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Modern electrical infrastructure relies heavily on insulation materials. Critical examples include polyimide 
films in microelectronics, epoxy resins in transformers, silicone rubber on outdoor insulators, and polyolefins 
in power cables. These solid insulation materials have high resistivity, which provides reliable assurance of 
the safe operation of equipment and power grids. However, both their production and end-of-life disposal 
place an important environmental burden. In light of the growing prevalence of sustainability principles 
and circular economy concepts, researchers and industry experts are re-evaluating every stage of the 
insulation life cycle. This includes synthesis processes, raw materials, energy consumption, and generation 
of toxic by-products, alongside performance durability and health impacts during use. Ultimately, disposal 
or recycling methods must also be considered.

Adopting a Life Cycle Perspective

   Sustainability in polymer insulation demands considering 
impacts at each phase ( Fig. 1 ). Raw material sourcing is pivotal. 
Conventional petrochemical monomers contribute to greenhouse 
emissions and resource depletion, whereas bio-based feedstocks 
or abundant minerals (for silicones) can reduce the carbon foot-
print [  1 ]. For instance, producing polyethylene from renewable 
sugarcane ethanol can remove more CO2 than it emits [  2 ]. 
Manufacturing processes also matter. Polymerization routes often 
involve hazardous solvents or catalysts. For example, polyimide 
precursor resins traditionally use polar aprotic solvents like 
﻿N-methyl-2-pyrrolidone, which poses health and environmental 
risks [  3 ]. Replacing such chemicals with greener alternatives or 
solvent-free routes improves the sustainability profile. During the 
usage phase, high-performance insulation materials can improve 
the service life of equipment by healing defects during operation 
to achieve sustainability. However, the optimization and simpli-
fication of healing conditions seem to be the key to material 
design [  4 ]. Finally, for insulators based on thermosetting materi-
als, the end-of-life stage can be considered their fatal weakness. 
Thermally cross-linked polyimides, epoxy resins, and silicone 
rubbers do not melt and are difficult to recycle. If landfilled, they 
can persist for centuries. Incineration can recover energy but may 
release harmful compounds, especially halogenated polymers. 
The ideal vision is a circular economy for insulation materials, 
where polymers are either recyclable into new products or bio-
degradable/compostable after fulfilling their purpose. The core 
challenge of recent research efforts is to achieve this goal without 
compromising strict electrical and thermal performance [  5 ].        

   Among all material categories, some cross-disciplinary 
design strategies are emerging. One of them is to use monomers 
from renewable/biological sources to replace petrochemical 
precursors while achieving comparable polymer properties. 
Another strategy is to introduce dynamic or degradable bonds 
into polymer networks to achieve healing, reprocessing, or 
chemical recycling of thermosetting materials. The third strat-
egy is to eliminate harmful substances from the formula, for 
example, shifting toward halogen-free flame retardants and 
solvent-free processing, to reduce the environmental impact 
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Fig. 1. Conceptual diagram of eco-friendly dielectric design throughout the entire 
life cycle.
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during the production process and the impact in case of fire or 
disposal. Importantly, these innovations must transition from 
laboratory-scale feasibility to industrial-scale manufacturing 
(lab to fab) to have a real impact.   

Lab to Fab
   In recent years, a major technological advance has been the 
move toward thermoplastic high-voltage (HV) cable insulation. 
Researchers and industry leaders have demonstrated that poly-
propylene (PP)-based compounds formulated for this purpose 
can replace cross-linked polyethylene in medium-voltage and 
HV cables, offering equivalent electrical performance and being 
fully recyclable. Several groups achieved PP-based insulations 
that pass the stringent electrical tests for HV cables [  6 ,  7 ]. This 
new type of cable insulation material avoids peroxide cross-
linking and has a faster processing speed. This not only saves 
energy and time during production, but this also means that 
when the cable reaches the end of its service life, its polymers 
can be melted down and reprocessed. The alliance also empha-
sizes that even if recycled PP is downgraded and processed into 
other products, it is feasible, which helps achieve the goal of 
circular economy.

