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ABSTRACT As global electronics production and e-waste generation accelerate alongside efforts to
reduce carbon emissions, the need for transformative solutions in the electronics sector has become urgent.
Therefore, to support the transition to greener electronics, this work reviews existing research and legislation
relevant to the field and considers the perspectives and ongoing efforts of the EU Green Electronics Working
Group (comprised of 12 green electronics-focused Horizon Europe projects) to identify and define the most
important aspects of green electronics. Given the absence of a widely accepted definition of what makes
electronics truly “green,” the most critical aspects are clarified to support the development of a common,
unified definition: Electronicsthat, when measured against their alternatives over their whole lifecycle
and value chain,have a reduced environmental impact in terms of greenhouse gas emissions, toxicity, and
resource depletion and avoid burden shifting from one impact to another or along the value chain, while
fulfilling a given function. A set of recommendations and best practices, informed by the latest advancements
and ongoing research developments in green electronics, is then provided to address the entire lifecycle of
electronic devices. These strategies offer a framework to guide the development and adoption of greener
electronics.
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I. INTRODUCTION

As global demand for electronics rises [1], so too does
the quantity of discarded electronics entering global waste
streams. In 2022, a record 62 billion kg of electrical and
electronic waste (e-waste) was generated worldwide, averag-
ing 7.8 kg per capita [2]. Europe leads in per-capita e-waste
generation, reaching 15 kg in 2019 [2]. E-waste generation
far outpaces e-waste recycling, with only 13.8 billion kg (less
than 25%) properly collected and recycled in 2022 [2].

E-waste growth is driven by planned obsolescence, limited
repairability, the rise of the Internet of Things (IoT) which
embeds electronics into everyday objects, complicating col-
lection and sorting [3], [4], and conventional electronics’
materials and production methods challenging recycling
efforts [2].

Conventional electronics combine integrated circuits (ICs),
resistors, and capacitors on the mechanical backbone of
an electronic circuit, printed circuit boards (PCBs), them-
selves comprised of glass-fiber epoxy substrates with copper
conductive tracks etched on top [5]. These electronics
rely on resource-intensive production methods, incorporating
toxic chemicals and hard-to-recycle components [6]. These
processes consume significant energy and rely on scarce
raw materials, making sustainable alternatives increasingly
necessary [5]. As such, opportunities exist for reducing
e-waste through sustainable design, alternative materials, and
improved end-of-life (EoL) strategies [5].

Therefore, to combat the e-waste problem, the EU has
set new goals related to e-waste reduction and electronic
sustainability (e.g. the Waste from Electrical and Elec-
tronic Equipment Directive or Ecodesign for Sustainable
Products Regulation), driving new research into greener elec-
tronics [7], [8], although, to date, a common or unified
definition of what, exactly, it means for electronics to be more
“green’’ does not clearly exist. However, is it clear that green
chemistry principles, emphasizing resource efficiency, waste
reduction, and safer alternatives, are central to this shift [9].

Among electronics advancements utilizing the principles
of green chemistry, printed electronics (PEs) have emerged
as a promising frontier, gaining significant attention in
recent years for their potential to provide cost-effective,
energy-efficient, and environmentally-friendly alternatives
to conventional electronics manufacturing [10], [11]. Man-
ufactured using additive processes that deposit functional
inks onto recyclable or biodegradable substrates, PEs reduce
material waste and energy use compared to traditional sub-
tractive methods on fossil-based substrates (see Table 1).
Studies show PE-based PCBs have lower production impacts
(e.g., Nassajfar et al. report that PE-based PCBs exhibit a
reduction of over 20% in environmental impact relative to
conventional PCBs over a cradle-to-grave lifecycle) while
offering flexibility and lightweight properties suited for con-
sumer, healthcare, and automotive applications [5], [11], [12].
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PEs can function as standalone devices (e.g., healthcare sen-
sors) or be integrated into larger applications (e.g., smart
furniture, automotive systems) [11]. PE-based sensors can
also play a relevant role for the IoT by addressing related
e-waste and resource consumption concerns through the
use of biodegradable materials and lower-impact production
processes [12].

Despite their potential, PEs still face challenges in
functionality, reliability, and long-term stability [12], [13].
While solutions to these problems are the focus of ongo-
ing research, silicon microelectronic components are still
unmatched functionality- and reliability-wise and cannot
(yet) be replaced by printed components [14]. Therefore, the
current state-of-the-art is hybrid printed electronics, defined
as electronics that combine conventional surface-mount tech-
nologies (SMT) like silicon-based microelectronics with
printed substrates [15]. In this way, superior functionality
can be combined with sustainability advantages [11], [16].
Although hybrid PEs continue to drive advancements in
sustainability and innovation, they too do not yet currently
exhibit the required functionality to meet the needs of all
electronics applications [17].

TABLE 1. A comparison of conventional electronics and printed
electronics. Hybrid printed electronics are printed electronics that
combine printed substrates with conventional surface-mount
devices [14], [18].

Feature Conventional (Hybrid) Printed
Electronics Electronics
Design Rigid structures Potentially flexible
Characteristics substrates
Materials Plastics, brominated Bio-based or recyclable
flame retardants, substrate materials
epoxy resins, base (paper, wood, recyclable
metals (aluminum, plastic), conductive inks
copper, iron, tin), rare made from carbon,
metals, precious silver, or copper
metals (silver, gold,
platinum, palladium)
and hazardous metals
(e.g. lead or zinc)
Conventional surface- Conventional surface-
mount devices mount devices
Manufacturing Subtractive (e.g. Additive (e.g. printing)
etching, machining)
Current High-speed, high- Lower-power, more
Suitable power, wide-ranging lightweight applications
Applications applications
Sustainability Energy- and resource- Less waste and lower
intensive energy consumption

While there is a vision that (hybrid) printed electronics
could one day replace conventional electronics entirely, cur-
rent limitations make this impractical, as printed substrates
cannot always support complex components without sacri-
ficing performance [17]. Instead, the principles underlying
printed electronics - rooted in green chemistry - can be
applied to make electronics as a whole more sustainable.

VOLUME 13, 2025



K. Vogel et al.: Defining and Achieving Next-Generation Green Electronics

IEEE Access

TABLE 2. Overview of the 12 Horizon Europe or Horizon 2020 projects involved in this work (descriptions adapted from CORDIS) [20].

HORIZON-CL4-2021-DIGITAL-EMERGING-01-31 - Functional Electronics for Green and Circular Economy
Project & Description Focus
CircEl-Paper - CircEl-Paper aims to increase e-waste recycling by developing materials and technologies for PCBs
Circular Economy Applied To PCB manufacturing that enable recycling in the common paper recycling process.
Electronic Printed Circuit Boards
Based On Paper
ECOTRON - ECOTRON develops sustainable alternatives for PCBs through printed electronics. By PCBs
How to minimize the ecological changing to additive organic and eco-friendly printed electronics solutions, complemented with
footprint for functional electronics? improved and expanded recycling techniques, a more sustainable PCB alternative is created.
HyPELignum - HyPELignum seeks to demonstrate that electronics can be made more sustainable by combining PCBs,
Exploring wooden materials in hybrid | additive manufacturing and wood-based materials to create PCBs and sensors. Sensors,
printed electronics: a holistic Microchips,
approach towards functional Supercapaci
electronics with net zero emissions tors
SusFE - SusFE aims to develop a sustainable design and production platform for the next generation of Integrated
Innovative Processes & wearable and diagnostic devices. This initiative is within the framework of a green and circular Circuits,
Methodologies for Next Generation economy, combining novel flexible integrated circuits (FlexIC), printed sensors, and a Power
Sustainable Functional Electronic compostable paper-based power source with a roll-to-roll manufacturing platform. Sources
Components and Systems
SUINK - SUINK seeks to meet sustainability indicators along the entire value chain by designing and Power
SUstainable self-charging power implementing sustainable, flexible, and printable self-charging power systems (SCPS) that Sources
systems developed by INKjet printing | supply power to several sensors.
Sustain-a-Print - Sustainable Sustain-a-Print is developing sustainable materials and formulations for PEs, focusing on Printed
materials and process for green reusing and recycling valuable PE materials and using recycled, bio-based, and biodegradable Electronics
printed electronics alternatives to replace fossil-based materials for production. (General)
UNICORN - UNICORN increases the circularity-driven functional integration of electronics in automotives. Automotive
Unveiling Innovation Potential of Specifically, the project will design and develop innovative green and circular technologies for Electronics
Circular Approaches in Automotive automotive electronics. (General)
Electronics and Beyond
REFORM - REFORM develops environmentally benign electronic building blocks focusing on green, bio- Smart Tags,
pRinted Electronics FOR the circular | derived adhesives, conductive inks and flexible substrates. The outcome of REFORM will be a Sensors,
econoMy green smart logistics tag, a green embedded wireless sensor and a microsupercapacitor. Supercapaci
tors
HORIZON-KDT-JU-2022-RIA - Focus Topic 2: Eco-designed Smart Electronic Systems Supporting the Green Deal Objectives
EECONE - EECONE, in collaboration with 54 entities across the value chain, aims to deploy various Electronics
European ECOsystem for greeN methodologies and actions to facilitate related progress focused on enhancing the design of (General)
Electronics electronics to improve reliability, repairability, reusability, refurbishability, and recyclability,
thus reducing e-waste and contributing to a more sustainable approach.
SUSTRONICS - SUSTRONICS’ primary objective is to redesign electronics with a focus on implementing Medical/Per
Sustainable and green electronics for circular value chains, enhancing reusability, incorporating eco-design principles, using bio- sonal
circular economy based materials and improving recyclability. Electronics,
Lighting
HORIZON-CL4-2022-TWIN-TRANSITION-01-07 - Digital tools to support the engineering of a Circular Economy (RIA)
CIRC-UITS - The CIRC-UITS project focuses on demonstrating the improvement of the circularity in the Semiconduc
Circular Integration of independent automotive and mass electronics sectors by reusing semiconductors from different sources, as tors
Reverse supply Chains for the smart well as supporting the reuse and remanufacturing of semiconductors.
reUse of IndusTrially relevant
Semiconductors
|CE-SC5-25-2020 -Understanding the transition to a circular economy and its implications on the environment, economy, & society |
TREASURE - TREASURE supported the transition of the automotive sector towards Circular Economy by Automotive
leading the TRansition of the filling in the existing information gap among automotive actors, both at design and EoL stage. Electronics
European Automotive Supply chain (General)
towards a circulaR FuturE

Without major breakthroughs, conventional electronics as

il. METHODS

currently manufactured and consumed fall short of contribut-
ing to global sustainability goals. Therefore, a transition
to greener electronics is needed. Given the absence of
a widely accepted definition of what makes electronics
truly “green,” this work aims to identify and clarify their
most critical aspects to create a common, unified defini-
tion of green electronics through the lens of hybrid printed
electronics.

