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At the same time, due to digitisation and electrification of the 
transportation system, key sectors and critical infrastructures 
are increasingly dependent on a reliable, secure and 

affordable power supply. [1] 
These shifts drive utility companies to contend with increased 

competition and high customer churn, greater environmental 
responsibilities, and the need to adapt quickly to the changing 
business model. To connect supply with demand directly through 
the smart grid infrastructure, and enable consumers to generate 
power for their own use and supply the surplus to the grid, utilities 
of the future would need all the technologies at their disposal to 
meet the changing socio-economic needs in the new energy world.

Originally developed as a less flammable insulating fluid to improve 
the fire safety of transformers [2], natural ester is quickly becoming 
the market leader among alternative fluids to conventional mineral 
oil, with over 2.5 million transformers using it globally [3]. With its 
proven benefits of improving safety, sustainability, reliability and  
the resilience of power grids, Cargill aims to shed light on why the 
use of natural ester transformer fluid is the new norm for utilities 
of the future.

NATURAL ESTER FOR SAFETY – LOW FIRE RISK AND 
ENVIRONMENTAL IMPACT
As transformer overloading becomes increasingly common in big 
cities (where many transformers are based in populous areas or 
underground substations) fire safety is a major concern to utilities, 
government authorities and the general public.

With a fire point at 360oC, natural ester is by far the best-in-class 
less flammable insulating fluid, with no pool fire ever reported in any 
transformers filled with it [4]. With a significantly higher fire point 
than the limit for a K-class fluid according to IEC 61039, natural 
ester is also ideal for on-site retrofilling of existing transformers, 
where up to ~7 percent of residual mineral oil may be present.

Apart from mitigating the fire risk, natural ester also reduces 
significantly the environmental impact in the event of spills due to 
its excellent biodegradability and non-toxic properties, as shown 
in various toxicity and animal tests [5-6]. As many of the potential 
renewable energy sources are located at natural reserves or other 
environmentally vulnerable areas, the use of an insulating fluid 
with a low environmental impact will be an even more important 
consideration to mitigating the risks of spill and pollution. With 
increasingly stringent health, safety and environmental regulations 
set to be in place, natural ester is clearly an ideal choice of insulating 
fluid for utilities of the future.

NATURAL ESTER FOR SUSTAINABILITY – NEUTRAL 
CARBON FOOTPRINT AND BEYOND
Like many corporations in other industries, utility companies are 
constantly seeking new ways to reduce their carbon footprint. 

According to a life-cycle assessment using the Building for 
Environmental and Economic Sustainability (BEES) software from the 
US National Institute of Standards and Technology, the greenhouse 
gas contribution of natural ester transformer fluid is only about 1.8 
percent that of mineral oil (Table 1), thanks to its biobased origin 
from crops.

CATEGORY
CO2 EMISSION (TONS PER 1000 LITRES)

MINERAL OIL NATURAL ESTER

Raw materials 0.609 -0.222

Manufacturing 0.317 0.093

Transportation 0.071 0.041

Use 0.090 0.089

End of life 0.018 0.018

TOTAL 1.104 0.020

Table 1  Greenhouse gases attributed to transformer fluids  
over their complete life cycle

While the greenhouse gas contribution from transformer fluid may 
be insignificant compared to the overall contribution from the power 
generation operations, even a 25 percent conversion to natural 
ester would eliminate over half a million ton of CO2, based on the 
projected global consumption of transformer fluids at around 2,000 
million litres in 2020 [8].

Furthermore, as natural ester is reclaimable, recyclable and 
reusable as a feedstock for biofuel and other industrial products, it 
is the natural choice of transformer fluid as utility companies strive 
to improve their business sustainability and corporate image as 
responsible members of an eco-conscious community.

NATURAL ESTER FOR RELIABILITY – REDUCED 
MAINTENANCE AND BREAKDOWNS
While the global energy mix continues to move towards low carbon 
renewable sources, equipment and network reliability is becoming 
even more important as many power grid assets and infrastructures 
sit in remote areas where maintenance and repairs are costly and 
difficult to carry out.

Likewise, as utility companies adapt to the new business model 
of Distribution System Operator in support of decentralised DERs, 
the dual challenges of ensuring asset reliability while controlling 
maintenance and downtime costs also become increasingly critical. 
This is where natural ester can play a part.

Natural ester’s unique double moisture removal actions through 
absorption and hydrolysis allows it to continuously dry the 
transformer’s paper insulation [9], as demonstrated during the 
cellulose paper accelerated aging test (Figure 1).
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As the global need to curb green-house gas emissions and address climate change issues 
intensifies, it is not surprising that the power generation industry is embracing decarbonisation 
and decentralisation of Distributed Energy Resources (DERs) like solar photovoltaic (PV) panels 
and mobile energy storages.
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Power demand fluctuates—seasonally and in other predictable patterns, or entirely unexpectedly. If your power and 
distribution transformer oil is mineral oil, you’re not as flexible or efficient as you could, and should, be. FR3® fluid is a 
superior insulating liquid for power and distribution transformers, providing flexible load capability without sacrificing asset 
life or reliability. Using FR3 fluid as your power or distribution transformer oil helps you:

FR3® fluid improves grid
reliability and optimises

transformer performance.

