold). Here we show a non-comprehensive list of databases or criteria of interest when 

developing sustainable electronics. 

Restriction on Hazardous Substances (RoHS) – Limits the quantity of certain, highly environmentally 

hazardous substances that can be included in consumer electronics. This list includes Pb, Hg, Cd, 

and a number of brominated flame retardants. 

Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) –Run by the European 

Chemical Agency (ECHA), this initiative takes into consideration the impact of chemicals on humans 

and the environment. Extra care should be taken with substances registered on the REACH 

database before integrating them into a product. 

Critical Raw Materials (CRM) – Lists of CRMs are maintained by several governmental agencies such 

as the United States Geological Survey team and the European Commission. The USGS defines a 

critical material as “a non-fuel mineral or mineral material essential to the economic or national 

security of the U.S. and which has a supply chain vulnerable to disruption.” The list typically includes 

rare earth elements used in microelectronics and materials used in energy, medical, and defense 

applications. Associated with the CRM are Strategic Raw Materials that are important materials for 

daily life in the EU. The EU’s Critical Raw Materials Act addresses this. 

Persistent Organic Pollutants (POPs) – Organic compounds resistant to degradation by chemical, 

biological, and photolytic processes. Such materials are regulated by the Stockholm Convention, 

and are primarily pesticides and insecticides. 

Per- and polyfluoroalkyl substances (PFAs) – A subset of or sister group of POPs consisting of a 

class of fluorinated compounds that are the precursors to fluoropolymers. This class is known to 

have significant negative effects on both humans and the environment. Since January 2023, the 

European Commission has been developing regulations to restrict the use of these chemicals. 

https://unfccc.int/process-and-meetings/the-paris-agreement
https://environment.ec.europa.eu/topics/waste-and-recycling/waste-electrical-and-electronic-equipment-weee_en
https://www.bafu.admin.ch/bafu/en/home/topics/waste/guide-to-waste-a-z/electrical-and-electronic-equipment.html
http://data.europa.eu/eli/dir/2011/65/2023-09-01
http://data.europa.eu/eli/dir/2011/65/2016-07-15
https://ec.europa.eu/commission/presscorner/detail/en/ip_23_1661
https://environment.ec.europa.eu/strategy/circular-economy-action-plan_en
https://eur-lex.europa.eu/legal-content/EN/TXT/?qid=1583933814386&uri=COM:2020:98:FIN
https://commission.europa.eu/energy-climate-change-environment/standards-tools-and-labels/products-labelling-rules-and-requirements/sustainable-products/ecodesign-sustainable-products-regulation_en
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:02009L0125-20121204&from=EN
https://globalelectronicscouncil.org/
https://www.epeat.net/
http://data.europa.eu/eli/dir/2011/65/2023-09-01
https://echa.europa.eu/information-on-chemicals/registered-substances/
https://echa.europa.eu/
https://www.usgs.gov/news/national-news-release/us-geological-survey-releases-2022-list-critical-minerals
https://ec.europa.eu/commission/presscorner/detail/en/ip_23_1661
https://environment.ec.europa.eu/topics/waste-and-recycling/waste-containing-pops_en
https://echa.europa.eu/hot-topics/perfluoroalkyl-chemicals-pfas
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Nanomaterials – The ECHA has further regulations concerning the use of nanomaterials due to their 

potential as human and environmental hazards. Unlike other regulations, these are not limited by 

the class of the material, but instead to its size and form factor. The ECHA defines nanomaterials 

as “chemical substances or materials with particle sizes between 1 to 100 nanometers in at least 

one dimension.” Special criteria must be considered if a material qualifies as a nanomaterial, as they 

can have severe negative effects on biological cell functionality. 

2.5 Current Research Efforts 

Over the course of the past 10 to 20 years, a number of research projects have been funded to develop 

sustainable electronics. While some projects have been undertaken as global collaborations, the largest 

body of effort have been localized to Europe. In particular, many projects were funded from 2014 to 2020 

within the framework of the EU’s Horizon 2020 program of the EU for research and innovation. To date, 

only a few of these projects have been completed, including the GREENSENSE, ECOTRONICS, LEE-

BED, and IMPETUS projects. In addition to the EU-funded projects, several projects have been completed 

through national or private funding. In Europe, national efforts have been made in Austria, Finland, 

Germany, Spain, Sweden, and Switzerland on this front. Table 1 below details some of the most topical 

projects related to sustainable electronics in Europe, and an expanded list is available upon request. 

In the following section (section 3), the projects in which CSEM is involved are highlighted, along with 

commentary on focus areas and innovation strategies. 

Table 1: Shortlist of Sustainable electronics research projects in the European Union. 

Project Title 
CSEM 

Involved Start End Status Funding 
Web
site 

Greensense 
Sustainable, wireless, autonomous nanocellulose-

based quantitative DoA biosensing platform 
Yes 

Jan 

2018 

Mar 

2022 
Complete EU #761000  Site 

Ecotronics Sustainable electronics and optics No  Mar 

2022 
Complete 

Business 

Finland 
Site 

LEE-Bed 
Innovation test bed for development and 

production of nanomaterials for lightweight 
embedded electronics 

No 
Jan 

219 

Jun 

2023 
Complete EU #814485  Site 

IMPETUS 
Pilot line for paper based electrochemical test 

strips dedicated to quantitative biosensing in liquids 
No 

Jan 

2018 

Oct 

2022 
Complete EU #761167   

Sustronics 
Sustainable and green electronics for circular 

economy 
Yes 

Jun 

2023 

May 

2026 
Ongoing 

EU 

#101112109  

Site 

EECONE European Ecosystem for Green Electronics Yes 
Jul 

2023 

Jun 

2026 
Ongoing 

EU 

#101112065  

Site 

TESLA 
Transient Electronics for Sustainable ICT in DigitaL 

Agriculture 
Yes 

Feb 

2022 

Jan 

2025 
Ongoing Chist-era  Site 

CircEL-Paper 
Circular economy applied to electronic printed 

circuit boards based on paper 
No 

Sep 

2022 

Feb 

2026 
Ongoing 

EU 

#101070114  

Site 

ECOTRON 
How to minimize the ecological footprint for 

functional electronics? 
No 

Sep 

2022 

Aug 

2026 
Ongoing 

EU 

#101070167  

Site 

Sustain-a-print 
Sustainable materials and process for green 
printed electronics (Sustain-a-Print) (SaP) 

No 
Oct 

2022 

Sep 

2025 
Ongoing 

EU 

#101070556  

Site 

HyPELignum 
Exploring wooden materials in hybrid printed 

electronics: a holistic approach towards functional 
electronics with net zero carbon emissions 

No 
Oct 

2022 

Sep 

2026 
Ongoing 

EU 

#101070302  

Site 

SUINK 
SUstainable self-charging power systems 

developed by INKjet printing 
No 

Sep 

2022 

Aug 

2026 
Ongoing 

EU 

#101070112  

Site 

SusFE 
Innovative processes & methodologies for next 

generation sustainable functional electronic 
components and systems 

No 
Oct 

2022 

Sep 

2025 
Ongoing 

EU 

#101070477  

Site 

SuperIOT 
Truly sustainable printed electronics-based IoT 

combining optical and radio wireless technologies 
No 

Nov 

2022 

Dec 

2025 
Ongoing 

EU 

#101096021  

Site 

RECIRCULATE 

Reuse of batteries through characterization, smart 
logistics, automated pack and module dismantling 

and repackaging and a blockchain enabled 
marketplace. 

No 
May 

2023 

Apr 

2026 
Ongoing 

EU 

#101103972  

 

 

https://www.echa.europa.eu/regulations/nanomaterials
https://research-and-innovation.ec.europa.eu/funding/funding-opportunities/funding-programmes-and-open-calls/horizon-2020_en
https://cordis.europa.eu/article/id/443345-biosensing-a-paper-based-drug-detection-platform
https://www.greensense-project.eu/
https://www.ecotronics.fi/
https://cordis.europa.eu/project/id/814485
https://www.lee-bed.eu/
https://cordis.europa.eu/project/id/761167
https://cordis.europa.eu/project/id/101112109
https://cordis.europa.eu/project/id/101112109
https://sustronics.eu/
https://cordis.europa.eu/project/id/101112065
https://cordis.europa.eu/project/id/101112065
https://www.eecone.com/eecone/jsp/ocean_home.jsp
https://www.chistera.eu/projects/tesla
https://www.teslaresearchproject.eu/
https://cordis.europa.eu/project/id/101070114
https://cordis.europa.eu/project/id/101070114
https://circelpaper.eu/
https://cordis.europa.eu/project/id/101070167
https://cordis.europa.eu/project/id/101070167
https://cordis.europa.eu/project/id/101070167
https://cordis.europa.eu/project/id/101070556
https://cordis.europa.eu/project/id/101070556
https://www.sustainaprint.eu/
https://cordis.europa.eu/project/id/101070302
https://cordis.europa.eu/project/id/101070302
https://www.hypelignum.eu/
https://cordis.europa.eu/project/id/101070112
https://cordis.europa.eu/project/id/101070112
https://www.suink.eu/
https://susfeproject.eu/%22
https://susfeproject.eu/%22
https://susfeproject.eu/%22
https://cordis.europa.eu/project/id/101096021
https://cordis.europa.eu/project/id/101096021
https://superiot.eu/objectives
https://cordis.europa.eu/project/id/101103972
https://cordis.europa.eu/project/id/101103972
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3 Sustainable Electronics at CSEM 

In recent years, a significant push has been made to develop more sustainable electronics at CSEM, led 

in part by the Smart Connected Systems group. The intent of these efforts is threefold: to develop expertise 

in critical technologies for industry-compliant sustainable product development, to establish an 

infrastructure of technologies associated with sustainable electronics, and to begin to transition from 

conventional to more eco-friendly systems where possible, especially in the realm of Internet of Things 

devices. As a leader in Swiss innovation, it is critical that CSEM be an early adopter of such technologies. 