   Now, with better materials science and the imperative of sus-
tainability, the lab-to-fab transition is finally happening for ther-
moplastic HV cables. The move from cross-linked polyethylene 
to thermoplastic PP insulation in HV cables is a flagship example 
of translating lab innovation into an industrial solution that 
checks all sustainability boxes. This shows that even established 
sectors such as the power cable industry can evolve in response 
to environmental concerns. Remaining challenges include ensur-
ing that new materials meet all reliability requirements and estab-
lishing the logistical framework to reclaim and recycle materials 
after 30 to 40 years of use. However, given the progress made 
in recent years, it is optimistic to believe that polyolefins will 
increasingly become part of a closed-loop economy for electrical 
infrastructure. This demonstrates the proactive transition of tra-
ditional industries toward a green circular economy. Achieving 
this sustainable objective requires interdisciplinary collaborative 
innovation as its foundation.   

Future Directions and Perspectives
   Providing green and sustainable insulation materials is a mul-
tidisciplinary challenge that requires innovation in chemistry, 
materials science, and industrial engineering, guided by envi-
ronmental science and policy. We will outline key future direc-
tions and considerations for achieving sustainable advanced 
dielectrics.

   Service life: The development of next-generation sustainable 
insulation materials will consider their lifespan from the outset. 
This means selecting polymer chemical compositions that can 
be depolymerized or reprocessed. Where feasible, reversible 
bonds should be incorporated, including copolymers and bio-
degradable linkers. At the same time, any factors that hinder 
recycling should be avoided, such as toxic additives or excessive 
compounds. For example, future epoxy or polyimide systems 
may utilize dynamic covalent bonds (reversible chemical bonds 
that allow reprocessing) to achieve self-healing and recyclability, 
as demonstrated at the laboratory scale [  8 ,  9 ]. Similarly, ther-
moplastic solutions are preferable to thermosetting solutions 
where performance permits. Modular design concepts can also 

be beneficial. If an insulation component can be easily separated 
from the rest of the device, it is easier to replace or recycle with-
out discarding the entire component.

   Recycling technologies: Continuous research and develop-
ment of recycling processes specifically targeting insulation 
polymers is of critical importance. This includes catalytic 
pyrolysis for silicones and cross-linked hydrocarbons, solvent-
based decomposition methods for thermosetting materials, and 
improved mechanical recycling for thermoplastic materials 
(efficient sorting, cleaning, and re-extrusion, as well as perfor-
mance restoration). However, catalytic pyrolysis has high energy 
consumption and investment, but its processing capacity is 
large and scalable. The solvent method has mild conditions and 
low energy consumption, but the cost and recovery of solvents 
limit its large-scale application. Each cost-effectiveness needs 
to be optimized. Furthermore, the development of selective depo-
lymerization technologies is of great interest, such as chemicals 
that can break down specific polymer types under moderate 
conditions. Similarly, biological recycling, such as enzymes or 
microorganisms that can digest polymers, is also an area of 
focus. In the field of chemical reuse, such as converting poly-
mer waste into higher-value materials, there may also be poten-
tial applications [  10 ,  11 ].

   Life cycle: The development of sustainable materials must 
be guided by quantitative life cycle assessments to avoid the 
pitfalls of shifting burdens. For example, a bio-based monomer 
that requires a very complex processing procedure may gener-
ate more emissions than the petrochemical product it replaces. 
Similarly, adding a recycling step that consumes large amounts 
of energy or harmful chemicals may offset the environmental 
benefits. Therefore, it is extremely important to focus on life 
cycle assessments in the early stages of insulation material 
research and development. Moreover, eco-friendly insulation 
materials exhibit electrical properties comparable to those of 
their traditional counterparts, although their heat resistance is 
typically inferior and their mechanical strength may be slightly 
weaker. This shortcoming necessitates compensation through 
the incorporation of fillers or modification techniques.

