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This article examines the primary components in a typical 
commercial, industrial or mining electrical distribution network 
from the point of view of energy losses. It shows how system design 
considerations impact on energy efficiency. It provides alternative 
or greener solutions for further reductions in energy loss, yielding 
huge savings over the lifetime of the network.

 

Typically power is supplied, in the Republic of South Africa (RSA), 
by the national supplier (Eskom) or one of the municipalities. The 
incoming power is supplied by means of either overhead lines or 

cables and usually via links and or medium voltage (MV) switchgear. A 
switchgear building has to be erected, by the owner, and be situated 
in a convenient place to ensure 24 hour access by the supply authority, 
usually on the perimeter of the owner’s property. The switchgear is 
usually housed in a switchgear building and it is the responsibility of 
the owner to distribute the power from the switchgear building into 
his premises. 

The power supplied, maximum demand, kVA and kVAR is metered 
by means of the supplier’s metering system, which is housed in the 
switchgear building. At distribution level Eskom usually supplies electri-
cal power in the voltage range 11 to 33 kV. Municipalities, on the other 
hand, usually supply electrical power at either 400 V or 11 kV.

Most medium to small users make use of 400 V, 525 V or 3 kV 
within their plant, which means the need for a transformer to drop the 
incoming voltage when it is supplied at a higher voltage. 

It has been standard practice to place the transformer, which re-
duces the incoming voltage, in a transformer house adjoining the switch-
gear building. The power is then distributed, via low voltage cables, to 
the load centres. The three basic system components are therefore:
•	 Incoming	MV	and	outgoing	LV	switchgear
•	 Distribution	transformer
•	 Low	voltage	cable	network

The old rule is still true today. You cannot move or transform anything 
without work having to be done. Electricity obeys the same rules and 
therefore when voltage and current are transformed by means of a 
transformer, losses are incurred.  There are two primary losses: One 
from the current flowing through the conductors of the transformer; 
and the other in the iron (magnetic core). The power losses in the core 
iron are relatively independent of load:

Iron Power Losses = Pi = Watts

The power losses in the conductor are load dependent and calculated 
with the following formulae:

Copper Power Losses= I2R = Watts
Where I = current and R = resistance

To convert the power into energy we multiply the calculated watts 
with time:

W x time = Energy

Of the three basic system components, the switchgear has the low-
est losses because the resistance is kept very low. All the electrical 
components are constructed with heavy conductors due to possible 
fault currents thereby reducing the resistive components.

The transformer is made up of conductors wound around a lami-
nated iron core. This means that the two major losses are I2R  and Pi. 
The transformer has additional losses Pi (iron losses) that the other two 
do not have. The low voltage cables are the last of the components and 
distribute the total power at low voltage and high current. The major 
losses are therefore I2R when on load. Of the three components, the 
low voltage component, offers the greatest potential for energy savings. 

As an example, a 1 000 kVA 11 000/400 V distribution system will 
be considered to illustrate actual costs and savings. The average loading 
of the system will be assumed to be 50% and the cost per kWh, R0,53.

The 11 kV cable will be 1 x 25 mm2 x 10 m in length and the 
400 V cables will be 4 x 185 mm2 x 150 m in length.

Energy savings can easily be achieved by installing a low loss 
transformer. A low loss transformer is more costly than a standard 
transformer because in a low loss transformer the conductor section 
is greater, using more copper or aluminium and the iron core makes 
use of a higher quality and thinner grade of steel. There are many vari-
ables but it would not be unusual to find that a low loss transformer 
is approximately 15% more expensive than a standard transformer.

This means that the initial cost of say R180 000 for a standard 
transformer becomes R207 000 for a low loss transformer. In this 
example, the cost of energy losses per year for a standard transformer 
is R32 285 and that of a low loss transformer R30 178. The saving is 
therefore R2 107 per year, giving a payback of 12,8 years. This will 
seldom be of economic interest. 

Another possible area to save energy is to use larger section or 
more cables, say five cables instead of four of the same section, thereby 
effectively reducing the cable resistance and hence losses. The cost 
of 4 x 185 mm2 cables is about R402 000 and the energy losses per 
year are R24 843, whereas the cost of 5 x 185 mm2 is about R503 000 
and the energy losses per year are R19 874.The cable price difference 
is R101 000 and the energy price difference per year is R4 969. This 
amounts to a payback of 20 years. Whilst technically feasible, this is 
an even less attractive economic proposition. So how can you save 
really useful amounts of energy?  The answer lies in the system design.