We made it that way.

• Optimise transformer performance in both retrofills and  
 new designs.
• Extend asset life and defer replacement costs, while  
 potentially reducing long-term capital expenditures.
• Increase grid reliability and decrease the risk of  
 transformer failure.
• Eliminate transformer sizes from your inventory for easier  
 inventory management
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Figure 1  Water content on cellulose paper as measured during the 
accelerated aging test with mineral oil and natural ester

Effective removal of moisture not only extends the life expectancy 
of the paper insulation by 5-8 times [10-11], as recognised in IEC 
60076-14, it also helps to significantly reduce the risk of dielectric 
breakdown, as moisture is the main culprit in the reduction of 
dielectric strength in the paper insulation [12] and the formation of 
bubbles on the paper surface [13]. Natural ester’s ability to remove 
moisture is therefore the most important factor in enhancing the 
reliability of transformers and in reducing the maintenance needed 
for drying the insulation regularly.

While some may have concerns over the oxidation stability of 
natural ester because it is not recommended for free-breathing 
transformers (when the insulating fluid remains continuously in 
contact with ambient air), extensive on-site experience has shown 
that even under continuous exposure to ambient air, it would take 
many years before any sign of oxidation becomes noticeable in 
natural ester-filled transformers [14]. This is because the oxidation 
by-products of natural ester are non-aggressive and remain soluble 
in the fluid itself, whereas mineral oil forms insoluble sludge that 
leads to unexpected dielectric failure. In fact, the most important 
aspect of the sealing system in natural ester-filled transformers, 
like those in mineral oil units, is to minimise moisture ingress rather  
than oxidation.

After being used in tens of thousands of power transformers 
over many years, natural ester’s ability to withstand incidental free 
breathing conditions over a considerable period during sealing 
system malfunctions or maintenance interventions is well proven. 
With its robust resistance against ingress of air and moisture in 
maintaining dielectric properties and extending the lifespan of 
insulation, natural ester-filled transformers is clearly an ideal choice 
to utilities of the future in improving grid reliability.

NATURAL ESTER FOR RESILIENCE – LOADING 
FLEXIBILITY AND NETWORK OPTIMISATION
In the future, utility resilience will mean more than mere assurance 
of equipment and network capacity to withstand unforeseen 
conditions without outages. With the digitisation of power systems 
and the decentralisation of energy resources, utility companies are 
striving to actively manage their power network more flexibly, taking 
advantage of the changing demand profile and power sourcing 
arrangements. Doing so breaks the paradigm where networks are 
sized according to the aggregate peak demand of passive consumers 
[1]. It is therefore increasingly important to use transformers with 
enhanced loading capacity for driving power network optimisation 
in the most cost-effective way.

Extensive studies on the significantly slower degradation of 
cellulosic materials immersed in natural ester [10-11] show that the 
thermal rating of transformers can be increased using the traditional 
cellulose based insulation and natural ester. As described below, 
two different approaches in transformer design have been used 

to take advantage of the higher thermal rating in order to provide 
flexibility in loading capacity and ultimately, to optimise the cost and 
efficiency of the power network [15].

Resilience under higher rated load
In a study based on the first approach, two 15kV, 45kMA 3-phase 
pole mounted transformers were retrofitted with natural ester, 
having their loading capacity rerated from 45kMA to 88kVA at the 
temperature limits of a higher thermal class of 140. At the same 
time, modifications to the coils and radiators also reduce the total 
weight from 435kg to 350kg.

Compared to a standard mineral oil transformer of comparable 
rated capacity at 75kVA, the more compact 88kVA natural ester unit 
has significantly lower no-load losses (core losses). In addition, the 
cost per kVA for the natural ester transformer is reduced by about 
one third compared to the standard 45kVA unit of the same design 
[5]. After the two prototype units, approximately 2100 transformers 
were installed in the network according to this design.

The prototype units were intentionally installed at a higher loading 
network point, replacing mineral oil transformers rated at 112.5kVA. 
Despite being subjected to continuously severe loading conditions 
(average loading at about 81kVA and peak loading up to 123kVA 
for about 3 hours daily), the interior of the transformer was found 
in an impeccable state after more than 12 years in operation when 
one of the units was removed from the network for inspection. This 
is shown in Figure 2.

Results obtained from the analysis of the cellulose paper and 
the natural ester samples taken from the transformer also show 
that both were still in excellent shape despite the harsh loading 
conditions (Table 2 and 3).

All these results confirm the robustness of natural-ester-filled 
transformers when operating at significantly higher rated loads and 
under arduous overloading conditions.