   Alternatives: In some cases, sustainability may also mean 
using alternative insulation materials. For example, there is 
cellulose-based insulation paper for transformers, as well as 
lignocellulosic paper for purification [  12 ,  13 ]. These materials 
are bio-based and have established recycling (or biodegrada-
tion) pathways. Improvements can also be made to impregnat-
ing agents, such as biodegradable natural ester oils. This novel 
natural ester oil is eco-friendly, boasts a long service life, 
and exhibits outstanding high-temperature resistance. Even 
HV insulation systems can be primarily composed of renew-
able, biodegradable components. Perhaps for a specific applica-
tion, the optimal sustainable solution is not to tweak existing 
polymers but to completely replace them with a different insu-
lation material. For example, the use of sulfur hexafluoride 
(SF6) gas in switchgear has prompted the search for alternatives 
to vacuum or solid insulation materials [  14 ].

   Interdisciplinary: The search for sustainable insulation materi-
als requires close collaboration between electrical engineers, 
chemists, and environmental scientists. Electrical engineers set 
performance targets and test protocols. Chemists and materials 
scientists design formulations to meet these targets. Environmental 
scientists ensure that these formulations achieve the goal of 
reducing impact. They work together, continuously improving, 
to find the best solutions.
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   Performance and safety: Not every green material is superior 
in every aspect. Durable insulation materials help improve the 
safety and reliability of power systems [  15 –  19 ]. Any new sus-
tainable material must meet or exceed the performance levels 
of existing materials to be viable. Early adoption is likely to 
focus on areas where sustainability can be achieved without 
compromise. For example, recyclable PP cables not only offer 
recyclability but also accelerate production speeds and may 
have higher current ratings. Such a win-win situation will drive 
initial success. In more challenging areas, replacing traditional 
materials with the goal of meeting stringent requirements may 
require more time.

   Policy and producer: The regulatory framework will have an 
important impact on the sustainability of materials. Certain bans 
and restrictions are gradually phasing out some chemicals. For 
example, materials based on bisphenol A in food environments, 
specific siloxanes (D4, octamethylcyclotetrasiloxane) in con-
sumer products, and brominated flame retardants in electronic 
devices. These regulations often promote innovation by forcing 
the search for alternatives. In the field of electrical insulation, 
extended producer responsibility laws may require manufactur-
ers or utilities to recycle insulation materials at the end of a 
product’s lifespan. Standards and procurement policies can also 
play a role. If green public procurement guidelines stipulate that 
new infrastructure must use recyclable or bio-based insulation 
materials with a certain content, this would create market pull. 
Industry alliances may also establish voluntary standards for 
“eco-friendly insulation materials”, specifying criteria for their 
composition and recyclability. Another policy aspect involves 
incentives for using recycled materials. For example, tax credits 
or subsidies could be provided for cables containing recycled 
polymer components. On the other hand, waste bans, such as 
prohibiting the landfilling of large composite structures, would 
encourage the establishment of recycling channels. The policies 
can both provide incentives and set restrictions to accelerate the 
adoption of sustainable materials.

   Economic: Finally, for sustainable insulation materials to 
flourish, they must be economically attractive. This is becoming 
increasingly apparent as environmental costs are factored into 
the equation. The need to pay disposal fees or regulatory fines 
for nonrecycled materials may promote the development of 
recyclable materials. Similarly, if a carbon tax is implemented, 
bio-based polymers may gain a cost advantage. Additionally, 
becoming a leader in sustainable technology can attract inves-
tors and customers who prioritize environmental, social, and 
governance factors. Circuit boards and components that are 
halogen-free and contain recycled materials may attract more 
investor attention. Although the electrical insulation industry 
has traditionally been conservative, it is inevitably influenced 
by these trends.

   The field of electrical insulation materials is on the verge of 
a green transformation. Representative success stories such as 
recyclable wind turbine blades and thermoplastic recyclable 
cables demonstrate that sustainable high-performance insula-
tion materials are not only feasible but are also being realized 
[  20 ]. The journey from laboratory discovery to full-scale indus-
trial application is fraught with challenges, but the progress 
made to date gives us reason for optimism. By continuing to 
integrate green chemistry, leveraging interdisciplinary collabo-
ration, and aligning with forward-thinking policies, researchers 
and engineers can provide sustainable insulation materials for 
the electrical sector.   
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