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Project: Vegetable Oil Insulating Fluid for Improved High Voltage Transformer Capability

Most Recent Milestone: After surpassing 450,000 transformers filled with our patented
vegetable oil based fluid and maintaining both US and Global leadership as a manufacturer of
alternative insulating fluids, 2011 advancements in our fluid filled transformer technologies
provided improved environmental and sustainable performance. Our vegetable oil based
insulating liquid called Envirotemp™ FR3™ Fluid provided the increased capability in high
voltage transformer design to remove as much as 15% of the fluid and 3% of other construction
materials to make an already environmentally friendly product even better.

Eligible for Small Business or Academic Award: No

Identification of the EPA Award Focus Area: Vegetable oil based FR3 fluid and its use in
high voltage transformers fit all three focus areas.

Description of US Components:

e Research & Development: 50% at Thomas A. Edison Technical Center, Franksville WI;
50% at Cooper Power Systems Transformer plant at 1900 E. North St, Waukesha, WI

e US Production Finished Product: Chicago IL and Wichita, KS. >98% biobased. Base of
100% US grown, crushed, and refined soy oil. Exported to over 2 dozen countries from
the USA.

Abstract

Invented as a paradigm shifting vegetable fluid for electrical equipment and called the “most
successful niche-market biobased product in the world” by the American Oil Chemists
Society in 2008, Envirotemp FR3 fluid now insulates over 450,000 transformers [1]. In 2011, the
chemistries of FR3 fluid and solid insulating paper were combined with advanced high voltage
transformer design to produce an even greener product than earlier generation transformers.

The journey from concept, research and development, accelerated life testing and field trials to
commercialization was motivated by a single goal: Provide the electric power industry a
sustainable dielectric coolant with the most innocuous environmental and health profile possible.
This goal was achieved with the use of over 25 million gallons of our trademark soy oil product
Envirotemp FR3 fluid instead of petroleum based mineral oil.

FR3 fluid was directly compared to mineral oil by the NIST in their total life-cycle assessment
called BEES® 4.0, Building for Environmental and Economic Sustainability Tech Manual and
User Guide [2][3]. Using the carbon dioxide equivalent amount of greenhouse gas generated
from raw materials through end of life, FR3 fluid reduced greenhouse gas emissions by >98% or
over 102,000 tons to date compared to mineral oil. This essentially carbon neutral result for FR3
fluid compared to mineral oil assumes that either fluid would be placed in an equivalent
transformer.

However, as the world leader in biobased transformer fluids, we established a new goal to
further improve the environmental footprint of FR3 fluid filled transformers with a new
generation of advanced design bio-transformers. The chemical interactions between FR3 fluid
and the solid insulating structure create greater thermal capacity that allows for an optimized bio-
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transformer design. With this increased capacity, we removed 3% to 15% of fluid volume and
3% of construction materials from the bio-transformers depending on the specific design. Using
the BEES analysis on 25 million gallons of FR3 fluid as an example, the new generation of bio-
transformers could save an additional 2,000 tons of greenhouse gas emissions.

Other important advantages of bio-transformers are improved fire safety, accidental spill
remediation and sustainable supply benefitting US farmers.

The Chemistry of New Bio-Transformer Technology

The familiar slogan, “Tastes Great, Less Filling,” described a popular lite beer for the past thirty
years. However, replacing one word to get “works great, less filling” would describe Cooper
Power Systems Envirotemp™ FR3™ fluid combined with our new advanced design bio-
transformer. The FR3 fluid filled transformer product transforms power to meet new Department
of Energy efficiency ratings for their expected life, but with less fluid, less flammability, less size
and less burden on the environment.

FR3 fluid is a soybean oil based fluid that was patented by Cooper to insulate and cool high
voltage electrical transformers. Our on-going research and development program found that we
could combine the chemistries of vegetable oil and insulating paper with advanced transformer
design concepts to offer a new generation of bio-transformers. These would be an improvement
upon the roughly 450,000 transformers that now contain FR3 fluid instead of petroleum based
mineral oil. The new transformer designs with FR3 fluid will be available in 2012.