VOLUME 13, 2025

This work is jointly undertaken by the EU Green Electronics
Working Group, an initiative involving 12 projects funded
chiefly under the Horizon Europe calls focusing on green
electronics, as described in Table 2. This working group
brings together European academia, research institutes, and
industry with a shared vision toward greener electronics.
Thus, this work first reviews the current state of EU guide-
lines and regulations with relevancy to greener electronics,
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followed by a brief review of relevant literature. Next, a uni-
fied definition of green electronics is proposed, followed
by a perspective on best practices for the achievement of
greener electronics through every stage of an electronic’s life
cycle, in line with the proposed definition. The definition
and best practices discussed within this work are constructed,
in part, based on the expertise and topics of focus of the
members of the working group, in addition to a review of
recent legislation and literature relevant to the topic of green
electronics. Ongoing work from these projects is used to
exemplify the best practices reviewed within this work. These
examples contribute to a structured understanding of how
greener electronics can be defined, designed, and realized in
practice.

It is important to note that green electronics can be viewed
from two perspectives: direct enabling (making electronics
sustainable) and indirect enabling (supporting sustainability,
like energy savings through smart devices) [19]. This work
primarily focuses on direct enabling strategies.

IIl. SNAPSHOT OF EU SUSTAINABILITY GUIDELINES &
REGULATIONS FOR ELECTRONICS

With the approval of the EU Green Deal, the EU aims
for climate neutrality by 2050 and a 55% emissions reduc-
tion by 2030 [21]. To support these goals, the electronics
industry must cut energy use, reduce emissions across the
lifecycle, and adopt renewable energy. The EU’s Circular
Economy Action Plan promotes durable products, waste
reduction, and sustainable practices like reuse and recy-
cling [22]. Complementing this, the European Industrial
Strategy and newly-launched Clean Industrial Deal aim to
strengthen Europe’s industrial base while driving sustain-
ability and innovation [23], [24]. The electronics industry
is called upon to develop technologies that improve perfor-
mance and minimize environmental impact, while creating
value chains focused on material recovery and recycling.
Beyond the sustainability aspects, the electronic industry is
called to find innovative solutions to achieve two important
economic objectives, insourcing of electronic supply chains
after decades of outsourcing to Asia [25], and reducing
reliance on critical raw materials [26]. Furthermore, the Euro-
pean Chemicals Strategy for Sustainability aims to further
climate neutrality, a circular economy, and zero pollution for
chemicals [27]. This aligns with the EU Green Deal to boost
innovation and regulatory coherence [21].

Recent changes in EU regulations related to sustainability
and the circular economy include the Ecodesign for Sustain-
able Products Regulation (ESPR) [8], which aims to make
sustainable products the norm by reducing their carbon and
environmental footprints. A sustainable product is likely to
display one or more of the following characteristics: i) uses
less energy and lasts longer, ii) can be easily repaired, iii) can
be easily disassembled and reused, iv) contains fewer sub-
stances of concern, v) can be easily recycled, vi) contains
more recycled content, and vii) has a lower lifecycle carbon
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and environmental footprint. ESPR updates and extends the
existing Ecodesign Directive [28], expanding its scope from
energy-related products to almost any physical goods placed
on the market, with new priority targets including electronic
goods (e.g., computers, servers, and electronic displays).

Key changes arising from ESPR also include the introduc-
tion of Digital Product Passports (DPPs), mandatory Green
Public Procurement criteria, and a framework to prevent the
destruction of unsold consumer products. The regulation sets
out a process for establishing ecodesign requirements through
secondary legislation, which will be fully harmonized at the
EU level. With the same aim to enhance the sustainability
and circularity of products, the Circular Electronics Initia-
tive, announced in March 2020 as part of the European
Commission’s new Circular Economy Action Plan, focuses
on extending the lifespan and improving the recyclability
of electronic products [22]. Similarly, the Right to Repair
Directive, proposed in March 2023, aims to make repairs
more accessible and cost-effective, encouraging a design for
repairability approach throughout the product lifecycle [29].

ESPR also interfaces with other EU regulations, such as
the Extended Producer Responsibility (EPR) environmental
policy [30], the Restriction of Hazardous Substances (RoHS)
Directive [31], the New Batteries and Waste Batteries Regula-
tion [32], and the Waste Electrical and Electronic Equipment
Directive (WEEE) [7]. EPR holds producers accountable
for the collection, recycling, and disposal of post-consumer
products. The RoHS Directive limits hazardous materials in
electronic products to protect health and the environment.
Separately, the Conflict Minerals Regulation [33], effective
from 2021, applies to the electronics industry by preventing
the trade of tin, tantalum, tungsten, and gold (3TG) from
financing armed conflict or being mined using forced labor.
The New Batteries Regulation mandates sustainability stan-
dards and recycling for all battery types. The WEEE Directive
aims to promote re-use, recycling, and other forms of recov-
ery of waste electrical and electronic equipment.

To guide ecodesign of materials and chemicals, the
Joint Research Centre (JRC) of the European Commis-
sion proposed the safe and sustainable by design (SSbD)
framework [34]. The SSbD framework supports investment
and innovation in sustainable chemicals, integrating with
the EU’s research and innovation agenda and Strategic
Research and Innovation Plan (SRIP) for chemicals and
materials [35]. SSbD is a voluntary framework that helps
companies, research institutions, and governments develop
chemicals and materials that are safe throughout their life-
cycle, with an ultimate goal to develop criteria for safe and
sustainable chemicals and materials.

Other important EU initiatives include the Corporate Sus-
tainability Reporting Directive (CSRD) which modernizes
and strengthens the rules for social and environmental report-
ing by companies [36]. In a complementary direction, the EU
Taxonomy for Sustainable Activities is a science-based clas-
sification system that identifies environmentally sustainable
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TABLE 3. Summary of key takeaways from the reviewed literature on green electronics, categorized into five overarching themes.

Design for Circularity:
Reuse/Repair/Recycling

Biobased Materials/
Minimize Non-
Renewable Materials

Greener Manufacturing
(incl. No or Minimal
Hazardous Materials)

Use-Phase Efficiency

EoL Circularity

Meskers et al.

Increased disassembly

hazardous materials.

[46] improves metal recovery.
Hu and Ismail | Promotes longer product Supports cleaner Promotes efficient Recommends
[47] lives, reuse, and recycling. manufacturing avoiding computing to reduce cleaner materials

energy and emissions.

to reduce waste.

Irimia-Vladu
etal. [48]

Proposes biodegradable
organics to replace
short-lived plastics.

Irimia-Vladu
[40]

Defines green
electronics as low-
energy/cost, and natural
materials-based.

Endorses solvent-free,
degradable synthetic
materials.

Tan et al. [49]

Describes green
electronics as
biodegradable, organic
printed electronics.

dematerialized electronics.

O'Connor et Highlights disassembly as Discusses manufacturing Promotes better

al. [50] key to electronics with recycled materials, e-waste
sustainability. fabrication efficiency, and collection and

material substitution. recovery.

Ellen Calls for longer life and

MacArthur cascading reuse in

Foundation electronics.

[44]

PACE [1] Supports closed-loop,

Zvezdin et al.
[51]

Emphasizes durability,
repairability, and circular
design.

Advocates for
standardized
biodegradable materials.

Norgren et al.
[52]

Stresses design-for-
recycling and avoiding
incompatible materials.

Lietal. [39]

Recommends greener

Calls for nontoxic, low-

Supports layer-

toxicity resources.

processes to improve cost, solvent-free by-layer
degradability. production. recycling to cut
e-waste.

Supports developing Advocates modifying high-
less-precious metals for | performance materials to
degradable electrodes. increase solubility.

Cenci et al. Eco-friendly electronics Manufacture with green Use power-saving

[42] should be durable and processes and safer features to lower EoL

repairable. materials. impacts.

Alsharif et al. Improve energy

[53] efficiency.

Min et al. [41] Use biodegradable, Promotes net-zero, low- Supports
biocompatible, eco- toxicity manufacturing reducing e-waste
friendly materials. with abundant, easily and carbon

biodegradable, low- emissions.

Hui et al. [54]

Use nontoxic, low-cost,
abundant, biocompatible
natural materials.

lasting devices.

Supports reliability and
reuse for a circular

advanced functionality
via renewable and bio-
based feedstocks and
process chemicals.

without hazardous/critical
materials.

Use less water and energy

McCulloch et Use cradle-to-cradle
al. [43] designs for disassembly
and reuse.
Gyorvary et Calls for modular, Asserts the need for Encourages additive Supports the reduction | Reviews the need
al. [45] recyclable, and longer- novel devices with manufacturing techniques of electronics’ energy | for improving the

consumption via ultra-
low-power
components or
increased energy

efficiency of e-
waste recycling.

improve recycling while
keeping performance.

economy. with renewables/reuse. harvesting.
Harkema et al. | Promotes modularity and
[55] disassemblability to

economic activities [37]. Additionally, the Directive on Cor-
porate Sustainability Due Diligence (CSDDD) mandates

VOLUME 13, 2025

large companies to identify, prevent, mitigate, and account
for human rights and environmental impacts throughout their
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value chains [38]. Finally, the Critical Raw Materials Act,
adopted by the EU in May 2024, aims to ensure a secure
and sustainable supply of critical raw materials essential for
the green and digital transitions [26], supporting research into
more green electronics that use fewer critical materials than
conventional electronics.

IV. REVIEW OF GREEN ELECTRONICS RESEARCH

The EU’s regulatory landscape emphasizes the need for sus-
tainability in the electronics industry, with policies like ESPR
driving goals for reduced environmental impact, innovation,
and circularity. Achieving these objectives requires harmo-
nization between regulatory frameworks and the research
driving advancements in green electronics.

Research on green electronics has surged in recent years,
with publications growing from 73 in 2007 to over 250 in
2023 and 2024, as shown by a Scopus keyword search for
“green” and ‘‘electronics.”

This upward trajectory highlights increasing interest and
advancements in this field, with notable surges occurring after
2020.

A literature review was completed on Scopus in June
2024 and encompassed the search terms ““definition of green
sustainable electronics”, ‘“‘meaning of green sustainable
electronics”, “‘developing green sustainable electronics”,
“what are green sustainable electronics?”’, ‘“‘green, sus-
tainable, circular electronics™, “defining green electronics
sustainable electronics circular electronics”, “understanding
green electronics sustainable electronics circular electron-
ics”, “future of green sustainable electronics”, ‘“‘green
electronics review’’, and ‘‘criteria for green/sustainable
electronics”.

