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In the search for insulation quality improvement techniques, it is 
imperative to recognise the need for compliancy with the concepts 
of clean energy and enviroFiciency. Nanodielectric insulation 
technology, in that regard, is a promising solution.

It is common knowledge that we live in an era where environmentally 
sustainable and smart technologies are no longer optional but a 
necessity. In the electricity industry the buzz words are: Smart grids 

and clean/green energy. The focus on smart and green technologies is 
so intense that there is danger in overemphasising the ‘end product’ 
at the expense of the underlying older systems that form the founda-
tion on which these new technologies are built. As an example, in the 
quest to be completely green in energy sources, the wellbeing of power 
transmission and distribution systems that transfer energy from source 
to point of usage could be overlooked as far as compliance to greener 
technologies is concerned. Similarly, in the desire to develop smart 
power grids, the focus could be too concentrated on the intelligent 
functionality of electric power grids at the expense of the fundamental 
functionality of the electrical equipment.

Critical in the fundamental functionality of any electrical equipment 
is the insulation. It has been reported that rotating machines’ insulation 
faults account for about 30 - 40% of total machine faults [1]. Similarly 
40% of power transformer and shunt reactor outages are associated 
with insulation failures [2]. Since a chain is as strong as its weakest link, 
the reliability of an item of electrical equipment is largely dependent 
on its most vulnerable part - the electrical insulation. It goes without 
saying therefore that development of enviroFicient technologies in the 
electricity industry should incorporate insulation technology.

This brief review of conventional electrical insulation technology 
highlights the major performance limitations. Speculation on the future 
trends in electrical insulation development is presented especially 
on how it will be shaped by the present hype on clean energy and 
enviroFiciency.

Conventional electrical insulation
The concept of electrical insulation is as old as the discovery of the 
electricity phenomena. One could therefore be inclined to assume 
that the science and technology of electrical insulation is mature; this 
however, is far from the truth [3]. Like chasing after a moving target, 
the challenges that electrical insulation techniques seek to address 
are ever-changing.

Since its genesis in telegraphy and other electrical apparatus in the 
1800s [4], insulation technology has evolved to cope with the increas-
ing performance demands such as increasing voltage rating, reliability, 
safety and economic viability. Material scientists and engineers’ exper- 

Equipment 

type

Insulation type Key performance 

requirements

Power 
transformer

Mineral oil and 
oil-impregnated 
solid insulation

* Electrical insulation and cooling 
* Endurance to cyclic thermal  

stress
* Withstand mechanical shock  

stress caused by inrush and 
fault currents

* Withstand vibration stress
* Withstand electrical discharges

Rotating 
machines

Windings cast 
in epoxy-based 
insulation

* Withstand vibration stress
* Endure cyclical thermal stress
* Withstand electrical discharges

Power 
cables

Extruded 
polymer solid 
insulation
Oil-impregnated 
paper insulation
Pressurised oil 
insulation

* Withstand cyclic thermal loading
* Immunity to moisture contami- 

nation
* Due to confined space between  

electrodes, the insulation should  
be able to withstand high 
electric  
field strength

Power line 
equipment

Polymer com-
posites, ceramic 
and glass insula-
tors

* Support mechanical loads 
* Endure insulation surface 

contamination
* Light weight requirements
* Non-fragile

Substation 
equipment 

Oil, gas insula-
tion such as 
SF6, vacuum 
with polymer or 
ceramic insula-
tion

* Endure insulation surface 
contamination

* Ability to quench arcs
* Mechanical support

Table 1: Typical electrical equipment and corresponding typical insulation.

tise have been harnessed to develop insulation that meets the needs 
of the electrical industry. Through service, field experience, systematic 
laboratory tests and field-based research, electrical insulation technology 
has evolved over the years such that the present status is generally 
optimal with reference to old requirements. Although there are varia-
tions depending on specific applications, the type of insulation used in 
typical electrical equipment is as indicted in Table 1.

In the early years of electrical insulation developments, the insula-
tion material was mainly of organic type such as natural rubber and 
natural resins [4]. As the voltage levels increased together with other 
constraints, synthetic insulation material offered better solutions and 
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The insulation system is the most critical part of any distribution 
network. As such, we need to apply our minds to how best to 
ensure that all the new technologies we develop in this area are 
in themselves examples of responsible design – and are, in fact, 
enviroficient.
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therefore has become the default choice. Synthetic insulation manu-
facturing processes are typically energy intensive. Furthermore, the 
material is not environmentally-friendly. Insulation that is based on 
synthetic material is therefore not compatible with the concepts of 
sustainable energy and enviroFiciency.

In the beginning, electric system voltages were relatively low but 
presently are in the order of one million volts [5]. At such elevated 
voltages, compounded by stringent reliability, safety, financial viability 
and environmental compatibility requirements, the capabilities of the 
conventional insulation technology have been stretched to the limits.

The function of an insulator is to electrically and mechanically isolate 
points that are at different potentials. The dual functions of electrical 
insulation often pose conflicting demands to the designer [3]. The di-
electric characteristics that guide a designer in developing or specifying 
insulation for a specific function include those presented in Table 2.   