With teams already in place to develop ultra-low-power electronics or work on advanced manufacturing, 

the institute is well positioned. 

 

Figure 4: CSEM’s key approaches to Sustainability. 

3.1 Philosophy and Plan 

Sustainable electronics is a crucial concept encompassing the environmentally responsible design, 

manufacture, use, and disposal of electronic devices. Of particular concern is the massive deployment of 

IoT (remote sensing) devices, and other electronics produced in high volumes and with short lifetimes. 

Such IoT technologies have vast potential for a large range of applications, including healthcare, supply 

chain and logistics, consumer goods, and agricultural or environmental monitoring. This makes them of 

particular interest in the initial push towards sustainable electronics, where changes in materials and 

manufacturing methodologies can have far-reaching environmental impacts. 

Thus, at CSEM, our primary goal is to reduce the impact of small, yet massively produced electronics 

through innovative design architectures, materials, and processes. We strive to help our customers to 

achieve a drastic reduction in the environmental footprint of their electronics-containing products by 

incorporating sustainable practices and technologies, paving the way towards a more environmentally 

conscious IoT era. 

 

Figure 5: General plan of sustainability development at CSEM. 
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To begin development of such technologies, a plan has been put forward to address multiple aspects of 

sustainability in parallel (See Figure 5 above), which is currently underway, aiming to address some of the 

key limitations of current sustainable electronics technologies (presented in further detail in section 9). In 

the first line of development, relevant know-how surrounding sustainable electronics is developed. It 

includes setting up infrastructure for conducting Lifecycle Assessments for small electronics and 

establishing a framework for producing more elaborate LCAs in the future. Work is also done to identify 

promising materials and processes for more sustainable electronics. Feasibility studies then assess the 

practicality of manufacturing systems using the identified technologies. 

The second path develops and realizes actual systems using the sustainable materials and components 

identified. This will be done by developing technology demonstrators aimed at a range of use cases and 

applications, ensuring that key sustainability challenges can be identified across a broad range of 

situations. 

The third line of development addresses the more complex components of such electronics. It strives to 

develop small-footprint, ultra-low power ICs for use in electronics that cannot function without conventional 

silicon-based technologies. Early demonstrators in this line of development will utilize commercial off-the-

shelf (“CotS”) components until more dedicated systems are developed in-house that can be used in the 

final demonstrators. 

This infrastructure will allow for the simultaneous development of basic know-how, of practical electronics 

device demonstrators, and of dedicated ICs for sustainability applications. 

3.2 Current projects 

In line with the infrastructure described above, several projects are underway to achieve CSEM’s goals. 

Here’s a brief overview of them. 

3.2.1 CSEM Internal Projects 

SUMON23 and SUMON24 (Disposable System for Sensors Monitoring) 

SUMON is an ongoing internal CSEM project to develop smart connected test strips for biomedical 

monitoring. In the first phase of the project, a system was developed that featured a reusable reader and 

disposable single use biomarker test strips for pH and K+ monitoring. These used commercial off-the-shelf 

electronics components (see Figure 6 below). The ongoing phase of the project is working towards further 

sustainability by eliminating the need for a reusable reader and developing a disposable test strip that can 

be read by a phone. This approach reduces the volume of silicon-based components to a minimum. With 

all printed components (sensor, antenna, and interconnects) except dedicated IC, a degradable substrate 

material, and an eco-friendly energy source in the form of a bio-enzymatic fuel cell, SUMON will guide the 

development of further eco-friendly electronics via advanced manufacturing techniques, sustainable 

materials, and a dedicated Ultra-Low-Power analog front end ASIC that is developed in-house with 

minimized footprint.  

 

Figure 6: Rendered image of the initial (SUMON23) demonstrator device, showing the reusable PCB with 
interchangeable battery, antenna, and biosensor components. 
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EFORE (Environmental Footprint Reduction of Electronics) and ENFRED (Environmental 

Footprint Reduction of Electronic Devices) 

These two internal projects focus on the development of LCA methodologies at CSEM, starting with the 

lifecycle of a simple PCB in EFORE, and continuing with more complicated analyses in ENFRED. The 

intent here is to establish a framework from which further LCAs can be conducted for CSEM’s other 

ongoing sustainability efforts. The conclusion of the EFORE project (Figure 7) found that the greenhouse 

gas emissions for a standard 2-layer PCB were approximately 57.3 Kg CO2eq, most of which came from 

the FR4 substrate and copper-etched metallization. The project found that simply substituting the FR4 

substrate with a more environmentally conscious material such as recycled PET or paper could 

dramatically reduce the impact of such electronic devices. 

 

Figure 7: Key results of the EFORE project, in which the environmental impact of standard PCBs was evaluated 
based on Lifecycle Analysis. 

GREENPOCKET (New technologies for Sustainable IC fanout and packaging) 

This internal project focused on the development of manufacturing techniques for sustainable electronics, 

looking specifically at methods of realizing hybrid electronics. Specifically, a silicon-based IC was 

integrated with printed electronics on a paper substrate. Methods of realizing the fanout for this 

interconnection were then studied. GREENPOCKET aimed to address one of the most challenging aspects 

of hybrid printed electronics. Its result will be utilized in other efforts listed in this section, such as 

SUMON24. 

3.2.2 External Projects 

GREENsPACK (Green smart packaging for perishable goods) 

One of the first projects dedicated to sustainable electronics at CSEM, GREENsPACK is a Swiss 

collaborative BRIDGE project aiming to develop simple tracking tags for food packaging made entirely of 

degradable materials. Partnering with EMPA and EPFL, GREENsPACK has developed new materials for 

eco-friendly printed electronics. The consortium developed a system for a re-usable reader to interface 

with fully compostable printed tags via NFC (see Figure 8). The designs proposed in this project allow for 

encoding of information in the degradable tag, as well as environmental monitoring of temperature and 

relative humidity. As a result of this early work, CSEM has established green manufacturing methods and 

materials in addition to developing communications methods appropriate for sustainable systems. 
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Figure 8: Photograph of the disposable packaging tag and its associated reader developed during the 
GREENsPACK investigation. The paper tag and its conductive Zinc-based antenna are entirely degradable. 

TESLA (Transient Electronics for Sustainable Digital Agriculture) 

This is an EU project within the CHIST-ERA framework. Its goal is to develop sensors for the monitoring 

of white mold on plants for agricultural applications. This includes developing fully degradable sensors for 

pH, temperature, and bioimpedance monitoring that can harmlessly degrade in situ once the functional life 

of the sensor is completed. This work allows for further development of dedicated ICs at CSEM aimed 

towards green systems. It also serves as an opportunity to improve technical know-how related to energy 

harvesting and power management systems compatible with sustainably realized photovoltaics and 

supercapacitors. 

SUSTRONICS (Sustainable Electronics for Circular Economy and Eco-design) 

This is an EU project for sustainable electronics in which CSEM contributes to two demonstrators. In the 

first (WP3.1), a single-use diagnostic test strip will be developed for the measurement of key biomarkers 

related to diabetes detection in urine samples (see Figure 9 below). In the second (WP3.2), a wearable 

health monitoring device will be realized in the form of a smart diaper, monitoring humidity and aiming to 

reduce skin irritation. The design will contain both degradable components as well as those intended for 

safe incineration. 

 

Figure 9: Schematic of the demonstrator to be realized in SUSTRONICS WP3.1. This demonstrator will involve a 
smart, single-use test strip for point-of-care monitoring of kidney disease biomarkers through urine sampling. 

EECONE (Sustainable Electronics for Circular Economy and Eco-design) 

This is an EU project aimed towards the reduction of e-waste through the entire lifecycle of a product or 

system. CSEM is involved specifically in Use Case 6, working towards the development of partially 

disposable, partially reusable healthcare monitoring patches. These are designed to monitor the state of a 

human’s interstitial body fluid disassembly (see Figure 10). This project introduces new challenges to 

sustainable electronics and permits development of design-for-disassembly type systems, which are well 
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suited for medical point-of-care applications, and the associated electrical issues that might arise in multi-

component interchangeable systems. 

 

Figure 10: Schematic of the demonstrator to be realized in EECONE UC6. It will involve a multi-component smart 
patch for healthcare monitoring of key markers in the interstitial body fluid of the patient. In designing for 

disassembly, the critical electrical components of the patch can be reused many times while the sensor component 
degrades after a short period of use. 
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4 Quantification of Sustainability 

Despite common understanding of the concept, “green-ness” or sustainability of materials is not a trivial 

value to empirically quantify. One must take into consideration not just the product in question, but also its 

early life (mining, manufacturing, assembly) and end of life (disposal). In all these phases, the impact of 

the product or process on the environment can be observed from angles such as energy use, waste 

materials created, and the impact of materials on the environment. Such environmental impacts include 

the human exposure to hazardous materials, but also terrestrial, marine, and atmospheric pollution, each 

of which can occur in a number of ways. 

In short, the quantitative assessment of a material’s or a product’s sustainability is extremely difficult and 

complex. 

4.1 Life Cycle Analysis (LCA) 

The current commonly accepted method to quantify a system’s environmental impact is Life Cycle Analysis 

(LCA), where the impact of each phase of a product’s life can be taken into account and overall values 

attributed (as well as possible) to its impact. This method takes into consideration how much of its life the 

product spends in each phase (manufacturing, consumer use, etc), and the resulting assessment covers 

a broad range of environmental impacts, such as to the ecosystem, human health, and the Earth’s 

resources (Figure 11 below). The ISO 14000 series of standards is the international convention for 

conducting Life Cycle Analyses. 