The reviewed literature highlights a broad range of inno-
vative approaches and solutions but also underscores the
existence of unresolved questions and conflicting priorities,
such as the choice between prioritizing solvent-free [39] ver-
sus non-toxic solvent processes [40], [41] or biodegradable,
low-cost [40] versus long-lasting, advanced [42] materials in
product development. This review therefore consolidates and
synthesizes key characteristics of green electronics from the
literature into overarching themes, summarized below and in
Table 3.

The first theme, “Design for Circularity:
Reuse/Repair/Recycling”, is often identified in the literature
as key to the recovery of materials and enhancing EoL options
for electronics. This theme includes strategies for increasing
product lifespans, enhancing disassemblability, and design-
ing for repairability. Sources such as McCulloch et al. [43],
the Platform for Accelerating the Circular Economy (PACE)
[1] and the Ellen MacArthur Foundation [44] emphasize
cradle-to-cradle principles, while others highlight the impor-
tance of system modularity and avoiding obsolescence.

The second theme, ‘“Biobased Materials/Minimize
Non-Renewable Materials”’, emphasizes the necessity of
using biobased materials while minimizing the use of
non-renewable and hazardous materials. These materials
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are also often identified in the literature as being key
to green electronics by reducing climate impacts and
human health hazards. Many works advocate for substitut-
ing scarce, fossil-based, or toxic materials with biobased,
abundant, and biodegradable alternatives. These include low-
embodied-energy materials, biocompatible substrates, and
biodegradable polymers, as discussed by Irimia-Vladu [40],
Min et al. [41], and others.

Similarly, in the third theme, “Greener Manufacturing
(including No or Minimal Hazardous Materials)”’, greener
manufacturing techniques emphasizing energy efficiency and
cleaner process chemicals and materials are also called out
as being key to green electronics. Several studies stress
the importance of minimizing toxic chemicals and sol-
vents in electronics fabrication, advancing green processing
techniques, and reducing energy and water usage during man-
ufacturing. Authors such as Li et al. [39] and Gyorvary et al.
[45] propose engineering approaches that support low impact
production without sacrificing performance.

The fourth theme, ‘“Use-Phase Efficiency”, appears in
some of the reviewed literature as a necessity to reduce envi-
ronmental impacts overall. Some sources call attention to the
operational phase of electronic products, encouraging designs
that minimize energy consumption through power-efficient
components or energy harvesting technologies.

Finally, the fifth theme, “EoL Circularity”, identifies
the most preferred EoL choices for greener electronics in
the literature as avoiding waste generation and promoting
recycling. At the final stage of the product lifecycle, the
literature supports improved recycling practices and infras-
tructure, enhanced e-waste management, and better recovery
of valuable or critical materials (e.g., rare earth elements).

V. DEFINITION OF GREEN ELECTRONICS

Despite progress in the field of green electronics, a funda-
mental challenge remains: the lack of a universally accepted
definition, which hinders standardization, evaluation, and
adoption. To address this, a consolidation of existing knowl-
edge and ongoing research is undertaken to define the core
principles of green electronics, providing guidance for future
research and regulation.

Several existing definitions in the literature offer valu-
able contributions toward this goal. Irimia-Vladu emphasized
that green technologies must align with the United Nations’
sustainability definition: “meeting the needs of the present
without compromising the ability of future generations to
meet their own needs” [40]. Cenci et al. defined eco-friendly
electronics as those with a net positive environmental impact
compared to alternatives [42]. Similarly, the European Tech-
nology Platform on Smart Systems Integration (EPoSS) in
2023 proposed that green electronics use fewer materials,
integrate recycled content, and rely on low-impact solvents
and chemicals [45]. Min et al. defined green electronics as
devices made from biodegradable, eco-friendly materials and
manufactured with net-zero processes, reducing e-waste and
carbon emissions [41]. Hu and Ismail described eco-friendly

VOLUME 13, 2025



K. Vogel et al.: Defining and Achieving Next-Generation Green Electronics

IEEE Access

TABLE 4. Electronic categories as defined by the WEEE Directive and the global recycling rate of each [2], [7].

Product Category Examples Recycling
Rate

Category 1: Temperature exchange | Refrigerators, freezers, air conditioners

equipment 12%

Category 2: Screens, monitors, and | Laptops, TVs, computer monitors

equipment containing screens with 34%

a surface greater than 100 ¢cm?

Category 3: Lamps Fluorescent lamps, light-emitting diode (LED) lamps 27%

Category 4: Large equipment (any Household appliances; information technology (IT) and telecommunication equipment;

external dimension >50 cm) consumer equipment; luminaires; equipment reproducing sound or images, musical 25%

generation of electric currents.

equipment; electrical and electronic tools; toys, leisure and sports equipment; medical
devices; monitoring and control instruments; automatic dispensers; equipment for the

Category 5: Small equipment (no
external dimension >50 cm)

Household appliances; consumer equipment; luminaires; equipment reproducing sound or
images, musical equipment; electrical and electronic tools; toys, leisure and sports 22%
equipment; medical devices; monitoring and control instruments; automatic dispensers;
equipment for the generation of electric currents.

Category 6: Small IT and
telecommunication equipment (no
external dimension >50 cm)

Cell phones, printers

5%

electronics as those that avoid hazardous materials, reduce
manufacturing waste, prioritize longevity, reuse, recycling,
and energy efficiency [47].

As a last point toward creating a unified definition, the
most important criteria defining green electronics should
be evaluated within a framework that reflects a clear sus-
tainability vision, like the EU Taxonomy for Sustainable
Activities [37]. Key environmental metrics for electron-
ics under this taxonomy include greenhouse gas emissions,
resource depletion, and pollution, with indirect metrics on
water use and biodiversity.

Therefore, based on a review of previous research and
legislation, relevant ongoing work, and key impact metrics
from the green taxonomy, the following common vision and
unified definition for green electronics is proposed:

Electronicsthat, when measured against their alternatives
over their whole lifecycle and value chain,have a reduced
environmental impact in terms of greenhouse gas emissions,
toxicity, and resource depletion, avoiding burden shifting
from one impact to another or along the value chain, while
fulfilling a given function.

Based on this definition, possible strategies open up
to implement greener electronics relevant to both hybrid
printed and other types of electronics by incorporating green
chemistry principles and greener design from the beginning
until the end of life, embodying principles of recyclability,
repairability, and other principles of circularity concepts, uti-
lizing less hazardous or non-renewable materials, displaying
lower resource consumption, and less waste generation: these
will be explored in detail in the following section.

VI. PERSPECTIVE ON BEST PRACTICES FOR GREEN
ELECTRONICS

Building on the above definition and research conducted
within green electronics-focused projects, the following best
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practices and recommendations are reviewed and discussed to
guide decision-making for greener electronics at each stage of
the product life cycle.

A. DEFINING CATEGORIES AND COMPONENTS OF
ELECTRONICS

Recommendations that are appropriate for one category of
electronics may be less applicable to another, as the intended
application of an electronic device significantly influences
its design process, material selection, and anticipated EoL
considerations (e.g. a recycling EoL. may be more realistic for
certain electronics, see Table 4). To address this variability,
subcategories of electronics are defined in alignment with the
WEEE Directive (Table 4) [7]. These subcategories will serve
as a framework for tailoring the guidance in this section.

An electronic system is itself made up of fundamental
electronic components, which are discrete devices or physical
entities that, when interconnected on a board like a PCB, form
a functional system. Figure 1 illustrates common electronic
components that make up such systems.

Therefore, best practices reviewed in each lifecycle stage
subsection will also be summarized with a table (Table 5,
Table 6, Table 7, Table 8, Table 9) outlining accompanying
examples to best practices and their relevance to specific
components or systems. However, care should be taken to
maintain an understanding of the entire electronic system to
prevent burden shifting, where efficiency gains in one area
lead to increased consumption elsewhere.

B. TOOLS TO EVALUATE SUSTAINABILITY
Quantifying and understanding the environmental impacts
of proposed materials or production pathways for electron-
ics is key to informed decision-making, as these decisions
influence the entire product lifecycle [56].
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Electronic System

Y

Electronic Components

Y
Interconnectors Passive
(e.g. Inks)

Y
Sensors Integrated Circuits Discrete Devices
(Microchips) (Diodes, Transistors)

/ T Structural Components
Semiconductors Displays Power Sources Inductors Resistors Capacitors P (e.g. Substrates, Casings,
(Filters, Lenses) Heat Sinks)

FIGURE 1. An overview of the main components of an electronic system, categorized into active and passive electronic components. Active components
include semiconductors (and components further utilizing semiconductors such as sensors, integrated circuits, and discrete devices like diodes and
transistors), displays, and power sources. Passive components include resistors, capacitors, inductors, structural components), and optical devices.
Interconnectors, such as conductive inks, link these components to form a complete electronic system.

Life cycle assessments (LCAs), particularly those con-
ducted in accordance with the International Organization for
Standardization (ISO) 14040/14044 standards, remain the
cornerstone of environmental assessments [57], [58]. They
can evaluate a product’s lifecycle from raw material sourcing
to EoL.

In addition to LCA, non-LCA evaluational frameworks
are being developed to ensure sustainability is integrated
into product development. Recent advances include com-
bining LCAs with biodegradability and toxicity studies to
provide a more comprehensive understanding of environmen-
tal impact, utilizing multi-criteria decision analysis (MCDA)
to assess potential ecodesign actions across technical, reg-
ulatory, economic, and environmental dimensions, or using
Sustainability Readiness Levels (SRLs)-focused analyses to
emphasize sustainability in technology and product develop-
ment, complementing Technology Readiness Levels (TRLs)
that track progress from concept to market [59], [60], [61].

Despite their usefulness, these tools have limitations.
Variability in LCA databases, lack of specificity for novel
electronic materials, and differing evaluation approaches can
complicate comparisons and reduce accuracy [62]. Emerging
standards like the EU Product Environmental Footprint (PEF)
methodology or the SSbD framework aim to harmonize eval-
uations, but their implementation is still underway [34], [63].
Nevertheless, the integration of these tools advances elec-
tronics sustainability, particularly when applied by specialists
working closely with engineers and manufacturers [45].

C. DESIGN PHASE

Decisions made during the design phase regarding materials
and manufacturing methods can account for up to 80% of a
product’s overall sustainability performance [45]. To address
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this, the EU’s Ecodesign Directive urges electronics manu-
facturers to prioritize three key areas during product design:
i) reducing energy consumption during production and use,
ii) enhancing resource efficiency, and iii) optimizing prod-
uct lifespans through improved reliability and circularity
features such as remanufacturing, reuse, and repair [28].
This subsection will therefore elaborate on these actions to
advance greener electronics.