Saving energy in electrical 
distribution networks
By M Kuisis and JF Kotze

Not all the power you consume is converted into useful work. As soon 
as you have current flowing you have losses in the distribution network. 
Understanding and controlling those losses can save you significant 
amounts of energy and money.
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System design and losses

Traditional approach
The most influential person in the creation of the electrical system 
is the design engineer. He is responsible for choosing the most cost 
effective, well engineered reticulation solution. He will consider the 
voltage, current and maintenance schedules of all of the switchgear 
in the switchgear building as well as all the distribution boxes in the 
reticulation system. Included in the design will be the protection sys-
tem to safely isolate power in the event of faults such as over-current, 
single phasing, earth fault and low voltage. He will choose the correct 
transformer, standard or low loss, of a rating to match the expected 
maximum demand. He will also take into consideration the usage factor 
in choosing the components of the reticulation system.

The design and placement of a transformer house or yard is 
sometimes the most critical of all the design parameters. Oil-filled 
transformers are a fire risk and there can be a loss of oil due to various 
other factors. The placement of the transformer house or yard must 
be such that there is no possibility of damage due to trucks or cranes 
malfunctioning. It must also not be in the vicinity of hazardous chemicals 
or flammable liquids. Another design consideration is the fire protection 
that has to be installed in the event of a mishap. The oil-filled transformer 
requires a catchment area that will contain the total volume of oil in 
the transformer as well as the conservator tank in the event of fire, 
explosion or accidental oil leakage. These are some of the reasons why 
a transformer house or yard is usually placed on the perimeter and, by 
implication, relatively quite a distance from the load.

The designer will keep all the above in mind and attempt to place 
the transformer as close to the load as possible. The minimum size 
of the low voltage cables is determined by the projected peak load 
(maximum	demand)	it	will	be	supplying.	Length	may	also	be	a	factor	
to avoid excessive voltage drop. The shorter the cable and larger the 
cross section of the cable, the lower will be the cable resistance and 
therefore the losses and voltage drop. The designer will also try to 
locate the transformer house so as to reduce the high cost of the low 
voltage cables. However, there is always a fire risk with a conventional 
oil-filled transformer as well as a risk of an explosion. The oil transformer, 
and its inherent risk profile, limits the options for placement of the 
transformer house. 

Alternative ‘green’ approach
The ‘Green Approach’ is one whereby the power required by the load 
is delivered with minimum impact on the environment. This means that 
each component is investigated and manufactured in such a way that 
the total impact on the environment is reduced or eliminated.

The very first transformers were air-cooled dry-type transformers. 
They were simple in design and construction and were adequate for 
the low voltages employed. As the need for higher voltages grew with 
higher ratings, the dry-type transformer construction became a limiting 
factor and could no longer be used. This led to the introduction and 
employment of the oil-filled transformer. The oil-filled transformer could 
withstand the higher voltages, with improved cooling, and overcame 
the limitations of the dry-type. It remains the standard for large power 
transformers today. However, oil introduces the risk of fire and explo-
sions. Special precautions have to be taken if the transformer must be 

located close to the load. Transformer oils that are non-flammable are 
either environmentally unfriendly or very costly. Industry demanded 
transformers that did not have all these problems and risks. 

The availability of improved insulations re-established the use of 
dry-type transformers for small power transformers (up to a few MVA). 
The basic design of the windings in these open ventilated dry-type 
transformers was not altered and therefore the mechanical and electri-
cal stresses remained a limiting factor as before. A radical re-design 
was initiated and led to the development of the cast resin dry type 
transformer. The configuration of the winding was re-designed, which 
lowered the internal voltage stresses. The air was replaced by casting 
the coils in a solid epoxy resin to improve cooling and permit higher elec-
trical stresses. At the same time, problems with mechanical stresses 
exerted inside the coils was addressed by making use of aluminium 
windings. The greater thermal expansion of copper windings imposes 
very high mechanical stresses on the insulation in the coils. This was 
solved by employing aluminium windings that had a co-efficient of 
expansion closer to that of the casting epoxy resin than that of copper.
•	 Aluminium	linear	expansion:	24	x	10-6 /°C
•	 Copper	linear	expansion:	17	x10-6 /°C
•	 Epoxy	resin	linear	expansion:	38	x	10-6 /°C 

The result is a fire retardant cast resin transformer that solves the 
problems of the oil filled transformer because of these design features:
•	 No	fire	risk
•	 Low	smoke	emission
•	 Non-explosive
•	 High	impulse	voltage	withstand
•	 Low	internal	PD
•	 Maintenance	free

Where maintenance is an issue the expected life can be in excess of that 
of the oil-filled transformer. This cast resin transformer can be placed 
as close as is practical to the load without risk of fire or explosion and 
without the cost and complications of a remotely situated transformer 
enclosure. The previous example will now be reviewed making use of the 
ability of the transformer to be placed in the proximity of the load.  This 
means that the 11 kV cable can now be 1 x 25 mm2 x 150 m in length 
and the 400 V cables will be 4 x 185 mm2 x 10 m in length. 