The LCA method is highly valuable as it is the current standard for providing a quantitative comparison 

between conventional products and proposed sustainable solutions. As it is also a complex topic, a detailed 

discussion of its implementation will not be included in this document, preferring an overview of its key 

topics. Further information can be found on the European Platform on LCA website among other online 

resources. 

 

Figure 11: A Life Cycle Analysis identifies the environmental impacts of a product from many perspectives: 
Ecosystem impacts, human health impacts, and depletion of resources. 

By looking at all the phases of a product’s lifecycle, from raw materials to product disposal, we can estimate 

the impact of the product on the environment. With information provided by databases such as EcoInvent 

or directly from suppliers, estimates can be made for key environmental impact metrics such as energy 

use, gas emissions, and carcinogens released during the entire life of the item (see Table 2 below for a 

full list of categories and figures of merit). By building a full picture of the product’s life and all inflows and 

outflows of materials, energy, and waste, a sensitivity analysis can be conducted to identify areas in which 

the system can be adjusted to best reduce environmental impact. This enables comparisons between the 

impact of existing and proposed solutions with the current industrial standards for a given product. 

Measures are obtained via careful Impact Assessment and Sensitivity Analysis procedures. 

https://eplca.jrc.ec.europa.eu/
https://ecoinvent.org/


Sustainable Electronics at CSEM – An Overview Page 17 of 36 
White Paper | Morgan Monroe | November 2024/11/11  

This document is the property of CSEM S.A. Users may not use the work for commercial purposes, they may not redistribute it in 

modified form, and they must give credit to the author. 

Table 2: Environmental Footprint Impact Categories and Figures of Merit, as specified by the European Commission. 

Impact Category Category Indicator Unit1 Description 

Climate change, 
total 

Global warming potential 
(GWP100)  

kg CO2eq  Increase in the average global temperature 
resulting from greenhouse gas emissions (GHG) 

Ozone depletion Ozone depletion potential (ODP)  kg CFC-11eq  Depletion of the stratospheric ozone layer 
protecting from hazardous ultraviolet radiation 

Human toxicity, 
cancer 

Comparative toxic unit for 
humans (CTUh) 

CTUh  
Impact on human health caused by absorbing 
substances through the air, water, and soil. Direct 
effects of products on humans are not measured Human toxicity, 

non-cancer 
Comparative toxic unit for 
humans (CTUh)  

CTUh  

Particulate 
matter 

Human health effects associated 
with exposure to PM2.5 
particulates  

Kg PM2.5 eq 

OR 

Disease 
Incidences  

Impact on human health caused by particulate 
matter emissions and its precursors (e.g. sulfur and 
nitrogen oxides) 

Ionizing 
radiation, human 

health 

Human exposure efficiency 
relative to U235  

kBq U235
eq  Impact of exposure to ionizing radiations on human 

health 

Photochemical 
ozone formation, 

human health 

Tropospheric ozone 
concentration increase  

kg NMVOCeq  Potential of harmful tropospheric ozone formation 
(“summer smog”) from air emissions 

Acidification Accumulated exceedance (AE)  mol H+
eq Acidification from air, water, and soil emissions 

(primarily sulfur compounds) mainly due to 
combustion processes in electricity generation, 
heating, and transport 

Eutrophication, 
terrestrial 

Accumulated exceedance (AE)  mol Neq 

Eutrophication and potential impact on ecosystems 
caused by nitrogen and phosphorous emissions 
mainly due to fertilizers, combustion, sewage 
systems 

Eutrophication, 
freshwater 

Fraction of nutrients reaching 
freshwater end compartment (P)  

kg Peq  

Eutrophication, 
marine 

Fraction of nutrients reaching 
marine end compartment (N)  

kg Neq 

Ecotoxicity, 
freshwater 

Comparative toxic unit for 
ecosystems (CTUe)  

CTUe  Impact of toxic substances on freshwater 
ecosystems 

Land use Soil quality index  Dimensionless 
(pt)  

Transformation and use of land for agriculture, 
roads, housing, mining, or other purposes. The 
impact can include loss of species, organic matter, 
soil, filtration capacity, permeability 

Water use User deprivation potential 
(deprivation-weighted water 
consumption)  

m3 water eq. 
of local 
scarcity of 
water OR 

deprived water  

Depletion of available water depending on local 
water scarcity and water needs for human activities 
and ecosystem integrity 

Resource use, 
minerals, and 

metals 

Abiotic resource depletion (ADP 
ultimate reserves)  

kg Sbeq  

Depletion of non-renewable resources and 
deprivation for future generations 

Resource use, 
fossils 

Abiotic resource depletion – 
fossil fuels (ADP-fossil)  

MJ  

As conducting an LCA can be complex and require tailoring to the specific products under consideration, 

comparing LCA results directly with each other is a challenge. Acquiring accurate and relevant information 

from providers or databases can also hinder the process of conducting an LCA. 

The ISO standards support an additional framework for Environmental Product Declarations (EPDs) and 

the evaluation of Environmental Footprints (EFs), for which the European Commission has published 

several relevant guidelines. Within the EU, there is a recommendation to conduct an Environmental 

Footprint assessment for both products and organizations, within the framework of an LCA. These Product 

or Organization Environmental Footprints (PEFs and OEFs respectively) can serve as indicators of the 

sustainability of a given product or organization. 

 

1 Varies depending on versioning https://eplca.jrc.ec.europa.eu/EFVersioning.html 

 

https://eplca.jrc.ec.europa.eu/EnvironmentalFootprint.html
https://eplca.jrc.ec.europa.eu/EnvironmentalFootprint.html
https://eplca.jrc.ec.europa.eu/permalink/TR_SupportingCF_FINAL.pdf
https://eplca.jrc.ec.europa.eu/EFVersioning.html
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4.2 International standards for sustainable systems 

At the time of writing, there are no general international standards for the certification of sustainability in 

electronic products. Specific standards exist for certain industries, such as those for batteries or vehicles, 

but none that are overarching. 

In the interim, as more elaborate standards are being established for sustainable electronics, standards 

and certifications for subcomponents can serve as a guideline for identifying more green components. 

The predominant evaluation method for product sustainability is Life Cycle Analysis, which is generally 

conducted according to the ISO 14000 series of standards. It is important to note that meeting ISO 14000 

does not mean that a product can be considered sustainable. It simply means that the associated entity 

has conducted its LCA according to standards. Regardless, the presence of this standard and protocol can 

indicate that the enterprise is aware of or developing more sustainable technologies. 

Outside LCA implementation standards, there are several other families of standards for testing and 

validating the “green-ness” of certain products. Most such standards focus on the biodegradability or 

compostability of packaging and/or polymer materials, i.e. those materials which would likely be used as 

substrates in more sustainable printed electronics. The most prevalent standards include EN 13432, which 

tests the industrial compostability of packaging materials, its American equivalent ASTM D6400 series, 

and European Union standard EN 16785, which tests for bio-based content. 

Various governing and third-party bodies can certify and distribute eco-labels showing proof that these 

standards are being met. Governmental environmental agencies such as the US Environmental Protection 

Agency is one such body. In addition, the DIN Certo certification and TUV Austria groups provide testing 

and certification services for a number of common eco-labels. 

While the standards for packaging and polymer-based products are well established, there is currently a 

distinct lack of such testing for inorganic materials. This would be desirable to establish the green nature 

of conductive or other functional components of sustainable electronics. Alternatively, frameworks for 

RoHS or ECHA hazards can be consulted to identify materials of concern. 

Furthermore, processes for end-of-life handling of products such as recycling or incineration do not yet 

have robust protocols regarding sustainability practices. Regarding incineration, the onus falls on the 

incineration plant itself to control the outflow of solid and gaseous byproducts. Although national 

environmental protection agencies have standards for such processes to ensure that certain hazardous 

byproducts are not released into the environment, global standards are lacking. To date, no standards 

have been found requiring the product manufacturer to plan for incineration before putting a product on 

the market. 

As mentioned previously, recycling standards exist for some of the most basic materials (PET, glass, 

aluminum), and are starting to be implemented for classes of electronics such as electronic vehicles and 

batteries. Yet even for the materials commonly recycled, recycling processes can only be effective if there 

is public buy-in to do so. Studies on waste recycling rates in 2021 found that only approximately 47% of 

portable batteries were recycled on average in the EU. So it is essential that better infrastructure be set up 

for recycling of other materials, as well as better education for the public and efforts to encourage such 

processes at time of disposal. Some standards associated with recycling or recyclable materials include 

EN 13430, ISO 15270, and ISO 18604 for packaging recycling, and ISO 22450 for recycling of rare earth 

elements. 

Furthermore, frameworks are lacking for quantifying the sustainability of individual manufacturing 

processes. Developers must rely on self-reported values provided by individual suppliers for information 

regarding the energy and material consumption of such processes. 

4.3 Eco- and Green labelling 

In addition to providing guidelines for LCA, the ISO 14000 series provides a framework for voluntary “eco-

labelling” of products. These labels are classified into three types based essentially on the rigor of 

validation. All are voluntary, as companies are not legally required to include such labels. 

https://environment.ec.europa.eu/topics/waste-and-recycling/batteries_en
https://environment.ec.europa.eu/topics/waste-and-recycling/end-life-vehicles_en
https://www.iso.org/standards/popular/iso-14000-family
https://www.en-standard.eu/bs-en-13432-2000-packaging.-requirements-for-packaging-recoverable-through-composting-and-biodegradation.-test-scheme-and-evaluation-criteria-for-the-final-acceptance-of-packaging/
https://www.astm.org/standards/d6400
https://standards.iteh.ai/catalog/standards/cen/93afa21f-4746-4e5b-878f-b6cbc951d95d/en-16785-1-2015
https://www.epa.gov/
https://www.epa.gov/
https://www.dincertco.tuv.com/?locale=en
https://www.tuv-at.be/okcert/certified-products/
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Waste_statistics_-_recycling_of_batteries_and_accumulators
https://environment.ec.europa.eu/topics/waste-and-recycling/packaging-waste/implementation-packaging-directive_en
https://www.iso.org/standard/45089.html?browse=ics
https://www.iso.org/standard/55872.html
https://www.iso.org/standard/73240.html
https://www.iso.org/standards/popular/iso-14000-family
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Type I – ISO 14024, this label involves third party auditing for the utilization of a certain eco-label (ex: 

EU Ecolabel, Nordic Swan, German Blue Angel). Groups such as TCO can provide certification. 