1) ECODESIGN AND DESIGN FOR CIRCULARITY

Rising concerns about resource depletion and e-waste, in con-
junction with the EU Ecodesign Directive and new ESPR
Directive, have placed ecodesign and circularity at the fore-
front of electronics innovation. Ecodesign seeks to create
products which will minimize environmental impacts across
their lifecycle, incorporating principles of circularity that
extend product lifespans through reuse, repair, and recy-
cling [64], [65]. Circularity offers an alternative to the
traditional ‘“‘take-make-dispose’”” model [44], [66], instead
prioritizing resource recovery, reduced raw material demand,
and waste mitigation.

A key aspect of ecodesign is the principle of design for
disassembly (DfD), which ensures components can be easily
accessed, repaired, or recycled [67], [68]. The underlying
strategy behind the DfD approach relies on discrete func-
tional layers that may be easily separated via mechanical,
thermomechanical, or other chemical, optical, or physi-
cal debonding-on-demand (DoD) release concepts, enabling
better reusability, repairability, or recyclability [69]. This
approach supports the transition to circularity by enabling the
replacement or upgrade of individual parts, thereby extend-
ing product lifespans and reducing waste. To exemplify
this best practice in action, the EU projects Sustain-a-Print,
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FIGURE 2. Dismantling sequence of a printed electronic to enable
material recovery and reuse. Starting from a fully encapsulated device (1),
the housing or laminate is removed (2) to access the functional printed
layer (3). This layer is then separated into its key components: electronic
parts/metal circuitry (4), and plastic substrate (5). These fractions can be
processed and reintegrated into new materials.

HyPELignum, Circl-El Paper, and REFORM (see Table 2)
promote circularity via DfD by developing adhesives or
covalent adaptable network (CAN)-based coatings [70] that
enable DoD, facilitating the reuse or recycling of compounds
such as plastic or wood layers, conductive inks, and LEDs.
Complementary efforts in ink recovery processes can fur-
ther enhance circularity by enabling the reuse of conductive
materials. For example, the REFORM project (Table 2)
also designed a polymer matrix with a physical debonding
mechanism that does not rely on additives, only increased
temperature, enabling the removal of individual bonded com-
ponents with a view towards repairability. Additionally, the
ECOTRON project (Table 2) is focused on the circular design
of printed electronics though innovative dismantling tech-
nologies like reversible adhesives and interconnects, ablation
processes for dismantling and retrieval of waste streams
and finally, these waste-streams are processed by chemi-
cal techniques like solvolysis and chemical recycling for
the substrates and hydro/solvometallurgy for recovery and
purification of metals. Five steps were imagined that make
possible the dismantling of a device into its building blocks
(see Figure 2 for a full description of these steps).

For PE-based devices that use overmolded plastic resins,
DoD technologies focus on separating the plastic encapsu-
lant from the functional substrate, which contains printed
circuitry and discrete components [55], as researched, for
example, in the SusFE project (Table 2). In applications
where semiconductor components are not embedded in
plastic encapsulants, DoD approaches may use combina-
tions of reworkable adhesives and low-temperature solder,
as explored in the project ECOTRON (Table 2) for lighting
foils. The REFORM project (Table 2) is developing a new
generation of substrates for printing electronics based on
novel recyclable thermoset polymers and epoxy resin com-
posites which preserves their high performance while also
showing novel features, such as reprocessability, reparability
and recyclability (3R) due to their dynamic bonds. In con-
trast to conventional epoxy resins that are nonreproducible,
nonrepairable and nonrecyclable, this recyclable thermoset
3R epoxy resin composite can be chemically recycled and is
being evaluated as a substrate for PEs which will be incorpo-
rated into resin-based products.

However, an ongoing challenge to ecodesign is the ability
to design products that meet industry specifications for dura-
bility and functionality while facilitating repair and recycling.
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CIRC-UITS

FIGURE 3. An example of a repaired In-Mold Electronics device from the
project CIRC-UITS [71].

Repairability must ensure that electrical performance and per-
formance in relation to industry specifications and standards
remains comparable to the original product, as degradation
in quality could result in increased power consumption and
negate environmental benefits. To address this challenge, the
project CIRC-UITS (Table 2), for example, explores repair
strategies for in-mold electronic devices using dismantling
materials optimized for recyclability (Figure 3).

Depending on performance requirements and the intended
final application of an electronic, it is likely necessary to
produce electronics that prioritize either circularity or dura-
bility [2]. Therefore, depending on if the targeted product is
short-lived (e.g., Category 6 electronics like IT equipment -
Table 4) or has alonger lifespan (e.g. long-lifespan equipment
like Category 1 & 4 electronics - Table 4), recommendations
may differ widely. To identify the optimal design approach,
factors such as performance needs, economic viability, busi-
ness models, logistics, supply chains, and waste management
must be analyzed [66]. For example, in the CIRC-UITS
(Table 2) project, LCA modeling is used to compare repairing
with recycling, including current methods like incineration
with energy recovery and advanced cradle-to-cradle recy-
cling approaches, as investigated during project TREASURE
(Table 2).

2) ENERGY AND RESOURCE EFFICIENCY CONSIDERATIONS
WITHIN ECODESIGN

The Ecodesign Directive also sets energy and resource effi-
ciency as critical goals for electronics manufacturers [28].
Incorporating efficiency considerations into the design phase
of green electronics is therefore also important to minimizing
their environmental footprint while maintaining performance.
Resource efficiency is particularly relevant for all those
products with light sources using rare earth metals or data
management (Categories 2 — Screens, 3 — Lamps, and 6 —
IT Equipment), while energy efficiency can be particularly
relevant to Category 1 (Temperature Exchange Equipment)
and Category 4 (Large Equipment) electronics, as these are
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TABLE 5. A summary of reviewed best practices and accompanying examples from the projects listed in Table 2 for the design phase of an electronic’s
lifecycle. The absence of a specific example from a project for a given best practice does not necessarily indicate that the project is not following the best
practice. The righthand column highlights electronic types or components explicitly referenced in the reviewed best practices or project examples. While
these components are directly affected by the design approaches discussed, other components may also benefit.

Best Practices in Lifecycle Phase: Design Components/
Ecodesign and Design for Circularity Energy and Resource Efficiency Electronics
Considerations within Ecodesign Discussed:
Sustain-a-Print Designing for disassembly by developing adhesives that Plastic substrate
enable debonding on command; development of ink layers, conductive
recovery processes inks, and LEDs
CircEl-paper Designing for disassembly by developing vitrimers PCBs, flexible
(covalent adaptable polymer networks) for debonding substrates
HyPELignum Designing for disassembly by developing CANs-based Woody substrates,
epoxy coatings for debonding conductive inks
ECOTRON Designing for disassembly approaches via combinations of Incorporating circular materials by PEs, substrates,
reworkable adhesives and interconnects, ablation processes exploring the use of rPET for PEs semiconductor
for dismantling, and low-temperature solder components
SusFE Designing for disassembly by separating plastic Printed
encapsulants from the functional substrate electronics,
substrates, plastic
casings, printed
circuitry
UNICORN Designing for disassembly & durability via specialized Automotive in-
adhesives that meet durability requirements while mold electronics,
supporting dismantling and recycling e.g. PCBs
CIRC-UITS Designing for durability by exploring repair strategies for In-mold
in-mold electronics electronics
REFORM Designing for disassembly via recyclable thermoset epoxy Substrates
resin composites or a polymer matrix with a physical
debonding mechanism
SUSTRONICS Incorporating circular materials by Printed electronics
exploring the use of rPET for PEs

among the most energy-intensive appliances and often used
continuously.

Optimizing the use of resources and materials during
manufacturing is fundamental for improving resource effi-
ciency [72]. Using fewer material types such as monomate-
rials (e.g., glass) or easily separable components simplifies
recycling and reduces contamination [73]. For example,
designing a device’s casing from a single type of recyclable
plastic or biopolymer improves recyclability and reduces the
need for sorting at EoL.

Incorporating recycled materials into electronics also
reduces resource consumption, emissions, and waste [50],
as demonstrated in a raw-materials-focused LCA by
Vilimiki et al., which reported a 60% reduction in emis-
sions from electronic substrates when recycled PET (rPET)
replaced virgin PET [74]. Accordingly, the electronics using
recycled materials in this study were estimated to have the
lowest overall resource consumption. Recycled metals (e.g.,
aluminum, copper) and bioplastics can therefore replace
virgin materials if they meet quality, purity, and cost require-
ments. For example, the EU projects SUSTRONICS and
ECOTRON (Table 2) are exploring the recycling and reuse of
polyethylene terephthalate (PET) for application in PEs. This
strategy aligns with the principles of the circular economy by
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keeping materials in use for longer and reducing dependence
on virgin resource extraction [22].

Finally, designing electronics with enhanced energy effi-
ciency is also essential to greener electronics [75]. Power-
saving features, such as low-power standby modes, help
minimize unnecessary energy use, particularly for devices
that spend extended periods in standby mode (e.g., televi-
sions, computers, appliances). Designers can use simulations
and LCA to assess component energy consumption and iden-
tify areas for optimization (although care should again be
taken to avoid burden shifting).

D. SELECTION AND SOURCING OF MATERIALS AND
FEEDSTOCKS PHASE

Selecting the raw materials and feedstocks that form the
building blocks of electronics requires careful consideration
of multiple sustainability factors. In this subsection, best
practices for the selection and sourcing of feedstocks for
green electronics are reviewed, emphasizing materials that
pose reduced ecotoxicological and human health risks. These
practices align with the principles of SSbD and consider key
environmental impact indicators commonly used in LCAs,
such as damage to human health, ecosystems, and resource
availability.
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FIGURE 4. Rotary production of BeFC®) printed electrodes (left) and a
paper-based smart tag powered by a BeFC®) biofuel cell (right).

1) BIOBASED OR BIODEGRADABLE MATERIALS

The use of biobased, renewable, bioderived, and biodegrad-
able materials when possible can be advantageous for
sustainability [12], as these feedstocks can reduce plastic
waste, carbon dioxide (CO;) emissions, and reliance on
fossil fuels [45]. For example, a cradle-to-grave study by
Sudheshwar et al. highlights the potential of wood-derived
polymers to outperform common fossil-based polymers
environmentally. The lowest carbon footprint reported for
1 kg of lignin (—2.06 kg CO2 eq.) is 10.29 kg CO2 eq. lower
than the lowest footprint of polyamide (8.23 kg CO2 eq.).
Compared to other fossil-based polymers, lignin’s footprint
is 2.53 kg CO2 eq. lower than PET. Similarly, cellulose
nanofibers (—1.57 kg CO2 eq. per kg) exhibit absolute reduc-
tions of 2.04 to 9.80 kg CO2 eq. per kg relative to these
fossil-based alternatives [62].