A comparison of the energy losses in the cables at present costs 
by using the ability of the cast resin transformer to be placed in the 
proximity of the load is given in Table 1. The transformer losses are 
the same and do not affect the calculation.

 

Energy Cost per Year

Item Oil-filled Cast Resin

MV cable R67 R1 007

LV	cable R24 843 R1 656

Total energy cost R24 910 R2 663

Savings/year R 22 247

Savings over 30 years R667 411

Savings (%) 114,3%

Table 1: Comparison of energy losses.
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Interestingly, this benefit is not obtained by having to make an invest-
ment! In fact there is a significant capital cost benefit as shown in 
Table 2.

Capital Cost

Item Oil-filled Cast Resin

Transformer R180 000 R207 000

MV cable R  2 030 R 30 450

LV	cable R402 030 R 26 800

Total R404 060 R 264 250

Savings (R) R319 810

Savings (%) 54,8%

Table 2: Savings on transformer and cable capital cost.

What this example is meant to highlight is that not only can useful en-
ergy be saved by applying the design philosophy, which this technology 
permits, but the capital cost of the project can be significantly reduced.  
This is very uncommon indeed.

Environmental considerations
The major difference between the oil-filled transformer and the cast 
resin transformer is the materials employed in their construction. The 
difference in weight between a 1 MVA cast resin transformer and that 
of an oil-filled transformer is approximately 300 kg. This difference 
mainly comes from three components.

Steel tank
The function of the steel tank is to contain the transformer oil. The 
cured resin transformer does not require a tank.

Windings
A coil with aluminium conductors is lighter than a similar coil manu-
factured with copper, both having the same electrical capabilities. 
Aluminium is used for both the high and low voltage coils in the cast 
resin transformer.

Transformer oil
If you have ever had the unfortunate experience of spilling some 
transformer oil on your clothes or shoes you will understand that it is a 
chemical that contaminates everything it comes into contact with and 
is not easy to remove.

There is always a significant risk of transformer oil leakage or 
spillage either in operation or when samples are taken for routine 
maintenance testing, which is a regular requirement. 

Samples are relatively small quantities and are glossed over by most 
people, but handling and the disposal of the samples after testing is also 
an issue. All of this negatively affects the environment. In addition a 
large percentage of transformers leak to varying degrees, some greatly.

The larger problem arises in the disposal of the transformer oil 
when the transformer is decommissioned. In an ideal world it would 
be recycled, but often is not and ends up contaminating soil, water 

courses	and	drains.	If	the	oil	contains	even	trace	quantities	of	PCBs	it	
is extremely toxic and cannot be destroyed with ordinary incineration. 
The cast resin transformer does not have any such toxic waste to dis-
pose of. Cast resin coils are inert and cannot pollute the environment 
in the same way. If so desired, the conductors can be recovered in a 
conventional burn out process as used by rewinders. 

The cast resin transformer is therefore far more environmentally 
friendly than the oil-filled transformer. In summary:
•	 Permits	energy	saving.
•	 No	possibility	of	oil	contamination.
•	 No	 oil	 consumption	 (replenishment	 due	 to	 sampling,	 leaks	 and	

theft).
•	 Preferentially	utilises	aluminium	 (lower	energy	cost	 to	produce,	

abundant resource compared to copper).
•	 Smaller	hydrocarbon	content	(resin	versus	oil).
•	 The	 oil	 transformer	 requires	 a	 tank	 to	 house	 the	 coils	 and	 the	

insulating oil and all but the smallest transformers also require 
a conservator tank. This means that the cast resin transformer 
requires less metal in its construction.

Supplementary advantages

Safety 
The organic components of the cast resin transformer are non-flamma-
ble, self-extinguishing, flame retardant and with low smoke emission. In 
the event of an electrical fault within the transformer it will be localised 
without the risk of secondary problems or collateral damage.

Maintenance
The oil-filled transformer makes use of cellulose based ‘transformer 
board’ and paper insulation on the conductors in its construction. Stand 
alone, these materials have poor insulating properties and require 
transformer oil as the primary insulating component. As the transformer 
ages, one of the by-products of cellulose breakdown is water. Water 
in transformer oil not only reduces its ability to perform adequately as 
insulation, but also accelerates the ageing process, creating even more 
water and further speeding up the rate of deterioration. For this reason 
moisture content is a critical parameter to monitor with oil sampling.