Type II – ISO 14021, this label is self-declared by manufacturers without any third-party auditing. 

Type III – ISO 14025, this label requires quantitative metrics of sustainability to be implemented and 

displayed for consumers. 

The ISO’s Environmental Product Declaration (EPD) is an example of type III eco-label that also 

implements LCA methodologies according to ISO 14040. Databases of such EPDs can be searched for 

specific products. The EPD registry serves as a global database of such declarations. Unfortunately, due 

to a variety of social and economic factors, EPDs have not seen huge buy-in from companies, and thus 

are frequently unavailable. 

To date, there are no known eco-labels universally applicable to electronics systems. In addition, none of 

these are internationally required. The closest approximation to a universal eco-label for sustainable 

electronics is likely the EPEAT system, which is a type I ecolabel requiring an LCA, but has its own 

limitations in that it is predominantly used for a specific subset of electronics which includes televisions, 

mobile phones, etc, and thus is not broadly applicable. 

The voluntary nature of eco-labels and the lack of regulatory frameworks for their use have resulted in a 

huge number of variably regulated ecolabels (as evidenced by the Ecolabel Registry). This could mislead 

customers on the nature of a product’s sustainability. Concerns have in turn arisen over the potential for 

“greenwashing” of materials and products, meaning that claims of green-ness of the label may be 

exaggerated or not provide the full picture of the product’s lifecycle. Companies typically engage in 

greenwashing to improve sales or to improve their image. 

Of note in this regard is greenwashing associated with recycled materials. As the recycling symbol 

(“moebius loop”) is not trademarked and therefore, in many places, not regulated, it can be used by anyone. 

This leads to products being labelled as recyclable even if the necessary recycling infrastructure is not in 

place. 

  

https://www.iso.org/obp/ui/#iso:std:iso:14024:ed-2:v1:en
https://tcocertified.com/criteria-overview/
https://www.iso.org/obp/ui/#iso:std:iso:14021:ed-2:v1:en
https://www.iso.org/obp/ui/#iso:std:iso:14025:ed-1:v1:en
https://www.iso.org/obp/ui/#iso:std:iso:14040:ed-2:v1:en
https://www.theepdregistry.com/
https://www.epeat.net/
https://www.ecolabelindex.com/ecolabels/
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5 Design Guidelines for Sustainability 

As discussed previously, designing sustainable electronics is an elaborate task and requires careful 

consideration of the entire product lifecycle in order to minimize environmental impacts. We now turn to a 

non-exhaustive overview of factors that should be considered during the development process. 

5.1 General considerations 

At its simplest, design for sustainability takes its inspiration from the “three Rs” commonly taught in schools 

– reduce, reuse, and recycle. Current methodologies go even further to include as many as 6 or 9 R-terms, 

e.g. refuse, rethink, repair/refurbish, remanufacture, repurpose, and recover (though the specific terms can 

vary), in addition to the standard three. The focus of such a framework is on identifying key ways in which 

the environmental impact of a product can be minimized throughout the lifecycle of the product. The 

diagram in Figure 12 below shows how the sustainability of a product can be improved by addressing key 

issues in its lifecycle. 

 

Figure 12: Visualization of a product lifecycle with annotations for potential sustainability improvements from 
conception to end-of-life. 

Careful consideration of the intended use case of the item allows for early identification of high 

environmental impact areas and guides choices made by the design team to minimize the device’s 

footprint. Along this vein, LCA tools can be used to identify factors contributing most to the footprint. 

Furthermore, LCA can be used to compare the impact of a proposed solution to a product on the market 

in order to quantify improvements, if any. Comparing multiple proposed solutions and conducting sensitivity 

analysis techniques enable a product’s footprint to be minimized before the design is physically 

implemented. 

Further details on the 9R framework for sustainable design and a circular economy can be found in the 

EPoSS report. 

5.2 Lifetime-appropriate Design 

Device lifetime is a key consideration when looking to optimize design for sustainability. This is because 

the three primary phases of a product’s lifetime (production, use, and end-of-life) influence a product’s 

environmental footprint in proportionally variable ways. This is depicted simply in Figure 13 for two products 

manufactured the same way, but with different lifetimes. In the case of the short-lived product, the 

Production and End-of-Life phases have a significantly larger impact on the device’s footprint than the 

https://www.smart-systems-integration.org/publication/eposs-white-paper-green-ecs
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short Use phase. However, for longer-lifetime devices, the impact of the Use phase may dominate the 

other two phases. Thus, when optimizing designs for their sustainability, the focus will be on different 

aspects of the design for the two use cases. For short-lived devices, the impact of materials sourcing, 

manufacturing, and disposal would be key areas to focus on. For long-lived devices, the environmental 

footprint can be reduced most by optimizing the functional properties of the device itself. For example, the 

device’s energy usage might be reduced, or energy harvesting techniques might be implemented to 

eliminate the necessity of a potentially hazardous battery. 

 

Figure 13: Visualization of the influence of device lifetime on environmental impact based on the primary phases of 
device lifetime. 

Device lifetime can help define and guide the decommissioning method for the product. For short-lifetime 

devices (typically a year or less), whose materials do not always need to be highly durable or consistent, 

and where production volumes tend to be high (as in single-use devices), environmental footprints can be 

reduced by utilizing biodegradable or compostable materials. This approach is often termed “design for 

disposability”. 

Longer lifetime devices (intended to function for several years) require higher durability and robustness, 

making biodegradable materials nonideal. Instead, designs can focus on recyclable and repairable 

materials and systems. By reusing components and materials, the net quantity of raw materials produced, 

and waste generated are reduced significantly. But this necessitates the establishment of infrastructure for 

recycling or repairing said objects. Current infrastructure for recycling is limited to simple components and 

just a few materials (aluminum, copper, glass, certain plastics, etc). As more complex devices are currently 

impractical to recycle, designs for recycling must consider not only the materials themselves, but the 

assembly process as well. 

For medium-lifetime devices (a few months or a few years), the selection criteria become more 

complicated, as either disposability or recyclability may be beneficial depending on use case. A middle-

ground alternative is “design for disassembly”, where devices are made of multiple components, some 

highly durable and reusable, and others disposable. An example of this would be in point-of-care 

diagnostics for blood glucose monitoring, where an individual test trip would only be usable once, but the 

reading device could be used for several years before decommissioning or disposal. 
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6 Components for sustainable electronics and their current status 

As we look to develop more sustainable electronics, we need to briefly discuss the current status of the 

various components that can be utilized for electronics and what the current options are for sustainable 

alternatives. 

6.1 Conventional Materials for Comparison 

As mentioned previously, Life Cycle Analysis is often most beneficial if conducted in comparison to another 

product. As the majority of small electronic devices on the market to date use conventional manufacturing 

techniques and standard materials, many LCAs will be done in relation to a fairly consistent bill of materials. 

Most existing (October 2024) commercial electronic products include a combination of integrated circuits 

(ICs) and Printed Circuit Boards (PCBs). ICs are typically made using cleanroom and fabrication 

technologies, with silicon substrates and silicon dioxide (SiO2) or silicon nitride (SixNy) as the predominant 

insulators. Depending on the specific IC design, several other materials are integrated in minute quantities, 

including copper and sometimes gold for conductive traces. 

PCBs are most often made with FR-4 as the substrate material (a composite of woven glass fiber and 

flame-retardant epoxy) and copper conductive traces. Solders used for connecting ICs to the PCB are 

usually a mixture of Pb, Sn, Au, or some combination thereof. 

6.2 Substrates 

Towards the goal of developing more sustainable electronics, a significant effort has already been made 

towards green substrate materials. This is due to the significant overlap between green substrates for 

electronics and green products for packaging applications. Several viable substrate materials (e.g. bio-

PET or bio-PEN) are currently classified as either bio-based or recycled, and could serve as direct 

substitutes for FR-4. 

For degradable or compostable options, there are cellulose derivatives as well as a lengthy list of polymeric 

materials, the most popular of which is probably poly-lactic acid. Note however that the latter’s sustainability 

classification is disputed. Either way, such materials have yet to be widely adopted for use in sustainable 

electronics as their low thermal limits and their high water absorption make them more challenging to work 

with than bio-based ones. Cellulose-based alternatives, including wood and paper substrates, are also in 

development and show potential due to their comparatively high thermal limits, clear bio-sourcing, and 

established recyclability. 

6.3 Insulators 

In line with the development of greener substrates comes the development of green insulating materials, 

as many of the degradable polymeric materials used as substrates can also function as insulating 

materials. PVP, PVA, and PLA are common examples of degradable insulating materials that can be 

printed. Whilst the library of sustainable insulators is extensive, the primary limitations for their 

implementation are, on the one hand, thermal limits that constrain the viability of certain manufacturing 

methods, and, on the other, their water absorption, which can influence their dielectric properties in addition 

to their mechanical properties. However, workarounds for such issues are being developed in academia. 

6.4 Conductors and Semiconductors 

The sustainable nature of conductive materials, especially metals, is subject to debate, as there is currently 

minimal regulation on the topic. 