By enabling materials to break down naturally, biodegrad-
ability offers a potential solution to reducing e-waste. How-
ever, biodegradability depends on industrial processing and
disposal conditions: e.g., polylactic acid (PLA) degrades effi-
ciently only in industrial composting facilities [76]. There-
fore, standardizing biodegradability and developing materials
that decompose under natural conditions remain key chal-
lenges. Nevertheless, biobased feedstocks are promising for
small electronics (Category 5), where low collection rates
increase the likelihood of environmental loss.

Biobased materials such as PLA, silk fibroin, and
wood-based cellulosic materials like paper are being explored
for electronics [77]. Feedstocks used to create biobased
materials are often categorized into ‘‘generations’” based
on their sourcing characteristics [78]. In practice, tradeoffs
exist when choosing feedstocks of different generations.
First-generation agricultural feedstocks (e.g., corn-derived
PLA) offer high yields but compete with food production,
while second-generation sources like agricultural residues
or grasses reduce waste but may require energy-intensive
processing [79]. On the other hand, second-generation woody
feedstocks do not generally require fertilization or irrigation
or much land-use change (if harvested wood is replanted or
when wood is obtained from certified sustainably managed
forests) but are more difficult to harvest and may have com-
paratively lower conversion efficiencies [62], [76].

The increasing focus on second-generation materi-
als for electronic substrates offers new pathways for
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green electronics, though investment in scaling remains
limited [62]. Projects like CircEl-paper, HyPELignum,
REFORM, ECOTRON, and SusFE (Table 2) aim to demon-
strate the potential of alternative materials to reduce envi-
ronmental impact, enhance circularity, and support broader
sustainability goals - reinforcing findings from studies
such as that by Nassajfar et al., which used a cradle-
to-grave approach to show that substituting conventional
FR4-based PCBs with substrates like PET, PLA composites,
or paper can reduce substrate-related environmental impacts
by approximately 88%, 90%, and 98%, respectively [5].
CircEl-paper advances paper-based substrates by optimizing
cellulose fibers (to address challenges such as poor thermal
or moisture resistance and limited mechanical stability) for
printability, recyclability, and compatibility with adhesives
and passivation layers, while HyPELignum and REFORM
investigate wood-derived substrates like cellulose nanofibers
(CNF), plywood, and waste wood. REFORM employs
green chemistry to develop low-temperature-processed wood
substrates based on balsa and birch. Additionally, cus-
tomized 100% cellulose-based planarization layers are being
implemented toward validation as a sustainable solution
for printed and hybrid electronics. In ECOTRON, existing
recycled, biobased and biodegradable materials like rPET,
bio-thermoplastic polyurethane or paper are being explored
as flexible substrates and innovative bio-based polymers are
being developed to enhance both performance and sustain-
ability.

Biobased materials also show promise in medical electron-
ics, where there is a goal to substitute traditional batteries
(i.e., alkaline and lithium chemistries) with a biofuel cell
that uses biological catalysts to convert biofuels into electric-
ity. In this regard, the SusFE project develops eco-friendly
processes for mass-producing paper-based medical devices,
integrating biofuel cell technology developed by French part-
ner BeFC and the roll-to-roll paper processing expertise of
the Finnish RTO, VTT. BeFC’s metal-free and compostable
energy solution, made from paper, carbon, and enzymes, sup-
ports flexible, sustainable energy solutions for medical IoT
(MIoT) (Figure 4) applications, demonstrating the potential
for compostable energy solutions in high-demand sectors.

Beyond polymers, the use of potentially bio-sorbable or
bio-safe metals (e.g. copper, zinc, magnesium, or iron) is
gaining attention as an alternative to non-degradable metals
traditionally used in electronics [39]. These metals oxidize
and degrade naturally, reducing long-lasting waste, but may
require protective encapsulation for stability in electronic
applications [80]. There are ongoing efforts to explore the
integration of biodegradable metals into electronic compo-
nents to reduce the environmental impact of metallic waste.
For example, the Sustain-a-Print project (Table 2) utilizes
copper-based ink in place of silver-based ink (lowering the
COs-footprint of the ink by 96.5% and resource use by
95.1% over a cradle-to-gate production process [10]), car-
bon nanotubes, and non-toxic solvents due to their lower
environmental footprint. Similarly, the HyPELignum project
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TABLE 6. A summary of reviewed best practices and accompanying examples from the projects listed in Table 2 for the feedstock sourcing phase of an
electronic’s lifecycle. The absence of a specific example from a project for a given best practice does not necessarily indicate that the project is not
following the best practice. The righthand column highlights electronic types or components explicitly referenced in the reviewed best practices or project
examples. While these components are directly affected by the design approaches discussed, other components may also benefit.

Best Practices in Lifecycle Phase: Feedstock Sourcing

Biobased or Non-Biobased Materials and Feedstock Locations of Components/
Biodegradable Substitution of High-Impact Materials | Sourcing Electronics
Materials Discussed:

CircEl-paper Utilizing paper, Utilizing paper, a widely Substrates, solvent
biomaterials for solvents available and recyclable material | in inks and glues,
and polymers and widely available metals (tin, inks

zinc, copper) to replace silver

HyPELignum Utilizing wood and Utilizing beech wood, a Substrates,
wood derivatives, feedstock abundant throughout conductive inks,
copper, carbon-based ink Europe coatings, sensors,

energy storage,
supercapacitors

REFORM Utilizing wood, carbon- Advancing bio-recovery techniques for Substrates,
based fully organic, metals like silver in conductive conductive inks
metal-free conductive adhesives, employing bioleaching as a
inks low-energy, sustainable alternative to

conventional metallurgical methods

ECOTRON Utilizing bio- Researching a novel chemical process, Substrates,
thermoplastic based on solvo/hydrometallurgy conductive inks
polyurethane or paper, principles, with the aim to recover the
biomaterials for inks main metal (especially silver) from

conductive inks

SusFE Utilizing paper, Substrates,
biological catalysts batteries,

semiconductors

Sustain-a-Print Utilizing copper, carbon
nanotubes, polylactic

acid and cellulose

Conductive inks
and adhesives

CIRC-UITS Exploring circular strategies like repair Devices
and recycling to reduce petrochemical
materials’ footprints

TREASURE Polycarbonate is recycled via In-mold
dissolution electronics

UNICORN Fossil-based electronics are dismantled In-mold

and recycled

electronics

(Table 2) is developing copper-based inks and the ECOTRON
project (Table 2) also focuses on bio-based conductive inks
compatible with various substrates and recyclability. CircEl-
paper (Table 2) focuses on affordable, eco-friendly conduc-
tive inks using tin and zinc, with biodegradable encapsulation
to slow oxidation. However, for applications demanding
high stability and long lifetimes, these metals may still be
unsuitable [45]. Additionally, while biodegradable metals are
advantageous in terms of cost and resource availability, they
are not without environmental and functionality considera-
tions. Zinc, although plentiful, is listed on the U.S. critical
minerals list due to concerns over lead byproducts [81].
Looking to the future, carbon-based materials may eventu-
ally replace metals in certain applications [45]. For instance,
the REFORM project (Table 2) is developing fully organic,
metal-free conductive inks with optimized conductivity and
viscosity, ensuring stability and compatibility with vari-
ous printing techniques. Similarly, the HyPELignum project
(Table 2) is exploring carbon-based inks for applications
such as sensors, energy storage (e.g., current collectors), and
screenprintable supercapacitors and ECOTRON (Table 2)
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investigates the use of sp? carbon allotropes as conductive
filler in inks.

Biobased materials also extend beyond metals and poly-
mers to include solvents and adhesives, which are already
used in other industries but face challenges when adapted to
electronics. Projects like CircEl-paper (Table 2) are investi-
gating whether these materials (e.g. bio-based solvents for
inks and glues) can meet the requirements of industrial-scale
electronic manufacturing, such as availability in large quanti-
ties, uniformity, reliability, and shelf life. In another example,
the REFORM project is exploring the preparation of micro-
electronic adhesives from epoxy resins that have been
synthesized from biobased feedstocks to replace commonly
employed fossil-derived bisphenol glycidyl ethers. In some
cases, bio-based molecules are also being developed as pre-
cursors to replace fossil-based compounds [82].

Despite their biological origin, the lower environmental
impact of biobased materials is not guaranteed. Their sustain-
ability depends on resource consumption during cultivation
and manufacturing, as well as their performance and compat-
ibility with intended applications [62].
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2) NON-BIOBASED MATERIALS AND SUBSTITUTION OF
HIGH-IMPACT MATERIALS

While biodegradable and biobased materials may offer
environmental benefits, they cannot always meet the perfor-
mance, availability, or cost requirements needed for certain
electronic applications [83].

Non-biobased materials, therefore, remain essential for
hybrid PEs, as well as complex electronics such as those
found in Category 6 (Small IT Equipment), where advanced
materials are required to ensure functionality and longevity.
Non-biobased materials can still contribute to sustainabil-
ity when they are low-carbon, free of critical, conflict,
or toxic substances, and circular - minimizing fossil feedstock
demand while enabling high recyclability with minimal qual-
ity loss [84].

A key strategy is substituting high-impact materials with
recycled or less resource-intensive alternatives [85]. For
example, although the devices analyzed in the CIRC-UITS
project (Table 2) primarily use petrochemical materials, cir-
cular strategies like repair and recycling are integrated to
reduce their footprint. Waste-derived feedstocks replace vir-
gin plastics, such as using rPET instead of PET for substrates,
or recycling metals like silver and copper for inks through
established processes to maintain circularity and preserve
valuable resources. When noble or high-impact metals are
required, prioritizing their recyclability ensures resource con-
servation.

Innovative recycling processes are improving the sus-
tainability of non-biobased materials. The TREASURE
and UNICORN projects (Table 2), for example, enhance
recyclability in automotive in-mold electronics (IME) by
introducing dismantling layers. TREASURE has achieved
80-90% polycarbonate recovery via dissolution, with silver
recycling efficiency reaching 85-95% [86] and potentially
exceeding 97% through large-scale metallurgy [87]. The
REFORM project (Table 2) advances bioleaching for sil-
ver recovery in conductive adhesives, while ECOTRON
explores solvo/hydrometallurgical processes for recovering
silver from conductive inks.

Despite these advancements, modern electronics still
depend on critical raw materials (CRMs) like silicon, cobalt,
graphite, and rare earth elements [88]. These materials are
typically used in small quantities within complex compo-
nents like chips and circuit boards, making their recovery
from e-waste both technically challenging, cost-intensive,
and presents ongoing significant challenges for recycling and
resource recovery [45].