Dc versus ac insulation 
Since the early 1900s when the General Electric Company lost the bat-
tle with the Westinghouse Company, ac technology has prevailed over 
dc [4]. As a result, insulation technology has developed to cater for ac 
applications. It is however acknowledged that in some cases such as 
transmission of bulk power over very long distances, dc technology is 
more viable than ac. In essence dc technology is making remarkable 
inroads in development of contemporary power systems. The chal-
lenge however, is that the comparatively advanced knowledge of ac 
insulation cannot be directly transferred to dc applications. Challenges 
in dc insulation technology are associated with phenomena such as:
•	 Ionic	 and	 space	 charge	 migration	 within	 the	 dielectric	 causing	

problems in managing the associated electric fields.
•	 Existence	of	static	charge	that	causes	the	insulation	to	attract	more	

pollution.

Characteristics Performance 

requirements

Design 

solution

Flashover voltage/ 
dielectric strength

Beyond the insulator voltage rating, electrical break-
down occurs over or within the insulator.

Flashover mechanism is essentially a series of electron avalanches. It 
depends on whether the insulation is gas, liquid or solid. Contamination 
is the main cause and therefore mitigations are mainly based on pollu-
tion prevention and/or making the insulation immune to contamination. 

Leakage  current 
vis-à-vis creepage

An insulator should be able to limit flow of current 
within or/and over its surface. Leakage currents are 
undesirable as they are lossy and most importantly 
deleterious.

Endeavours to limit or eliminate leakage current aim at making the 
insulation as pure as possible and also limiting insulator contamination. 
Despite various mitigation techniques, leakage current performance is 
still a limiting factor in the design and selection of insulators.

Endurance to 
contamination

Electrical equipment inevitably gets exposed to con-
tamination that compromises the insulation integrity.

While efforts can be directed at cleaning up the environment, it would 
be more sustainable if the insulation is made immune to contamination.

Dielectric losses Ideally an insulator should be non-conductive. In reality 
however, there is always a degree of charge move-
ment in the insulation under electric stress. The result-
ant dielectric losses cause physiochemical degradation 
of the insulation. 

Dielectric losses are largely dependent on the chemical structure of the 
insulation material. The insulation should therefore be designed to limit 
dielectric losses and this is normally achieved through manipulation of 
the chemical structure of the insulation. 

Permittivity The degree of response of molecular dipoles to the 
electric field is a measure of permittivity. The higher 
the permittivity the more capacitive the insulation. 
There are cases where higher capacitance characteris-
tics are desirable but most cases of insulation applica-
tions require that permittivity be minimal.

Permittivity is a function of the chemical composition of the dielectric. 
Innovative chemical engineering of the dielectric molecular structure 
would be required to lower permittivity without compromising on other 
insulation characteristics.

Endurance to 
discharges

Localised discharges occur in insulation due to stress 
enhancement defects. Once initiated, partial discharg-
es (PD) normally lead to complete insulation failure.

Total elimination of PD defects is not practically feasible. Insulation 
should therefore be able to withstand attack by partial discharges and 
this is one of the objectives in research efforts on insulation perform-
ance improvement.

Thermal charac-
teristics

Heat generated from electric currents (often in a cyclic 
manner) and dielectric losses can be deleterious to the 
insulation.

Electrical insulation should be designed to conduct away heat and also 
withstand high temperatures. This is always a challenge since in most 
cases thermal insulation is synonymous with electrical insulation.

Mechanical stress In most applications, insulators play dual roles of elec-
trical isolation and physical (mechanical) isolation.

The insulation should not buckle, crack, disintegrate or deform under 
mechanical forces. Where mechanical strength is a major factor, the 
insulation material is often cast around fibrous support cores but this 
is constrained by weight/strength relationships in some applications. 
Improvements in this area are therefore imperative.

Table 2: Characteristics of typical electrical insulation types and the corresponding design challenges. 
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•	 Voltage	division	across	the	insulation	is	through	resistances	only	
whereas in ac it includes capacitances.

•	 Chemical	degradation	becomes	more	pronounced	as	influenced	
by processes such as electrolysis.

Given the unique technical challenges in dc insulation applications, 
more research effort is required and should also be influenced by the 
need to be energy sustainable and enviroFicient. The unique chal-
lenges associated with dc insulation systems and the limitations of 
conventional insulation in general make it imperative to look for new 
solutions. Researchers are now seriously considering nanotechnology 
as a means of exploring possible breakthroughs in electrical insulation 
quality improvement.

Nanocomposite insulation
A typical sustainable source of electrical energy is wind that is 
converted to electricity through wind turbines. Where such energy 
is abundant, the turbines are installed in wind farms. For such sus-
tainable energy to be truly enviroFicient, the associated electrical 
equipment and accessories should be compliant with the concepts 
of clean energy. 