The most notable option for a sustainable conductive material is carbon in its many forms (carbon black, 

graphite, graphene). Several deposition processes are available for conductive carbon, including sputter 
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deposition and screen, inkjet, or aerosol jet printing. The primary drawback of carbon as a conductive 

material is its low conductivity as compared to copper, the industrial standard. 

Degradable metals such as zinc and magnesium have shown great promise, with printing processes 

developed for both in academic laboratories. However, technologies for sustainably manufacturing such 

materials are still in development. Further work is necessary on this front. 

In the interim, the most promising alternatives are metallic copper and aluminum. These are not considered 

degradable metals due to their eco-toxicity, but their comparatively high abundance (particularly in the 

case of aluminum), higher conductivity, and well-established recycling infrastructure make them 

acceptable alternatives. Manufacturing processes for Al and Cu that are both robust and compatible with 

degradable substrates are still in development, limiting the implementation of these materials in entirely 

disposable electronics. Low-temperature compatible copper inks have been developed by Copprint and 

Novacentrix in recent times, and alternative additive manufacturing methods such as those being 

developed by DP Patterning and 4E Antenna can be used in many situations. 

Regarding semiconductors, although silicon remains the material of choice for ICs, a number of more 

sustainable semiconducting materials have been identified for use in printed electronics. PEDOT:PSS and 

polyaniline are the two most researched materials, with a number of inks available on the market for 

screen-printed and inkjet-printed PEDOT:PSS. At the academic level, alternative semiconductor materials 

have been identified among organic dye chemicals as well as other biological compounds. 

6.5 Functional Components 

Functional components such as biosensors and actuating systems are arguably the least developed in 

terms of sustainable materials for electronics. This can broadly be attributed to the smaller impact of such 

systems, as compared to substrate and conductive materials, on the overall product footprint, but are 

nonetheless worth noting. As a further challenge, sensing elements for medical applications are subject to 

much stricter regulations and thus require significant effort to develop and validate. The result is that most 

eco-friendly functional components, especially those that are fabricated with additive manufacturing, are 

currently found in academia. 

Temperature, touch, and strain sensors, however, are more prevalent in the printed electronics market. 

The dominant form of such sensors come in the form of screen-printed traces of conductive silver on PET 

or PI substrates, and thus utilize additive manufacturing for flexible systems well suited to wearable 

applications. A number of printed electronics companies offer such services, including Screentec, Henkel, 

and Quad Industries. For short-lifetime applications, screen-printed traces of carbon inks on paper 

substrates can be utilized, such as the capacitive touch sensors offered by BareConductive. 

The primary industrial push for green piezoelectric materials (used for both actuating and sensing) has 

focused on transitioning away from the lead-containing perovskites that dominate the market to lead-free 

materials such as barium titanate or aluminum nitride. The catalyst of this transition was RoHS constraints 

on lead content in electronics. Hence, significant efforts are being made to identify lead-free piezoelectrics 

with comparable performance to the PZT-based standards currently on the market. 

6.6 Energy Harvesting and Storage 

Viewed holistically, alternative energy systems have made significant progress over the last few decades, 

with technologies such as wind, solar, and hydroelectric power integrated into national-level electrical grids. 

We focus instead on technologies suited for small scale electronic systems. 

Batteries, fuel cells, and supercapacitors are being developed for energy storage, while photovoltaics are 

the forerunners for energy harvesting (with some academia-level efforts for piezoelectric or triboelectric 

energy harvesters as well). 

Sustainable fuel cells are beginning to emerge on the market, with promising green solutions from 

companies such as Fuelium and BeFC. Such technologies are currently limited by energy density and 

scaling limitations, making them more suited to IoT and small wireless electronics. 

https://www.copprint.com/
https://novacentrix.com/
https://dppatterning.com/
https://www.4eantenna.com/
https://screentec.com/
https://print-your-electronics-with-loctite.com/
https://www.quad-ind.com/printed-electronics/printed-sensors/​
https://www.bareconductive.com/
https://fuelium.tech/
https://www.befc.global/
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Sustainable supercapacitors are dominated by technologies based on bio-sourced carbon electrodes, with 

various types of encapsulations. But they are mostly still confined to feasibility studies and academia at 

time of writing (October 2024). 

On the other hand, battery research has primarily focused on alternatives to Lithium-ion based chemistries. 

Zn-air batteries, for example, might develop as an option, as could Al-air and sodium-ion systems. 

Meanwhile, there is currently strong infrastructure in place for the recycling of batteries in western 

countries. In 2024, the EU will implement a New Battery Regulation (replacing the 2020 edition), and it is 

predicted that as much as 99% of lithium could be successfully recovered from recycled batteries. This is 

a promising response to the current concerns for Li-ion batteries. Even now, companies such as Li-cycle 

claim to be able to recover up to 95% of critical materials from Li-ion batteries. 

  

https://eur-lex.europa.eu/eli/reg/2023/1542/oj
https://li-cycle.com/
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7 Considerations for manufacturing processes 

Increased sustainability of electronic devices comes not just from the materials utilized, but also from the 

manufacturing processes implemented in their production. Conventional electronics rely on 

microfabricated silicon-based systems, but recent studies have shown that these processes can 

themselves be harmful to the environment. Foundries and their cleanrooms require vast amounts of energy 

to sustain, generate large amounts of material waste, and utilize hazardous and often non-renewable 

chemicals in many of the processes. An alternative to microfabrication, which is typically a subtractive (or 

“top-down”) manufacturing process, is the field of additively manufactured electronics. Printed electronics 

are a particularly promising technology for more sustainable processes, being highly scalable while 

consuming less resources and producing minimal material waste. 

Ideally, electronics manufacturing would be transitioned entirely to more sustainable printing processes. 

But current limitations of additive manufacturing limit its full realization for market competitive products, 

meaning that both printing and silicon-based systems are in use, often in hybrid systems. 

7.1 Comparison between Additive and Subtractive manufacturing methods 

As mentioned, both additive and subtractive manufacturing techniques have their advantages and 

disadvantages. The two concepts are depicted in Figure 14 below. 

Microfabrication processes benefit from the reproducibility of technologies, sophisticated manufacturing 

plants, and cutting-edge processes accurate to within a few nanometers. This allows for complex 

electronics to be developed in a tiny area with entire circuits on a chip measuring just a few square 

millimeters. Decades of focused development on such technologies worldwide have fostered a 

considerable body of knowledge around the relevant fabrication methods. However, cleanroom processes 

are energy and material intensive. They utilize hazardous chemicals in several critical processes where 

more sustainable alternative chemicals have yet to be adopted. 

 

Figure 14: Simplified comparison of subtractive and additive manufacturing methods. 

The proposed alternative, printing technologies, offers dramatically reduced material waste and energy 

consumption as compared to cleanroom processes. And while the designs of devices made using 

microfabrication are fixed early in the process (due to the limitations of standard lithography masks), digital 

printing technologies allow for on-the-spot changes in designs. This flexibility, paired with the high 

scalability of printing processes from lab to industrial scale, are of interest in rapid process development. 

Printing processes can also be developed without hazardous materials, opening the path to fully 

degradable and compostable electronics. These are ideal for use in short-lifetime applications. 

However, printing comes with its own drawbacks. For example, the minimum feature size of printing 

processes is several orders of magnitude greater than that of microfabrication, with the smallest features 

no wider than a few microns and thicknesses ranging from tens of nanometers to tens of microns 
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depending on printing technologies used. Additionally, the development of robust inks for printed 

electronics applications is still ongoing, and achieving reproducible results in certain applications is still a 

significant hurdle (e.g. the development of printed degradable metallic conductors on eco-friendly 

substrates). Furthermore, the quality, adaptability, and speed of the printing process are highly dependent 

on the specific printing method in use, as will be discussed in the following section.  

As a result, the overall maturity of printing technologies for electronics applications is far below that of 

silicon-based methods, and it is not yet feasible to fully transition to printed electronics. Even from a 

practical standpoint, the much larger minimum feature size of printed systems would result in printed 

circuits covering hundreds of square meters to do what microfabrication can achieve on just one square 

millimeter. Thus, a balance must be struck between the two options. From the perspective of sustainability, 

hybrid systems combining printed and silicon electronics are in use. Primary processing and more complex 

features are integrated into a small silicon chip, while larger features such as antennas or interconnects 

can be printed. By optimizing the design of the integrated circuit, therefore, both the energy consumption 

and the physical footprint of the less sustainable components can be minimized until alternative fabrication 

methods become practical. 

7.2 Printing technologies and their applications in sustainable electronics 

Additive manufacturing employs several printing and manufacturing methods, each with its own trade-offs. 

They can be subdivided into conventional and digital printing techniques, with the most common methods 

summarized in Table 3 and key technologies elaborated further in Table 4, both below. Conventional 

techniques are cheaper and faster, but the requirement for a prefabricated transfer plate means they lack 

adaptability to new designs. On the other hand, digital techniques can be quickly re-programmed for new 

designs, but at the trade-off of reduced speed. Other solution processing techniques such as dip or spin 

coating can provide useful insights for the development of specific inks but will not be discussed here (see 

Sreenilayam, Wu, and Aleeva for details on this topic). 

At the time of writing, commercial printed electronics utilize screen printing or roll-to-roll processes due to 

their simplicity and scalability for high throughput. The development of printable inks for screen printing is 

also more straightforward than jet-based printing techniques. However, these processes are limited in their 

feature resolution: screen-printed processes can produce features as narrow as 30μm, but typically work 

on the order of 100μm. For finer features, inkjet- or aerosol jet printing are utilized, but even these can be 

limited to a few tens of microns in width. Additionally, higher print resolution comes at the cost of reduced 

print speed and thus throughput. 