3) FEEDSTOCK ABUNDANCE, AVAILABILITY, AND
LOCATIONS OF SOURCING

Beyond the biobased vs. non-biobased debate, the geographic
availability and regional abundance of feedstocks can play a
role in reducing the environmental impacts associated with
electronics production. Sourcing materials locally or region-
ally not only supports resource sovereignty but can also
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lower emissions and energy use linked to transport and logis-
tics. This is exemplified by a study by Berg and Lindholm,
which found that long-distance transport of timber within the
Swedish wood supply chain accounted for 54% of the total
energy consumed during forest operations [89], [90].

Prioritizing locally sourced materials minimizes trans-
portation emissions, logistical costs, and energy consump-
tion. For example, European manufacturers can reduce their
footprint by using regionally abundant materials like beech
and spruce. The HyPELignum project (Table 2) seeks to
validate the benefits of sourcing birch and beech wood for
electronic substrates, while CircEl-paper (Table 2) integrates
widely available and recyclable paper, leveraging established
paper recycling infrastructure to create localized produc-
tion and recycling chains. By aligning material choices
with regional resource availability, manufacturers can not
only shrink their environmental footprint but also potentially
increase resilience to market disruptions.

Climate change further complicates material availability,
as shifting climatic conditions are expected to significantly
alter the distribution, growth patterns, and viability of key
biomass feedstocks [91]. For instance, European forests are
projected to transition from softwood species like spruce
to hardwoods. This shift not only affects forest ecology
but also has consequences for industrial supply chains that
rely on specific wood types for their structural, process-
ing, or chemical characteristics. Manufacturers should factor
these changes into material sourcing strategies to ensure long-
term sustainability.

E. PRODUCTION PHASE

This subsection examines strategies to reduce the envi-
ronmental footprint of electronics manufacturing, including
energy- and resource-efficient production techniques, waste
minimization practices, and the adoption of more environ-
mentally friendly production technologies.

1) RESOURCE- AND ENERGY-EFFICIENT MANUFACTURING
PROCESSES

Reducing the environmental impact of electronics manufac-
turing requires resource-efficient processes that minimize
raw material use, water consumption, energy demand, and
waste. Approaches like dematerialization and process opti-
mization are relevant across all WEEE categories but are
especially relevant for energy- and material-intensive elec-
tronic products such as large equipment (Category 4) and IT
equipment (Category 6).

Additive manufacturing methods such as inkjet printing,
screen printing, or semi-additive lithography can reduce
material waste, energy consumption, and hazardous chemical
use compared to subtractive methods [92], as demonstrated
in projects like HyPELignum, Sustain-a-Print, and SusFE
(Table 2). According to EPoSS, additive manufacturing pro-
cesses powered by renewable energy uses 90% less material
and five times less energy than traditional methods, while
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TABLE 7. A summary of reviewed best practices and accompanying examples from the projects listed in Table 2 for the production phase of an
electronic’s lifecycle. The absence of a specific example from a project for a given best practice does not necessarily indicate that the project is not
following the best practice. The righthand column highlights electronic types or components explicitly referenced in the reviewed best practices or project
examples. While these components are directly affected by the design approaches discussed, other components may also benefit.

Best Practices in Lifecycle Phase: Production

Processes

Resource- and Energy- Efficient Manufacturing

Minimize Toxic and Hazardous Componepts/
Process Materials Elc_fctromcs
Discussed

HyPELignum
synthesis for nanoparticles

Additive manufacturing via printing; microwave-assisted

Conductive inks,
substrates

Recycling process solvent; polyol
process with polyols as solvents and
reducing agents

CircEl-paper Lamination: UV curing in place of hot pressing

Systematically evaluates the PCBs
ecotoxicity of chemicals

Sustain-a-Print
photonic flash sintering

Flow chemistry for continuous chemical reactions;

Chemicals,
conductive inks, PEs

Utilizing non-toxic, bio-based solvents

REFORM Eliminates the need for sintering altogether Conductive inks
SusFE Roll-to-roll manufacturing: semi-additive lithography; Conductive inks,
laser ablation; cold atmospheric plasma sensors, adhesives,
chemicals, substrates
ECOTRON Additive manufacturing via printing Conductive elements

also producing lighter electronics that can be more easily
separated for reuse or recycling [45].

However, a key challenge of additive (printed) circuit
manufacturing is ensuring multi-layer circuit performance,
particularly in printed dielectric layers and the construction of
vias that connect conductive traces through the dielectric or
substrate. Misalignment when printing conductive traces over
dielectric regions can cause defects like pinholes, requiring
multiple passes that slow production and introduce incon-
sistencies. Via plating is also difficult, often resulting in
incomplete traces and higher electrical resistance. Currently,
dispensing and stencil printing are the most reliable methods,
though research continues to improve inkjet and screen-
printing processes.

Other resource-efficient production methods like laser
ablation, used to pattern precise designs for pH sensors,
further reduces energy and water consumption through fewer
processing steps compared to conventional lithography [93],
while cold atmospheric plasma for system integration reduces
the need for traditional adhesives and chemical processing,
achieving a 100% reduction in both water and toxic chemical
use through its dry, non-toxic approach [94]. For example,
the SusFE project (Table 2) integrates sustainable roll-to-
roll (R2R) manufacturing for medical electronics, with a
goal of reducing environmental impact via project partners
VTT (Finland) and Fraunhofer (Germany), who have devel-
oped and utilize semi-additive lithography, laser ablation, and
cold atmospheric plasma methods for medical applications.
The ECOTRON project (Table 2) explores high-resolution,
chemical-free printing methods, including reverse offset and
transfer foil techniques.

Energy optimization throughout the production process
is another important factor in relation to reducing the
impacts of electronic production [75]. Incorporating renew-
able energy, reusing captured process energy, and adopt-
ing low-temperature or energy-efficient technologies can
lower emissions. For instance, in the HyPELignum project
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(Table 2), microwave-assisted synthesis methods for conduc-
tive nanoparticle fillers for conductive inks reduce energy
demands compared to conventional equipment, offering
potentially 30% higher efficiency due to uniform heating,
shorter reaction times, and improved control of process
parameters, with potential for scale-up via semi-automated
batch or continuous flow systems [95]. Similarly, the
Sustain-a-Print (Table 2) project investigates flow chem-
istry as a preferred process action, as chemical reactions
that occur in continuous streams rather than batch pro-
cesses improve efficiency, reduce energy consumption, and
minimize waste, as illustrated by a cradle-to-gate LCA of
continuous hydrothermal synthesis of silver sulfide nanopar-
ticles, which showed 46.4% and 87.4% lower greenhouse gas
emissions compared to batch processes [96]. CircEl-paper
(Table 2) tackles energy consumption in one of the hotspots in
PCB manufacturing: lamination. By using vitrimers, ultravio-
let (UV) curing of a few minutes can replace energy-intensive
hot pressing, helping to reduce the overall carbon footprint
of PCBs. A study by Zhang et al., supports the broader sus-
tainability potential of vitrimers in electronics, showing that
vitrimer-based PCBs can reduce global warming potential by
20% compared to conventional counterparts [97], [98].
Sintering, a high-temperature process commonly used in
printed electronics, can be energy-intensive and incompat-
ible with heat-sensitive paper- or biopolymer-based sub-
strates [99]. Eliminating or finding alternatives to this process
step for PEs with biobased substrates can make manufac-
turing more energy-efficient, while allowing for the use
of greener substrates [100]. For example, the Sustain-a-
Print project (Table 2) utilizes photonic flash sintering to
reduce required curing times by a reported 20% compared
to conventional methods (a separate study by Altay et al.
also demonstrated that one-step photonic curing can achieve
effective results in as little as 1.6 milliseconds compared to
5 minutes with conventional thermal heating, reinforcing the
potential of this approach to significantly reduce processing
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TABLE 8. A summary of reviewed best practices and accompanying examples from the projects listed in Table 2 for the use phase of an electroni’s
lifecycle. The absence of a specific example from a project for a given best practice does not necessarily indicate that the project is not following the best
practice. The righthand column highlights electronic types or components explicitly referenced in the reviewed best practices or project examples. While
these components are directly affected by the design approaches discussed, other components may also benefit.

Best Practices in the Lifecycle Phase: Use
Reduce Energy Consumption/Increase Energy Efficiency during Lifetime Optimization Components/
Use Electronics
Discussed
HyPELignum Developing energy and power management capabilities such as low- Microchips
power operation, a power comparator for voltage monitoring, reverse
supply prevention, and RFID wake-up functionality
SUSTRONICS | Optimizing standby-to-active power alternation Medical electronics
SusFE Developing ultra-low power printed sensors and FlexICs Medical electronics
Sustain-a-Print Designing electronic equipment Printed electronics
with greater longevity

time [101]), while the REFORM project (Table 2) eliminates
sintering entirely with metal-free conductive inks.

Silicon-based electronics, known for high carbon foot-
prints, are also seeing sustainability innovations. Flexible
semiconductors, based on thin-film technology, present a
more sustainable alternative, reducing energy, water, and
harmful chemical consumption - as shown in a review by
Maalouf et al. of multiple thin-film LCAs, which found
that emerging thin-film technologies for solar cells have
median greenhouse gas emissions of only 5-10 kg CO2 per
m?, respectively, compared to 295-326 kg CO2 per m? for
conventional silicon-based technologies [102]. For example,
Pragmatic Semiconductor, a partner in the SusFE project
(Table 2), uses this streamlined fabrication process to produce
flexible integrated circuits (FlexICs) for medical applications
utilizing a smaller physical footprint, further minimizing
resource consumption. This method employs spin coating
on polymeric films and additive manufacturing processes at
a single site of production, with the expected benefits of
minimizing waste, energy use, and the physical production
footprint.

Finally, as greener manufacturing processes transition
from lab-scale to industrial production, continued optimiza-
tion will enhance sustainability and cost-effectiveness [103].
While small-scale processes may initially appear inefficient
compared to mature, traditional manufacturing methods,
continuous refinement during upscaling can significantly
improve sustainability and competitiveness.

2) MINIMIZE TOXIC AND HAZARDOUS PROCESS MATERIALS
Reinforced by RoHS [31], reducing the use of toxic and
hazardous materials in electronics manufacturing is also
important for greener production processes [45]. This effort is
particularly relevant to Categories 1 (Temperature Exchange
Equipment), 2 (Screens and Monitors), and 6 (Small IT
Equipment), which often rely on flame retardants, rare met-
als, or complex manufacturing processes involving solvents
and acids.
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Solvent use in electronics production contributes to chem-
ical waste and air pollution, making reduction and reuse
important sustainability strategies [39]. For example, the
HyPELignum project (Table 2) recycles process solvent (ace-
tone) during the extraction process to produce cellulose
and lignin from wood, reducing the amount of new sol-
vent needed for subsequent extraction processes (a study
by Smit et al. on the same extraction process reported ace-
tone self-condensation solvent loss of only 0.7 wt% in an
optimal extraction scenario for straw) [104]. Alternatively,
switching to green solvents, such as water-based solvents
or biodegradable alternatives, can potentially reduce toxic-
ity. HyPELignum also explores the polyol process for metal
nanoparticle synthesis, replacing hazardous chemicals with
polyols that serve as both solvents and reducing agents, with
a goal of lowering environmental impact. Similarly, Sustain-
a-Print (Table 2) develops non-toxic, bio-based solvents for
ink formulations, working toward environmentally friendly
production.