Transformer oil is hygroscopic, meaning that it will absorb and re-
tain moisture. When the oil becomes saturated with water the excess 
water will accumulate at the bottom of the transformer tank. Oil leaks, 
sampling and unauthorised oil removal will reduce the oil level in the 
transformer and if not replenished timeously, will result in a catastrophic 
electrical breakdown with risk of fire and possibly an explosion. This 
means that the maintenance of the breather, the detection of leaks, 
monitoring oil levels and the removal of moisture from the oil is criti-
cal	to	the	longevity	of	the	transformer.	By	comparison,	the	cast	resin	
transformer has no such maintenance requirements, requiring only to 
have exposed surfaces cleaned if there is an excessive accumulation 
of dust on the coils which may impair cooling.

Theft risk reduction
Thieves are attracted to high cross-sectional copper cables that are 
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relatively easy to access. Risk is higher when transformers and cables 
are remotely situated. When the transformer is in the vicinity of the 
load there is usually good security available and the large section low 
voltage cables are short so attraction for theft is greatly reduced. Theft 
of transformers is an additional problem. Oil transformers consist of 
four basic commodities being: Copper or aluminium windings, magnetic 
iron core, the transformer tank and transformer oil.

The copper in an oil-filled transformer consists of two types: Enam-
elled copper used on the high voltage coils and paper covered sectional 
copper	used	on	the	low	voltage	windings.	Both	types	of	copper	are	
highly sought after and easily removed from the transformer with a 
ready market in unscrupulous scrap dealers.

The core is manufactured with high quality steel and is disposed 
of in bulk to manufacturers of welding transformers as well as sold in 
bulk to overseas buyers.

The tank is usually cut up and sold as scrap iron. If a conservator 
tank is available it is sold as a storage vessel.

Transformer oil is also subject to theft. In most cases the oil is 
drained from the transformer whilst it is alive. The transformer oil is 
used as a fuel source and reportedly also for cooking.

Once the oil transformer is disassembled the four commodities are 
easily accessible and can be readily sold into the market. Of the four 
components, the thief is primarily concerned with accessing the copper.

The cast resin transformer has three basic commodities: The iron 
core, the cured resin and the aluminium conductors. The construction of 
the coils results in a solid mass made up of aluminium foil impregnated 
with the casting resin. The aluminium is not readily accessed and the 
thief has extreme difficulty in obtaining sellable aluminium.

Of the three basic components, the thief would only be interested 
in the iron core, which has a relatively low commercial value.

In an area where there is a high theft risk, it would be in the interests 
of the owner to specify a cast resin transformer and place it in close 
proximity to the load.

South African considerations
Lightning	is	one	of	the	greatest	transformer	‘kill-
ers’ in the world and every precaution should be 
taken to prevent damage to installed transformers 
from this cause.

The highest concentrations of lightning are 
found over the central to northern interior of the 
country, with areas along the eastern escarpment 
experiencing the highest flash densities and falling 
within	the	extreme	risk	category.	Both	the	posi-
tive and total lightning risks are severe for almost 
the entire country. Only towards the west of the 
country does the lightning risk decrease.

Distribution	 transformers,	 which	 are	 placed	
all over South Africa and virtually in every conceiv-
able place, are therefore at extreme risk of being 
affected by either a direct strike or the impulses 
resulting from a lightning strike. To reduce the 
risk of failure of a transformer the designer must 
specify higher than standard IEC impulse withstand 
capability.

Conclusion
Energy has become extremely costly and all predictions indicate that 
the rise in cost for this commodity will continue long into the foresee-
able future. 

Energy losses in electrical distribution networks are primarily cre-
ated by current flowing through the various components that make up 
the network. The largest single loss is found in the low voltage cables 
where the highest current flows. The flow of these high currents can-
not be eliminated; however, the losses can be drastically reduced by 
shortening the cable lengths.

Incorporating cast resin transformers into the design of the electrical 
distribution networks will not only reduce the energy losses but also 
reduce the installation costs. The example illustrated the placement of 
one transformer closer to the load. When a factory has more than one 
load centre, the possibility of placing two or more smaller cast resin 
transformers in strategic positions exists with even more savings.  The 
anti-vibration pads, standard on all cast resin transformers, allow for 
them to be placed virtually in any location without harmful effects to 
the structure due to vibration.

The	 cast	 resin	 transformer	 removes	 the	 ‘Pay	 Now	 and	 Benefit	
Later’	investment	conundrum.	
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