Table 3: Quantitative comparison of printing technique characteristics. Adapted from Li and Garlapati. 

Type 
Technique 

Ink viscosity 

(cP) 

Print resolution 

(μm) 

Print thickness 

(μm) 

Print speed 

(m/min) 

Throughput 

(m2/s) Contacting 

Standard Screen 500 – 5000  30 – 50  5 – 100  0.5 – 20 Med-High Contact 

 Flexographic 50 – 500  45 – 100  <1 5 – 180 Med-High Contact 

 Gravure 100 – 1000  10 – 50  <1 3 – 100 High Contact 

Digital Inkjet 2 – 20  30 – 50  <1 0.02 – 500  Low-High Non-contact 

Aerosol Jet 1 – 1000 <25  <1  0.01 – 0.06 Low Non-contact 

 EHD Jet 1 – 104 ~1 <1 0.01 – 0.5 Low Non-contact 

 3D Printing 5 – 20  50 16 – 30  18 – 30  Med Contact 

In addition to trade-offs between different printing methods, the materials to be printed and their intended 

substrate must also be considered during the fabrication planning process. Not all materials can be 

formulated into inks universally appropriate to any substrate or application. Ink formulation usually consists 

of an active material, a carrier fluid (or solvent), and sometimes a binding agent. The selection of these 

components and their proportions must be carefully tuned to develop a stable ink with the right parameters 

for printing based on the printing method to be utilized. Poorly tuned inks result in low quality prints that 

may have low resolution or may crack and delaminate from the substrate. Developing an ink that produces 

https://doi.org/10.1016/j.mattod.2019.08.005
https://doi.org/10.1039/C7NR01604B
https://doi.org/10.1039/C4TC00618F
https://doi.org/10.1016/j.mtnano.2022.100201
https://doi.org/10.1002/adma.201707600
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high-quality prints entails complex research, which in turn limits the development of printed electronics 

utilizing novel materials. 

As a secondary consideration, printed electronics often require a post-printing curing or other processing 

step to ensure that the printed ink has the desired functionality. This is realized through such processes 

as thermal curing, UV or other photonic exposure, or chemical reactions to convert the printed layer. The 

significance of this lies in the compatibility of the materials used in the device design – the substrate and 

other materials on which the printed layer rests must withstand the curing processes without compromising 

their own functionality. If an ink is cured at 200℃, it is not suitable for printing on a substrate that melts at 

120℃. It follows that the manufacturing process and its many steps must be taken into account early in the 

design process of sustainable electronics to avoid conflicts. This is a particular concern in systems for 

disposal through degradation or composting, where degradable materials tend to have lower thermal 

limitations than many of the currently accepted curing methodologies. 

Table 4: Comparison of common printing technologies from a practical perspective. 

 

Other considerations for printed technologies include: 

• Multi-material printing integration: Printing multiple types of functional inks on top of one another 

introduces an array of complicating factors often requiring careful optimization.  

• Substrate physical properties: Selection of a substrate material requires more than mere eco-

friendliness. For example, materials carrying the printed film and any attached chips must be stiff 

enough not to crack or delaminate due to bending. They must also be sufficiently smooth for the 

printing method in use, as excessively rough surfaces where print thickness is thinner than the 

average surface may result in non-continuous printed traces. 

• Reduced or inconsistent electrical performance: As compared to conventional electronics, the 

electrical properties of printed devices are generally inferior. For example, a printed conductive 

trace made of copper will have a lower conductivity than standard laminated copper. Furthermore, 

its properties will be more variable than conventional components, due to the variations in print 

quality that can arise from a number of parameters. System architects must therefore factor in 

more variations and reductions in performance when developing new systems with printed 

electronics. 

• Variance due to environmental conditions: Along with lower performance associated with printed 

electronics comes the challenge of working with more sustainable materials. Eco-friendly and bio-

based materials are often more sensitive than conventional components to changes in ambient 

conditions, especially changes in temperature and humidity. Encapsulation layers can mitigate this 

issue to some extent, but designers should be aware in the intended device use case of how 

sensitive each printed component is to environmental conditions. 
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8 Classifications of Green Materials 

Several types of materials can fall under the category of “green” or “sustainable”, and it is worth 

differentiating between them whilst bearing in mind that one class of materials is not necessarily more 

sustainable than another. As we discussed previously, the ideal design for a given system depends heavily 

on the intended use case and function of a device. For example, compostable and degradable materials 

might be more suitable for high production volumes and short lifetime devices such as those for food 

packaging. Conversely, when designing devices for medical applications that might last for months or 

years, recyclable materials might turn out to be more suitable. It is critical that use case always be carefully 

evaluated prior to materials selection. 

The terminology introduced in this section is not an exhaustive list. It is meant to provide a general idea of 

each concept, not a hard-coded definition. Figure 15 below provides a simplified summary of the introduced 

terms. 

 

Figure 15: Simplified descriptions of terms commonly associated with “green” materials or products. Below them are 
examples of official certifications associated with them. 

8.1 Bio-based 

Bio-based materials are those materials (or products) whose source components are primarily from 

renewable/biological sources. A common test for bio-based products is EN 16640, though there are many 

others. For most eco-labels, the product must be 50% or more from sustainable sources to be called “bio-

based”, but many companies use this label for products with lower content percentages. Certifications for 

bio-based materials are provided by TUV and Din Certo and typically focus on bioplastics. 

8.2 Non-toxic 

Non-toxic materials are generally not known to have a significant negative impact on humans or the 

environment. This is typically indicated by the lack of a relevant hazard pictogram on the source material 

packaging or SDS (see examples of GHS pictograms in Figure 16 below). This term is only indicative of a 

material’s impact when in direct contact with life-forms, and thus says nothing regarding the full impact of 

the material on the environment. Similarly, a product can be called “RoHS compliant” if it contains none 

of the materials restricted by the RoHS directive. 

 

Figure 16: Example pictograms for health and environmental hazards in the GHS system. 

https://www.en-standard.eu/csn-en-16640-bio-based-products-bio-based-carbon-content-determination-of-the-bio-based-carbon-content-using-the-radiocarbon-method/
https://en.tuv.at/ok-biobased-en/
https://www.dincertco.de/din-certco/en/main-navigation/products-and-services/certification-of-products/environmental-field/biobased-products/
https://unece.org/sites/default/files/2023-07/GHS%20Rev10e.pdf
https://environment.ec.europa.eu/topics/waste-and-recycling/rohs-directive_en
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8.3 Biodegradable  

Biodegradable is a term typically associated with materials that can break down naturally in the 

environment without causing harm to it. However, the definition of this term is not standardized and remains 

a subject of debate. The family of biodegradable materials includes those that can be degraded on land 

(“terrestrial” or “soil”), and those degraded in aquatic environments (“marine” or “water”). 

Soil degradable – Often conflated with “compostable”, the term refers to materials that break down 

naturally in a soil environment. Certifying bodies that test for this frequently use the same standards as 

those for industrially compostable materials: EN 13432, EN 14995, and ASTM D6400. ASTM D5338 is 

also frequently used. 

Marine degradable – Describes materials that degrade in aquatic environments. Popular tests for such a 

property include ISO 23832 and ASTM D6691. Note that most available standards focus on the 

degradation of plastics used in packaging and are not always applicable to other material types. 

8.4 Compostable 

Often conflated with the similar term “biodegradable”, compostable materials are also those that can be 

degraded by natural processes, but usually in a more controlled environment. There are two general 

classifications of compostable materials: industrially compostable and home compostable. 

Home compostable materials are, as implied, those which can be degraded in a conventional household 

compost environment. EN 17427 tests for home composting of packaging materials. 

Industrially compostable materials are those composted in a larger-scale environment, often utilizing 

elevated temperatures or other optimized conditions to accelerate the process. EN 13432 is a common 

standard for testing the industrial compostability of product packaging, while EN 14995 can be applied to 

non-packaging materials. In the USA, ASTM D6400 is used for testing this property. 

8.5 Bio-compatible and Bio-resorbable 

Though not directly related to sustainability, these terms are often brought up in the context of materials 

classifications and are thus worth mentioning briefly to clarify the differences. 

Bio-compatible materials are those that can be safely inserted into the human body without causing 

significant harm to the person. This term has no implications regarding the degradation of the material at 

the end of life. Examples of biocompatible materials include titanium hip replacements and silicone 

implants. 

Bio-resorbable materials are those that can be safely inserted into the human body and left there to be 

safely degraded by the body’s natural processes without causing significant harm to the person. 

8.6 Recyclable and Recycled 

8.6.1 Recyclable 

Recyclable materials are those that can be recovered and reused at the end of life of a given product. It is 

important to note that many materials are recyclable in theory, but cannot be in practice without recycling 

infrastructure in place. As a result, the majority of internationally implemented standards for recyclable 

materials focuses on those within reach of established infrastructure. Commonly recycled materials include 

PET, aluminum, glass, and discarded batteries. Recycling codes are often used to indicate the classes of 

materials in a product that can be recycled. These are grouped into recycling families of plastics, batteries, 

paper, metals, glass, and biomaterials. 