Designing green electronics requires considering toxicity
in material selection and manufacturing. The CircEl-paper
project (Table 2) exemplifies this by using quantitative
structure—activity relationship (QSAR) models to assess the
ecotoxicity of raw materials and chemicals, allowing for the
early identification of less toxic alternatives [105]. These
assessments are validated through LCA and experimental
data, ensuring compliance with eco-toxicity standards and
broader sustainability goals.

3) LOCATIONS OF PRODUCTION

When selecting production locations for greener electron-
ics, it can be valuable to consider factors that minimize
environmental impact, such as transportation distances and
the local availability of renewable energy. Locating facilities
closer to raw material suppliers, components manufacturers,
and key consumer markets can reduce the carbon emissions
associated with transport, as demonstrated by a study by
Sarioglu on a manufacturer that cut its inbound transporta-
tion emissions by 30% through a nearshoring strategy that
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brought part of its material supply closer to its production
facility [106]. Rail-mediated freight transport, particularly
in regions with electrified networks powered by renewables,
is another energy-efficient alternative that can further lower
GHG emissions, depending on specific transportation routes
and freight origin and destination [107].

In addition to logistics considerations, the choice of pro-
duction location should prioritize access to clean energy grids
with a high percentage of renewable sources such as wind,
solar, and hydropower. Countries that incorporate significant
renewables in their electricity mix can reduce the carbon
footprint of manufacturing processes, as demonstrated in
an LCA study by Rodger et al. where transitioning from
a conventional German grid mix to scenarios with higher
shares of renewable energy reduced process-related global
warming potential from 65% down to approximately 22% per
product [108].

F. USE PHASE

The sustainability of electronics during their use phase is
often influenced by consumer behavior, which can be chal-
lenging to control directly. However, opportunities exist to
improve environmental outcomes through optimized energy
efficiency and extended product lifespans.

1) REDUCE ENERGY CONSUMPTION/INCREASE ENERGY
EFFICIENCY DURING USE

Energy consumption during the use phase of electron-
ics can be minimized through energy-efficient design and
power-saving modes [109]. Energy efficiency is particularly
important for WEEE categories with high or continuous
energy demands, such as Category 1 (Temperature Exchange
Equipment), Category 2 (Screens and Monitors), and Cate-
gory 4 (Large Equipment).

Incorporating automatic power-saving modes into elec-
tronic devices can significantly reduce energy consumption
during inactivity - for example, enabling such a feature in
monitors can cut annual waste power use from 46.89 kWh
to 1.04 kWh, saving over 45 kWh per device, as demon-
strated by Kim et al. [109]. Features such as sleep modes,
auto-dimming screens, and low-power standby settings allow
devices to conserve energy during periods of inactivity with-
out compromising user experience. Innovations in energy
management are exemplified by projects like HyPELignum
(Table 2), which is working to advance energy manage-
ment with microchips featuring low-power operation, voltage
monitoring, and RFID wake-up functionality. Similarly, SUS-
TRONICS (Table 2) aims to enhance energy efficiency in
medical electronics by optimizing standby-to-active power
transitions for imaging devices, while SusFE (Table 2) devel-
ops ultra-low-power printed sensors and FlexICs.

Beyond optimizing electronics themselves, intelligent
and printed electronics can improve the sustainability
of non-electronic products by embedding smart features
that save energy and materials during use. For example,
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FIGURE 5. The CANs-based reversible coating concept that can aid in the
recycling of metal-based inks and wood-based substrates.

SUSTRONICS’ (Table 2) smart wound dressing monitors
healing and alerts healthcare providers only when needed,
leading to possibilities for reduced material use, transporta-
tion for patient visits, and overall energy consumption.

2) LIFETIME OPTIMIZATION

Manufacturers can influence longevity through product
design and support for repairability [110]. This principle
applies to all WEEE categories but is particularly valuable
for long-lasting, resource-intensive products like temperature
exchange devices (Category 1) and large equipment (Cate-
gory 4), as emphasized by Sustain-a-Print project partners
(Table 2).

Lifetime optimization begins with prioritizing durability
and repairability during the design phase. Products designed
to withstand wear and tear, alongside features that allow for
easy repair and refurbishment, are essential to prolonging
their use. Right to Repair laws, which ensure the availability
of repair documentation, spare parts, and accessible service
options, are key in supporting this goal [111]. However,
for applications with high energy and material consumption,
such as certain large appliances, the decision to repair versus
recycle must be carefully evaluated [92]. In cases where
continued operation leads to excessive energy or material
use, immediate recycling of defective parts may be the more
sustainable choice [112].

Educating consumers on proper device maintenance, such
as battery care, software updates, and avoiding overcharging,
can further extend product life [110]. Encouraging longer
use, resisting frequent upgrades, and prioritizing repairs
over replacements also contribute to reducing electronic
waste [110].

G. END OF LIFE PHASE

The EoL stage, like the initial design phase, can greatly
influence the overall environmental impacts of an elec-
tronic [92]. Here, the varied EoL options for green electronics
are reviewed. When electronics reach the end of their use
phase, several pathways can be pursued, including reuse,
refurbishment, recycling, or energy recovery through incin-
eration. In some cases, a combination of these approaches
may be feasible. However, the worst outcome remains landfill
disposal, where electronics contribute to long-term environ-
mental harm, especially when embedded in other products or
packaging [113]. Furthermore, when mechanical wear occurs
- an almost inevitable process - non-biodegradable com-
ponents can generate microplastics that persist indefinitely,
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posing additional threats to ecosystems [114]. To mitigate
these issues, materials with properties such as recyclability,
biodegradability, and/or low toxicity should be prioritized.

1) REUSE, REPAIRABILITY, RECYCLING, AND CIRCULARITY
An ideal EoL management system for green electronics
might resemble a closed-loop system, cascading devices
from primary use to lower-performance applications before
recycling and material recovery [66]. From an environmen-
tal point of view, reuse is usually the best option, as it
minimizes waste and conserves resources more effectively
than recycling [115]. Achieving material circularity there-
fore involves a tiered approach: remanufacturing, where
components are refurbished for reuse in similar products;
repurposing, where recovered materials are used in alterna-
tive applications; and finally, recycling, where materials are
processed into raw forms for new manufacturing. The feasi-
bility of reuse, repairability, and recycling varies by WEEE
category. Categories 2 (Screens/Monitors), 3 (Lamps), and 4
(Large Equipment) offer strong circularity potential due to
valuable materials and easier disassembly. Category 6 (Small
IT Equipment) contains high-value materials but suffers from
low collection rates (~5% globally), complicating recovery.
Medical devices (Category 5) pose challenges due to small
size and regulatory constraints.

However, electronic scrap recycling is challenging due
to the material heterogeneity and complexity [116]. Tra-
ditional e-waste processing involves dismantling, material
separation, recovery, and pollutant treatment [117]. The pri-
mary incentive for recycling e-waste is the recovery of
valuable metals, which relies on mechanical, pyrometallur-
gical, and hydrometallurgical processes, though these can
be energy-intensive and produce hazardous emissions [117]
[118]. To mitigate these environmental impacts, alternative
recovery technologies are being developed. Alternative metal
recovery technologies based on biotechnology [119] or chem-
ical processes with reduced reagent use [120] are being
developed to achieve eco-friendly extraction of metals, allevi-
ating the impact of metal recycling on the environment. These
advancements aim to reduce the environmental footprint of
e-waste recycling, paving the way for more sustainable EoL
solutions. Efficient separation of targeted materials remains
key to the success of these recycling processes, emphasiz-
ing the importance of robust collection systems and deposit
schemes. For instance, the SUSTRONICS project (Table 2)
explores improved e-waste processing for various consumer
products to enhance material recovery and recycling rates.

To further facilitate the reuse, repairability, recycling,
and circularity of electronics, the design for disassembly
approach becomes essential, as first discussed in the Design
Phase subsection above. This strategy facilitates the sepa-
ration and recycling of discrete functional layers at EoL,
enabling the recovery of valuable materials, such as metals
or rare earth elements, from e-waste (see Figure 5 for an
example from the HyPELignum project).
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Best Practices for Greener
Electronics Across their Life Cycles

® Ecodesign & designing for circularity
® Energy and resource efficiency

BIC

Design

® Biobased or biodegradable materials

o Careful use of non-biobased materials and
substitution of high-impact materials

® Locations of sourcing

i

Feedstock Sourcing

© Resource- and energy-efficient manufacturing
processes

* Minimize toxic and hazardous process
materials

3

Production

© Reduce energy consumption/increase energy
— efficiency during use
o Lifetime optimization

Use

® Reuse, repairability, recycling, & circularity
— e Biodegradability
e E-waste management

End-of-Life

FIGURE 6. A summary of the best practices reviewed and recommended
for each lifecycle stage of an electronic.

However, low-cost, disposable PEs pose challenges,
as reuse is often impractical, and economic factors may
favor new production over recovery. Establishing reverse
logistics and manufacturer-supported e-waste collection can
improve recycling for such devices [121]. CircEl-paper
(Table 2) exemplifies this approach by designing PCBs com-
patible with established paper recycling systems, leverag-
ing Europe’s well-established paper recycling infrastructure
(~70.5% recycling rate, targeting 76% by 2030 [122]) and
strong market for secondary raw pulp material. Moreover,
the collection, recovery and sorting systems are capillary,
efficient and cost-efficient, because they manage large quan-
tities of material. By ensuring that all materials and processes
in the CircEl-paper project are compatible with the paper
recycling stream, the project safeguards both the recycla-
bility of paper substrates and the recovery of metals at the
EoL stage. The quality of recycled materials is assessed
using international standards, and their suitability for reuse in
printed electronics is experimentally validated. Alternatively,
ECOTRON (Table 2) develops a conceptual blueprint for
printed electronics recycling plant, integrating multiple dis-
mantling and recycling technologies applicable to various use
cases (consumer, wearable, smart packaging, and medical).