PROPERTY
ASTM 

METHOD
RESULTS

NEW FLUID  
SPEC

USED FLUID  
SPEC

Water content (mg/kg) D1533B 219 ≤200 ≤450

BDV (kV @2mm gap) D1816 60 ≥35 ≥40

DPF @ room 
temperature (%)

D924 0.45 ≤0.20 -

DPF @100oC D924 6.95 ≤4.0 -

Acid number 
(mgKOH/g)

D974 0.174 ≤0.06 -

Flash/fire point (oC) D92 219/355 -/≥300 -/≥300

Pour point (oC) D5950 -18 ≤10 -
Viscosity @40oC 

(mm2/s)
D445 33.74 ≤50

≥10% initial 
value

Viscosity @100oC 
(mm2/s)

D445 8.20 ≤15 -

Oxidation  
inhibitor content  
(% initial value)

D4768 92.5 100 -

Table 2  Key properties of the natural ester fluid removed from the 
prototype transformer after 12 years in service

 

 

Figure 2  Condition of the 15kV/45kMA 3-phase prototype 
transformer (re-rated to 88kMA with natural ester) after 12 years in 
operation: left - transformer with cover removed; centre – view of  
tank bottom with active parts and fluid removed; right – core and  

coil assembly immediately after un-tanking
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PAPER SAMPLE LOCATION DEGREE OF POLYMERISATION
HV1 layer one (near LV) 949.1

HV1 last layer 915.1
HV2 layer 1 (near LV) 832.6

HV last layer 946.8
HV3 layer 1 (near LV) 941.1

HV3 last layer 908.8
Average 915.6

Table 3  Degree of polymerisation of the Kraft paper taken from the 
prototype transformer after 12 years in service

Resilience to cope with sustainable peak load
Apart from making it possible to have higher rated capacities as 
described above, the second approach to using the higher thermal 
rating of natural ester-filled transformers is to choose the nominal 
rated capacity based on the yearly average demand instead of the 
maximum load. The additional capacity derived from the higher 
thermal rating can hence be kept as additional capacity to cope 
with the daily and seasonal peak demands. 

For instance, in one study with a 3-phases 420kV/135kV 
autotransformer, when the average winding temperature rise limit 
was increased from 65oC to 95oC, its capacity was extended by 
50 percent from the rated load of 250MVA to 375MVA using the 
same number of heat exchangers. All guaranteed parameters were 
verified at the rated capacity, and an additional temperature rise 
test was performed at 375MVA loading at the winding hot spots 
to validate the effective thermal capacity. Special attention was 
also paid to localised heating due to the increased stray flux when 
loaded at 375MVA.

In addition to the smaller footprint, the reduced use of non-
renewable materials like iron and copper, and lower initial cost, 
in comparison to a transformer rated as 375MVA, the biggest 
advantage of this new design concept is the potential improvement 
in efficiency. Although the load losses (LL) of the more compact 
transformer running at higher temperatures would be much higher 
than a transformer with a rated capacity of 375MVA, this is only the 
case during the short period at peak loading, and the no-load losses 
(NLL) are about 32 percent lower on a continuous basis. Depending 
on the loading profile, the total dissipated energy per year may be 
less for the compact unit, hence making it more energy efficient.

Resilience for renewable energy sources
The ability to enhance the resilience of the power network is 
particularly important to utilities of the future due to the intermittent 
nature of the renewable energy sources. In one study, the predicted 
paper insulation life of a series of AC transformers designed for a 
solar PV system with two 800kW inverters was calculated based 
on the solar power output profile and the local hourly ambient 
temperatures over the calendar year [16].

The results of the study, obtained for mineral oil-filled and  
natural ester-filled transformers of rated loads ranging from  
800-1600kVA using the life expectancy calculation model as described 
in IEC 60076-7, are summarised in Table 4. These results indicate that 
with natural ester, the rated load of transformers can be optimised at 
62-75 percent (1000kVA in this case) of the maximum peak load for a 
typical solar PV system, while the predicted insulation life of a mineral 
oil transformer at the same rated load is clearly unacceptable. 

POWER RATING (KVA)
PREDICTED LIFE (YEARS)

MINERAL OIL NATURAL ESTER
800 0.028 0.2
1000 3.9 26.5
1200 31.8 277
1400 306 2614
1600 1977 16191

Table 4  Insulation life expectancy in transformers of various sizes for 
solar PV system of 1600kW peak load

The ability of natural ester insulating fluid to enhance the resilience 
and flexibility of distribution and transmission networks has been 
comprehensively verified. It has also been shown that the transformer 
capacity can be optimised for renewable energy sources. 

While emerging distributed technologies and digitisation will 
no doubt enable flexibility and efficiency of energy consumption, 
visibility of network use and control of power systems going forward, 
utility companies will still need to have a safe, sustainable, reliable and 
resilient power network to take full advantage of these technological 
advancements. With natural ester insulating fluid’s proven capability 
to meet all criteria required by utilities of the future, it is well poised to 
becoming the new norm in the power generation industry.
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