In essence, electrical energy systems should be built up of equip-
ment and components that are highly efficient, compact, highly reliable 
with long lifespans. These characteristics are largely dependent on 
the insulation technology in use. It is therefore argued that significant 
progress towards sustainable enviroFicient electrical energy can be 
achieved through boundary shifting of the present insulation technol-
ogy. In the dielectric research fraternity it is now common knowledge 
that nanotechnology has a great potential for significantly improving 
insulation quality. 

There are types of material that can be fabricated to specific 
nanoscale dimensions. When the nanoparticles are appropriately 
surface conditioned and uniformly dispersed in a host insulation ma-
trix, the resultant product can be a nanocomposite with much better 
characteristics than the original insulation [6,7,8]. The space between 
nanoparticles in the nanodielectric is the space occupied by the host 
insulation matrix and is in the order of nanometers. The physiochemi-
cal interaction between the nanoparticles and the host matrix then 
dominates the overall behaviour of the resultant composite insulation. 
In theory therefore, the interfacial characteristics can be tailored to 
achieve specific insulation characteristics; and herein lies the treasure 
of nanocomposite insulation. 

Figure 1: An illustration of the influence of surface conditioned nanopar-
ticles on the polymer chains structure of a dielelectric [9].

Figure 1 is an illustration of how the presence of nanoparticles can 
change polymer chain orientations in the insulation matrix [9]. Some 
optimists are already convinced that nanocomposites will soon be 
regarded as smart electrical insulation, that is to say, material that can 
be tuned to give specific wide ranging insulation characteristics [7]. 

While the concept of nanocomposite insulation is encouragingly 
rosy, more work is needed to bring this to reality. The knowledge to 
develop smart nanocomposite electrical insulation is still in its infancy. 
Researchers worldwide are currently in concerted efforts searching for 
good understanding of the nanocomposite insulation phenomena. So 
far a lot of work has been done in research on developing nanocom-
posites for electrical insulation. Although there are wide variations in 
research findings, there is consensus that nanocomposites can be, in 
many ways, superior to conventional insulation. 

The accumulation of various findings in nanodielectric research 
is becoming an agitated sea of information. In an effort to streamline 
and bring to some level of conclusive deductions, the Cigré WG D1.24 
published comparative tests results of studies performed on cross-
linked polyethylene that is filled with silica nanoparticles (XLPE/SiO2 
nanocomposite) [10]. 

The Cigré report is an outcome of comprehensive experimental 
investigations on the XLPE/SiO2 nanocomposite. The investigations 
were conducted by experts in research laboratories all over the world. 
The test samples were prepared by one source. In addition to high-
lighting new aspects, the Cigré study confirmed many findings that 
had already been reported elsewhere in the literature. In that regard 
a measure of confidence is placed on most of the conclusions for the 
benefit of those who cannot wait any longer to transfer the knowledge 
to the commercial domain.

A summary of the Cigré WG D1.24 as drawn from [10] is presented 
as follows:
•	 Melting	point:	The	XLPE/SiO2 has a higher melting point (by about 

2%) than pure XLPE.
•	 Permittivity:	In	the	frequency	range	10-4-103 Hz, the real permittiv-

ity of unfilled XLPE decreases with increase of temperature by an 
average of 4% and yet in XLPE/SiO2 it is the opposite. Imaginary 
permittivity of XLPE/SiO2 is however much higher than in clean 
XLPE.

•		 Space	charge:	The	creation	and	retention	of	space	charge	in	the	
XLPE nanocomposite is much less than in clean XLPE. 

•		 Dc	conductivity:	Nanofillers	significantly	reduce	dc	conductivity	in	
XLPE. More reduction is achieved with surface treatment of the 
nanoparticles. 

Ac, dc and impulse breakdown strength: There is no significant dif-
ference between the ac and impulse voltage breakdown strength of 
XLPE/SiO2 dielectric and clean XLPE. On the contrary, the dc breakdown 
strength of the filled XLPE is much higher than the unfilled XLPE. PD 
erosion and treeing life time: There is remarkable improvement in endur-
ance of XLPE/SiO2 dielectric to PD erosion and electrical tree induced 
degradation. It can be pointed out that although the characteristics 
of XLPE can be improved through filling with SiO2 nanoparticles, the 
extent of improvement may not yet be regarded as a quantum jump in 
technology. As an example, a 2% increase in melting point may not be 
big enough to make the nanocomposite the preferred dielectric over 
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conventional XLPE. The challenge therefore still lies in that the feasibility of nanotechnology as 
a tool for developing improved electrical insulation is still subject to research. We look foward to 
the day when there will be a guideline on selection of smart nanocomposite insulation; a guide 
similar to the present Cigré WG C4.303 guidelines for selection and dimensioning of outdoor 
insulation in polluted conditions. When that occurs, then the concept of enviroFiciency would 
have permeated to not so obvious but important areas of technology.

Conclusion
There are shortfalls in the present state of electrical insulation performance although the technol-
ogy has evolved remarkably over the years in response to the increasing demand on performance 
quality. Further improvement in the insulation technology should be pursued in the context of 
clean energy and enviroFiciency philosophies and in that regard nanocomposite dielectrics are 
an attractive option. 
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