2) BIODEGRADABILITY
Biodegradability offers a viable EoL solution for cer-
tain electronics, particularly short-lifespan, low-value,
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TABLE 9. A summary of reviewed best practices and accompanying examples from the projects listed in Table 2 for the EoL phase of an electroni’s
lifecycle. The absence of a specific example from a project for a given best practice does not necessarily indicate that the project is not following the best
practice. The righthand column highlights electronic types or components explicitly referenced in the reviewed best practices or project examples. While
these components are directly affected by the design approaches discussed, other components may also benefit.

Best Practices in the Lifecycle Phase: EoL Components/
Reuse, Repairability, Recycling, & Biodegradability E-Waste Management El?CtFOUiCS
Circularity Discussed

SUSTRONICS Explores improved e-waste processing Exploring the impact of Electronics

to improve material recovery and
recycling rates

electronic components on
biodegradable substrates

(general), substrates

CircEl-paper Designs PCBs compatible with

established paper recycling systems

Exploiting existing PCBs
material streams like
paper recycling

ECOTRON Develops a conceptual engineering and
upscaling blueprint of a printed

electronic recycling plant

Setting up an evaluation
protocol for compostable
electronics

Electronics
(general), substrates

or non-recyclable devices, such as those in Category 5 (Small
Devices, including medical and low-cost disposable electron-
ics) [123]. By aligning the decomposition time of materials
with the comparatively short lifespan of modern electronics,
biodegradable materials can help reduce e-waste and plastic
pollution while addressing the mismatch between conven-
tional long-lived plastics and increasingly short electronic
use durations. For materials prone to forming microparti-
cles, biodegradability, even at slower rates, can mitigate
the long-term environmental damage caused by persistent
particles.

However, biodegradability introduces challenges and is not
universally preferable for green electronics [62]. Biodegrad-
able materials often require specific environmental condi-
tions such as industrial composting facilities with controlled
temperature, humidity, and microbial activity for effective
degradation [76]. These conditions are frequently unavail-
able, and the presence of coatings or embedded electronic
components can further impede biodegradation [62]. Addi-
tionally, certain materials, such as silver and copper used
in electronic tracks or adhesives, can inhibit biodegradabil-
ity due to their antimicrobial properties [124]. Projects like
SUSTRONICS (Table 2) are exploring these interactions
in greater detail to better understand the impact of elec-
tronic components on biodegradable substrates. ECOTRON
(Table 2) is also focused on compostability as an EoL option
by setting up an evaluation protocol for compostable electron-
ics including the design consideration and testing procedures.

In some cases, prioritizing biodegradability is neither
environmentally nor economically viable. Durable, high-
performance applications, such as automotive in-mold
systems, benefit more from reuse or recycling strategies.
Additionally, some recycling processes are so efficient that
even petrochemical-based materials, like rPET, can have a
lower emissions footprint than biobased alternatives. For
example, Shen et al. reported that the global warming poten-
tial (GWP100a) of 1 kg rPET (amorphous granulate, cradle-
to-factory gate) was 1.01 kg CO2-eq./kg, compared to 1.36 kg
CO2-eq./kg for maize-based bio-PET, 1.03 kg CO2-eq./kg
for sugarcane-based bio-PET, and 1.30 kg CO2-eq./kg for
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one form of PLA [125]. Large-scale composting also raises
concerns about resource efficiency if valuable metals in elec-
tronic components are lost. While biodegradability helps
mitigate e-waste, it can introduce trade-offs in different envi-
ronments. In landfills, anaerobic degradation of biomaterials
generates methane (CH4), a potent greenhouse gas, whereas
incineration produces only CO2, which has a lower global
warming potential. In such cases, recycling may be the more
sustainable option [62].

Biodegradability is a useful strategy for select applications.
However, for electronics containing critical metals like silver
or copper that are not separated before disposal, recycling
remains the most effective solution for minimizing environ-
mental impact and ensuring resource recovery.

3) E-WASTE MANAGEMENT

Managing e-waste effectively remains a challenge as elec-
tronics become more diverse and increasingly integrated into
non-traditional products [12]. Many emerging technologies
do not align with existing recycling models, complicating
waste processing. While reuse and recycling are critical
to reducing environmental impact, centralized systems for
collection, processing, and recycling require coordination
beyond designers and manufacturers. For non-industrial
applications like consumer electronics, successful e-waste
management therefore depends heavily on consumer partic-
ipation and political commitment to develop and optimize
recycling infrastructure [126].

In Europe, current waste processing schemes may need
adaptation to accommodate emerging technologies like
hybrid PEs, particularly in non-traditional applications such
as smart packaging and clothing. These products often fall
outside or across multiple regulatory frameworks, like the
WEEE Directive [7], [12], and their unique material composi-
tions and embedded functionalities may complicate sorting,
disassembly, and recovery processes. Established recycling
systems may struggle to handle these innovations efficiently,
necessitating advancements in collection methods, process-
ing technologies, and regulatory clarity to ensure proper
material recovery and environmental safety.
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For products using commonly recycled materials, such as
paper-based PEs, existing material streams may be leveraged,
as explored in the CircEl-paper project (Table 2). However,
ensuring valuable materials, such as silver from conductive
tracks, are recovered and redirected into appropriate recycling
loops again remains a challenge. Without proper adaptation,
integrating electronics into traditional waste streams could
lead to inefficiencies and economic losses.

VIl. CONCLUSION

The primary goal of this work was to review and discuss best
practices for developing greener electronics (Figure 6) that
align with a newly defined concept of the same.

The best practices presented in this work highlight the
multifaceted challenges and opportunities associated with
advancing greener electronics. The following conclusions
and recommendations outline pathways for stakeholders
(including researchers, manufacturers, and policymakers) to
drive progress toward this goal.

A. RECOMMENDATIONS FOR RESEARCH AND INDUSTRY

e Prioritize circularity in design and EoL. management:
Focus on electronics that integrate into existing recy-
cling streams (paper, metal, plastic) by using design-
for-disassembly and design-for-recycling principles.

e Develop biodegradable and compostable solutions:
While biodegradable electronics are not universally
suitable, their role in addressing disposable applica-
tions warrants further investigation. Research should
focus on creating materials capable of readily degrad-
ing under ordinary/standard environmental conditions,
while still retaining electronic functionality during the
use phase.

e Improve recycling technologies: Develop improved
recycling methods through industry-academia
collaboration.

B. POLICY RECOMMENDATIONS
Translating these best practices into policy requires the
expansion and harmonization of e-waste regulations to
accommodate emerging technologies like hybrid PEs
and electronics embedded in unconventional applications.
Suggested policy actions include:

e Expand the scope of e-waste regulations to emerg-
ing technologies: Broaden and harmonize policies to
include emerging technologies like hybrid PEs and
electronics in smart packaging and clothing, ensuring
proper classification and processing under directives
like WEEE.

e Support R&D for enhanced recycling systems: Pro-
vide financial and regulatory backing for innovations
that improve recycling systems and critical material
recovery rates.

e Incentivize ecodesign adoption: Offering tax breaks,
subsidies, or other incentives for manufacturers imple-
menting ecodesign principles or producing recyclable

VOLUME 13, 2025

and repairable electronics can encourage sustainable
practices across the industry.

e Promote sufficiency in electronics production and use:
Consider policies that promote the creation and uti-
lization of novel applications for electronics only
when they offer significant social or environmen-
tal benefits, reducing unnecessary production and
consumption.

C. BALANCING SUSTAINABILITY AND ECONOMIC
CONSIDERATIONS

Economic feasibility remains a significant barrier to
widespread adoption of greener technologies. Competition
in pricing for both bio-based and recycled plastics versus
petrochemical materials is challenging and requires volume
scaling, efficient production, marketing, and legislation to
realistically link the costs of climate change to petrochemical
materials [127]. Achieving balance requires:

e Scale production to lower costs: Scaling up the pro-
duction of biobased and novel materials can help
reduce their costs, making them more accessible and
competitive with conventional materials.

e Internalize environmental costs of conventional elec-
tronics: Legislative frameworks should aim to internal-
ize the environmental costs of conventional electronics,
for example, by imposing carbon taxes or requir-
ing companies and consumers to pay for e-waste
recycling.

D. LIMITATIONS

Sustainability in electronics is a shared responsibility.
It requires coordinated efforts between researchers to inno-
vate, manufacturers to adopt greener practices, and policy-
makers to create an enabling environment for sustainable
transitions. Assessing sustainability is also complex, as opti-
mal solutions vary by application, function, and supply
chain. Rather than a one-size-fits-all approach, this work
emphasizes tailored strategies. While primarily focused on
environmental sustainability, it also acknowledges the social
benefits of greener electronics, such as healthcare applica-
tions that reduce energy consumption and improve patient
outcomes through smarter monitoring.

While this work is grounded in EU policy, regulatory
structures, and research initiatives, the framework for greener
electronics presented here is relevant beyond the European
context. The core principles, such as circularity, material
safety, energy efficiency, and designing for EoL, can serve
as a foundation for similar efforts globally. Translating this
framework to other regions requires adapting to local regula-
tory landscapes, infrastructure capabilities, and supply chain
realities. In lower- and middle-income countries, for example,
integration with informal e-waste sectors and investment in
safe recycling infrastructure may be essential. In regions
with strong manufacturing capacity, focus could be placed on
ecodesign, green supply chains, and material standardization.

117153



IEEE Access

K. Vogel et al.: Defining and Achieving Next-Generation Green Electronics

International collaboration and alignment of sustainability
criteria across borders could further accelerate progress,
helping to shape cohesive global strategies for greener elec-
tronics development.

Additionally, while the best practices discussed in this
work are highly relevant for electronic components like sub-
strates, they do not necessarily apply to areas such as optical
equipment or all active components. These aspects are not the
primary focus of the projects involved in this work, not due
to a lack of interest but rather due to differing research pri-
orities. As a collective, these projects offer valuable insights
within their areas of research but do not represent every
sector of electronics. Identifying these research area gaps is
important for future EU initiatives, as a more detailed explo-
ration of these areas could help shape more comprehensive
sustainability strategies for electronics.

Finally, while the unified definition of green electronics
proposed in this work addresses a critical terminological gap,
it also contributes to the development of a broader concep-
tual framework for sustainable electronics. Specifically, this
definition is grounded in and made actionable through a
structured set of best practices that span the entire electronics
lifecycle. These best practices reflect core principles of estab-
lished sustainability frameworks such as circular economy,
green chemistry, and sustainable supply chain management.
As such, they collectively serve not only as practical guid-
ance, but as a form of applied framework that operationalizes
the definition of green electronics in line with life cycle
thinking. In doing so, this work supports the integration of
green electronics into larger theoretical constructs, such as
circular electronics systems or sustainable value chains, and
provides a foundation for future research that aims to further
formalize these links.
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