Some standards associated with recycling or recyclable materials include EN 13430, ISO 15270, and ISO 

18604 for packaging recycling, and ISO 22450 for recycling of rare earth elements. 

https://www.en-standard.eu/bs-en-13432-2000-packaging.-requirements-for-packaging-recoverable-through-composting-and-biodegradation.-test-scheme-and-evaluation-criteria-for-the-final-acceptance-of-packaging/
https://standards.iteh.ai/catalog/standards/cen/b636a964-ba6f-487c-8b17-15b7ae47b374/en-14995-2006
https://www.astm.org/d6400-23.html
https://www.astm.org/standards/d5338
https://www.iso.org/obp/ui/#iso:std:iso:23832:ed-1:v1:en
https://www.astm.org/d6691-17.html
https://standards.iteh.ai/catalog/standards/cen/53ff637d-f64b-4e33-8271-89c77acfa94f/en-17427-2022
https://www.en-standard.eu/bs-en-13432-2000-packaging.-requirements-for-packaging-recoverable-through-composting-and-biodegradation.-test-scheme-and-evaluation-criteria-for-the-final-acceptance-of-packaging/
https://standards.iteh.ai/catalog/standards/cen/b636a964-ba6f-487c-8b17-15b7ae47b374/en-14995-2006
https://www.astm.org/d6400-23.html
https://environment.ec.europa.eu/topics/waste-and-recycling/packaging-waste/implementation-packaging-directive_en
https://www.iso.org/standard/45089.html?browse=ics
https://www.iso.org/standard/55872.html
https://www.iso.org/standard/55872.html
https://www.iso.org/standard/73240.html
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Quantification of “recyclability” is a complex topic, and the development of a robust framework is still in 

progress. Vilalba addressed this in a series of publications starting as early as 2002, and so, more recently, 

Karuppasamy. Muthu discussed a Recyclability Potential Index (RPI) in a 2012 publication, focusing on 

textiles. The OECD has had several discussions on the topic as well. 

As the triangular recycling mark, officially the Mobius Loop (      ), is not a protected trademark, its use on 

official product packaging is a complex issue – so much so that other ecolabels have been implemented 

to substantiate the sustainable nature of a product. For example, the German Grüne Punkt (“Green Dot”) 

symbol indicates that the parent company of the product has contributed monetarily to the cost of recovery 

and recycling of packaging material in line with the EU Packaging and Packaging Waste Directive. Other 

governing bodies have their own, more regulated versions of the recycling symbol, such as the 

Australasian Recycling Label system used in Australia. 

 

Figure 17: German Grüne Punkt logo. 

8.6.2 Recycled 

This classification indicates that some of the materials used in manufacturing the product were previously 

recycled. The Global Recycled Standard is a common certification for products containing a minimum of 

20% recycled materials content. This is a voluntary certification. RecyClass is another EU label for recycled 

materials. 

8.7 Incinerable  

Incinerable materials are those that can be safely burned at the end-of-life of the product in question without 

producing harmful residues. In general, this includes all materials exempt from RoHS and WEEE 

regulations. It is worth noting that the onus for controlling the release of hazardous emissions is on the 

incineration plant doing the burning, and not on the consumer. The EU provides a Best Available 

Techniques Reference (BREF) guide on Waste Incineration detailing this information. 

https://doi.org/10.1016/S0921-3449(02)00056-3
https://doi.org/10.1016/B978-0-323-95189-0.00005-6
https://doi.org/10.1016/j.ecolind.2011.10.003
https://www.oecd.org/innovation/green/toolkit/p2recyclabilityofproducts.htm
https://www.gruener-punkt.de/en/
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=LEGISSUM:l21207
https://www.arl.org.au/
https://d2evkimvhatqav.cloudfront.net/documents/global_recycled_standard.pdf?v=1594928623
https://recyclass.eu/
https://eippcb.jrc.ec.europa.eu/reference/waste-incineration-0
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9 Limitations of current green technologies (for small, smart, and connected 
systems) 

In its current state, the field of sustainable electronics certainly is promising, with up-and-coming 

technologies and clear buy-in from researchers in the field as well as politicians. Even so, it is necessary 

to address the current limitations of the field in order to better understand where progress can be made. 

These limitations arise both from politico-social as well as technological fronts (summarized in Figure 18 

below). 

 

Figure 18: Summary of the key limitations to the adoption of more sustainable and green technologies. 

9.1 Cultural and political limitations 

In places where education covers the dangers of climate change and the environmental impacts of human 

behavior, support for more sustainable technologies has grown. For example, public buy-in has increased 

for more eco-friendly measures such as improved recycling practices and the adoption of electric vehicles 

as an alternative to fossil-fuel powered transportation. Yet this buy-in is not the same as full adoption of 

green policies and is only effective when it is taught. Further education and communication to the public 

on the necessity of green electronics and the dangers of electronic waste are required before a truly circular 

economy can be realized. Education regarding proper handling of electronics at the end of a product’s life 

and alternative disposal options (product repair, remanufacturing, recycling, etc) is critical to achieve this. 

Additionally, such education needs to be globalized so that it can reach regions where it is lacking or 

inaccessible for any number of social, political or cultural reasons. 

On the political front, work must be done to explicitly and effectively regulate electronics in a more 

sustainable way. As mentioned in our discussion (section 2.4) of policies associated with sustainable 

electronics, current policies and standards are limited in scope. As broader-scale policies such as the 

CEAP and the WEEE Directive are currently continental in their scope, work must be done to expand them 

and similar regulations worldwide. 

From a materials and products standpoint, current regulations on materials classifications are limited to 

certain component types when they should, ideally, cover all materials used in electronics applications. 

Most standards for evaluating the sustainability of a material (bio-based, compostable, etc) are only 

relevant to plastic or packaging materials. To date, no clear testing protocols have been established for 

quantifying green conductive or functional materials, forcing developers of sustainable electronics to rely 

on alternative (and often inconsistent) selection criteria. Similarly, manufacturing practices are poorly 

regulated when it comes producing environmentally friendly electronics. Clearer rules for such materials 

and practices are critical to further development in this field. 

The interim solution to this lack of regulation is the adoption of Lifecycle Analysis as a means of quantifying 

the environmental impacts of products. This system has great potential but needs improvement on several 
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fronts. For example, as there are no known laws requiring its implementation by product manufacturers, 

there is no incentive to use it. The lack of skilled individuals for conducting LCA and the difficulty of 

acquiring meaningful data to incorporate in analyses must also be addressed if it is to be used effectively 

on a broader scale. 

9.2 Scientific limitations 

Arguably more important than how cultural and political conditions limit the adoption of sustainable systems 

are the limitations associated with the relevant technologies themselves. 

Size is probably one of the most significant. Current manufacturing methods deemed as sustainable 

alternatives to microfabrication cannot reach the feature resolution of conventional electronics. Where 

conventional electronics typically have features measured in nanometers, the finest features of printed 

processes (in area, at least) are measured in microns, i.e. at least three orders of magnitude larger. With 

more scalable technologies such as screen printing or inkjet printing, the pitch between features is also 

limited, typically tens of microns or more. As a result, a fully printed device capable of the same functions 

of an IC would be comically large – potentially square kilometers in size! For small electronic systems, this 

is simply impractical. Hence two conclusions: first, that it is necessary to further improve or develop 

sustainable manufacturing technologies to improve performance and resolution, and second that for the 

foreseeable future small electronics will require at least a small amount of conventional silicon-based 

technology. 

This necessity to include conventional silicon-based devices in green systems has resulted in hybrid 

electronics, which in turn has its own issues. Of particular note is the challenge to physically integrate chips 

into printed electronics in a robust and reproducible manner. As soldering (the typical method for attaching 

a chip to a substrate or PCB) is incompatible with most sustainable printed electronics materials due to 

thermal limitations, electrical connections must be made in another way, ideally with eco-friendly 

components. Further issues include making electrical traces of a fine enough resolution to contact specific 

pads on a chip without shorting the device, and mechanically adhering the chip to the substrate in a robust 

manner. 

As the silicon-based devices will be required in most small electronics for the foreseeable future, further 

work must be done to optimize current integrated circuit (IC) systems to be as sustainable as possible. 

Reducing the physical footprint of an IC so that more can be produced in any given manufacturing run as 

well as lowering the quantity non-degradable materials disposed of in short-lifetime devices are issues that 

must be addressed. Another consideration is making ICs as electrically efficient as possible to reduce the 

energy consumption of the system. This improves the sustainability of long-lived devices where energy 

usage is a significant component of a device’s environmental impact. 

Besides the need to make systems more efficient, current sustainable electronics are limited in the area of 

energy supply. The catalogue of eco-friendly battery and supercapacitor technologies ready for integration 

into such systems as energy storage systems is small, with major limitations to functionality and 

performance characteristics. This must be expanded both in terms of technology readiness and diversity 

of solutions before widespread integration into green electronics can be realized. This is of particular 

importance for wireless technologies such as those being developed at CSEM, where remote 

communication and data transfer can require a comparatively large amount of energy. 

Along with energy storage, energy harvesting technologies for sustainable systems must be developed. 

The potential for ambient energy harvesting is high for wireless smart systems but the technology is not 

yet ripe for commercial realization. Low efficiency or limited use conditions of technologies such as 

vibration energy harvesters or photovoltaic elements currently limit the situations in which they can be 

implemented. At the same time, as many of the more developed technologies have yet to adapt to more 

sustainable materials and manufacturing methods, there is certainly room to grow for terms of sustainable 

energy harvesters. 

Sustainable manufacturing technologies are also limited in what can practically be made, both for printing 

processes and beyond. As discussed, printing processes are limited in size and resolution, but are further 
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constrained by available materials that can be printed. The field has well-established processes for some 

of the simplest components, such as insulating or conductive materials, which facilitate the fabrication of 

simple circuitry in an eco-friendly manner. But the same cannot be said of more complex structures. Green 

manufacturing of functional materials like piezoelectric or magnetic materials is extremely limited, 

especially for systems targeting degradation at end-of-life. As the development of inks is a complex process 

(especially so for functional materials), work should begin early to address this such so that more complex 

systems can be realized using entirely sustainable manufacturing methods. Similarly, other additive 

manufacturing methods are limited in materials availability for a variety of complex reasons. 

Besides methods, there is the overarching constraint of materials integration, especially of disposable ones 

(compostable, degradable), in sustainable electronics. Given current manufacturing technologies, such 

materials, which are often intolerant of high temperatures or common chemicals, are challenging to handle 

in a way that produces a functional end result. Thus, there is a need to develop alternate methods for 

processes with lower temperatures and less potentially deleterious chemicals. 

At core, current green technologies are limited by the performance of their constituent components and 

materials. For example, the electrical performance of green electronics is typically inferior to conventional 

silicon-based technologies. This is attributed to both the inherent properties of the materials and 

manufacturing methods in use, neither of which are as refined as the more mature silicon technologies. 

Additionally, such systems tend to have a much broader range of performance characteristics that depend 

on manufacturing and use conditions. For example, dielectric performance changing according to ambient 

humidity levels. Future work should be done both to improve the quality of current green systems to 

improve their consistency and performance, but also adapt design infrastructure in order to better integrate 

such systems. 

Materials selection is a huge limitation for current green technologies. As mentioned, material properties 

can limit the choice of manufacturing methods, as well as limit the electrical performance of the fabricated 

device. More work must be done to identify promising green materials for electronics applications, and to 

refine those most likely to improve device electrical performance. 



Sustainable Electronics at CSEM – An Overview Page 34 of 36 
White Paper | Morgan Monroe | November 2024/11/11  

This document is the property of CSEM S.A. Users may not use the work for commercial purposes, they may not redistribute it in 

modified form, and they must give credit to the author. 

10 Summary and Conclusions 

10.1 Summary 

Ever-rising volumes of electronic waste have instigated efforts to transition to more sustainable 

electronics worldwide. However, as an emerging field, addressing sustainability and identifying 

alternative solutions to the problems with conventional electronics is challenging, and much work needs 

to be done. This discussion has provided an overview of the field of sustainable electronics, focusing on 

key considerations for the development of electronics and small, low-power, smart connected systems. 

We began by evaluating the political climate and actions being taken to address the issue of electronic 

waste. We then assessed methods to quantify and validate sustainability before considering design for 

sustainability and assessing key components and manufacturing methods that can be utilized with a view 

to greener electronics. The many classes of “green” materials that can be considered for use in these 

systems were then presented. All this led to an analysis of the drawbacks and limitations of the current 

sustainable electronics technologies, covering both social and scientific limitations. Finally, we gave an 

overview of sustainable electronics projects ongoing at CSEM, presenting their intended outcomes in 

terms of advancements made and how they will address issues identified in this document. 

In recent years, global efforts have been made to regulate electronics and e-waste, both from a broader 

perspective through policies such as the EU’s WEEE Directive and the Circular Economy Action Plan 

(CEAP), as well as through policies specific to materials of concern (e.g. RoHS directive, REACH). 

Additionally, research efforts have begun to develop new technologies as alternatives to conventional 

electronics. CSEM has been actively involved in several such collaborations at all levels, including 

international (SUSTRONICS, EECONE, and TESLA), Swiss (GREENsPACK), and internal (EFORE, 

ENFRED, SUMON) sustainability projects. While these efforts are impressive, work remains to be done 

on several fronts. Sustainability regulations might be sparse outside Europe, but even within it, buy-in 

from the public, which needs to be better educated on the subject, remains to be seen. Work is needed 

establish more regulations for electronics to reduce environmentally harmful waste and promote the 

concept of a circular economy. Associated with this is the implementation of better infrastructure for 

handling electronics at their end-of-life, both in Europe and globally. 

Following a general introduction to the topic, current CSEM vision and efforts in the realm of sustainable 

electronics were presented in section 3. Internal and external collaborations were introduced, along with 

their intended outcomes. These projects were strategically selected to advance CSEM’s knowledge in 

certain fields and to address key limitations to current sustainable technologies. 

One complicating factor in sustainable electronics is a lack of good methods for quantifying sustainability 

in simple figures of merit. As the issue must consider the entire lifetime of the product in question, and 

the various ways in which the product can be detrimental to the environment, no standards yet exist to 

state “this product is definitely Sustainable”. The current method for establishing sustainability relies on 

Life Cycle Analysis to estimate a product’s impact from several angles. While this is a detailed estimate, 

the process is non-trivial and must be conducted by trained personnel. Additionally, current LCA methods 

work best when compared to another system, so all assessments are relative, not absolute. Further work 

must also be done to improve data utilized in LCA systems in order to improve the vague or out-of-date 

estimates in standard databases. Section 4 introduces LCA and other methods for evaluating 

sustainability. 

As a result of the difficulties in quantifying sustainability in absolute terms and the nascent nature of the 

field, there is a lack of testing standards or regulations for sustainable electronics. Test standards exist 

for other fields of products (e.g. packaging materials, electric vehicles), but none are universally 

applicable to all electronic devices. This causes further issues with eco-labelling of products, which is 

only moderately regulated and predominantly relies predominantly on self-reporting of sustainability 

criteria. This must be rectified with a view to global regulation and implementation. 

In tandem with the development of sustainability quantification methods and regulation is the 

development of more electrical systems that are themselves more eco-friendly. Current methods of 

designing for sustainability rely on the framework of a circular economy and the 3R (or sometimes 6R, or 
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9R) system of “Reduce, Reuse, Recycle”, which guides designers in environmentally friendly choices. 

This system encourages designers to consider the full life of a product and make decisions to minimize 

its footprint from the start. It can be coordinated with LCA to guide decision making, though this is 

challenging for complex products. In section 5, several considerations for designing for sustainability 

were presented and discussed in this regard. 

In developing new electronics with sustainability in mind, the various electrical components must be 

assessed and considered. In section 6, some of the most fundamental components were presented, 

along with some of the current materials of choice for each. The current catalogue of green materials is 

short, particularly for more specialized functional components, and work is certainly required to develop 

this. 

Along with the components themselves, manufacturing methods should be as sustainable as possible. 

This was discussed in section 7, focusing on more eco-friendly manufacturing processes in terms of 

material and energy consumption, waste material production, and scalability. As it currently stands, 

additive manufacturing methods such as screen or inkjet printing show the most promise for sustainable 

systems. They need further refinement, however, before they can properly compete with conventional 

microfabrication commercially. 

In section 8, we gave an overview of the various classes of “Green” materials, with notes about 

regulations associated with them. Certain classes, such as bio-based and industrially compostable 

plastic materials, have more established definitions than other classes. Better regulation remains to be 

seen in this regard to allow for improved classification of green systems. 

Synthesizing all the information in the previous sections, section 9 discusses the major limitations of 

current green technologies and what must be done to progress the field. It covers both a discussion of 

social and political limitations as well as the scientific advances that prevent immediate adoption of green 

systems. 

10.2 Final thoughts 

In reviewing the field of sustainability from the perspective of electronic devices and e-waste, we have 

seen that action needs to be taken early to reduce the detrimental impacts of future electronic products, 

particularly small-scale and IoT devices. The electronics sector has significant potential as a forerunner 

and leader of change towards a greener future. 

Furthermore, companies that invest in sustainability are not just doing their part for the planet—they are 

responding to consumer demand, preparing for future regulatory changes, improving operational 

efficiency, and enhancing their brand reputation. In a world where both consumers and governments are 

increasingly prioritizing environmental responsibility, embracing sustainability is a strategic move that can 

drive long-term growth and success. 

Now is the time to invest in sustainability. By doing so, we can have a measurable positive impact on the 

environment through the reduction of electronic waste and the establishment of good practices for a 

circular economy. 
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11 Lexicon 

Term Definition 

Carbon Footprint A measure of the amount of carbon dioxide released into the atmosphere as a result of the activities of a 
particular individual, organization, or community.  

Circular Economy An economic system based on the reuse and regeneration of materials or products, especially as a 
means of continuing production in a sustainable or environmentally friendly way. 

Climate Change Long-term shifts in temperatures and weather patterns. Such shifts can be natural, due to changes in the 
sun's activity or large volcanic eruptions, or unnatural, caused by human activity. 

Eco-label A labelling system created to identify and promote eco-friendly products and services. 

Electronic Waste       
(“e-waste”) 

Any electronic or electrical equipment discarded without the intent for reuse can be termed as electronic 
or e-waste (sometimes called WEEE for Waste Electronic and Electrical Equipment), according to the 
EU’s WEEE Directive. 

Green Electronics Electronics produced through environmentally friendly processes. 

Greenhouse Gases 
(GHGs) 

Any gas that contributes to the greenhouse effect by absorbing infrared radiation. Carbon dioxide and 
chlorofluorocarbons are examples of greenhouse gases. 

Greenwashing Any behaviour or activities that make people believe that a company is doing more to protect the 
environment than it really is. Often realized through misleading labelling of products. 

Integrated circuit (IC) An electronic circuit formed on a small piece of semiconducting material, which performs the same 
function as a larger circuit made from discrete components. 

Internet of Things The interconnection via the internet of computing devices embedded in everyday objects, enabling them 
to send and receive data. 

Life Cycle Analysis 
or Assessment 

(LCA) 

A process of evaluating the effects that a process or product has on the environment over the entire 
period of its life. 

Nanomaterials Nanomaterials are chemical substances or materials with particle sizes between 1 to 100 nanometres in 
at least one dimension. 

Persistent Organic 
Pollutants (POPs) 

Organic compounds resistant to degradation from chemical, biological, and photolytic processes. 

Per- and 
polyfluoroalkyl 

substances (PFAs) 

A subset of or sister group to POPs consisting of a class of fluorinated compounds that are the 
precursors to fluoropolymers. This class is known to have significant negative effects on both humans 
and the environment. 

Sustainability In the context of environmental and social governance, refers to the practice of conducting activities in a 
manner that does not deplete natural resources or harm ecological systems, ensuring their availability for 
future generations. 

 

https://environment.ec.europa.eu/topics/waste-and-recycling/waste-electrical-and-electronic-equipment-weee_en
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