High voltage electrical transformers have contained predominately petroleum based mineral oil
as the liquid insulation and coolant for well over one hundred years. Polychlorinated biphenyls
(PCB) and mixtures with mineral oils share a portion of that history. PCB’s and fluids containing
them were banned for environmental reasons. Mineral oil is a proven dielectric fluid and
currently is the leading electrical insulating fluid, but does have safety and environmental
drawbacks. FR3 fluid, made from greater than ninety-five percent soy oil, was invented to be a
safer, non-toxic and environmentally friendly alternative insulating fluid compared to other
common dielectric liquids as shown in Figures 1 and 2.
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Figure 1: FR3 fluid compared to mineral oil Figure 2: FR3 fluid compared to other oils



The advantage of FR3 fluid for high voltage transformers is not related to any complexities in the
chemical formulation, but in its inherent functional properties (e.g. chemical stability, electrical
performance, thermodynamic performance, material compatibility, and ignition resistance) and
its interactions with cellulosic insulation structures while possessing improved environmental
and sustainable qualities. FR3 fluid is manufactured from food grade soy oil and only small
amounts of additives are required for long term performance.

FR3 fluid is a natural ester fluid otherwise known as a triglyceride. The chemistry relies on the
carbonyl structure (O-C=0), long carbon chains, carbon-carbon double bonds and their position
within the long chains. Esters are formed naturally from a reversible reaction of a long chain
carboxylic acid and an alcohol as shown in Figure 3. The “R” groups vary in carbon chain length
and numbers of carbon-carbon double bonds depending upon the particular type of plant or
animal source for the triglyceride.

o) o)
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R-C-OH + R'-OH =H,0 + R-C-0-R!

Figure 3: organic acid + alcohol = water + ester

The reversible reaction in Figure 3 shows the ester plus water forming the original starting
compounds. This reaction is known as hydrolysis, which provides FR3 fluid with its primary
benefit toward maintaining the integrity of the solid insulation system of a high voltage
transformer [4]. A build up of water in the insulating paper and pressboard structures of
transformers causes accelerated aging of the cellulosic materials, reduced life and reduction in
electrical strength. The basic structure of FR3 fluid and triglycerides are detailed in Figure 4A.
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Figure 4A — Triglyceride Figure 4B — Linoleic acid

The glycerol (alcohol) portion of the structure in Figure 4A is the three carbon chain at the very
left-side of the molecule, highlighted by an asterisk at the central carbon. The three carboxylic
acid types (known as R-groups) in Figure 4A consist of a sixteen carbon side chain of palmitic
acid ester at the top, an eighteen carbon chain from oleic acid ester in the middle and an eighteen
carbon chain from linolenic acid ester on the bottom. About 60% of “R-group” long chains of
FR3 fluid consist of linoleic acid, which has eighteen carbons in length with two double bonds as
shown in Figure 4B. The number of double bonds in the side chains relate to various fluid
properties, such as viscosity, oxidation stability, cold temperature flow and biodegradability.

For a transformer, the fluid must function efficiently at high temperature with low viscosity and
at low temperature by maintaining fluid flow. Thus, the higher levels of unsaturation of soy oil
are important in the function of FR3 fluid. The R&D project to develop FR3 fluid included many
compatibility studies to test interactions of the fluid with cellulose, such as paper and pressboard,



rubber gasket compounds and various metals. After verification of acceptable compatibility, the
aging characteristics of solid and liquid insulation materials required study. The weakest material
links in a transformer are the cellulose paper, wood and pressboard insulation structures, which
determine the ultimate life of a transformer related to increasing loads and high temperature
operating conditions.

Our aging studies of cellulose and FR3 fluid provided surprising observations compared to the
same studies in mineral oil [5][6][7][8][9]. Cellulose was observed to last from two to eight
times longer in FR3 fluid than in petroleum mineral oil based upon multiple studies. Our
research found that the protection of the cellulose in FR3 fluid increased with temperature up to a
threshold, whereas in mineral oil cellulose ages rapidly. Figure 5 shows a dramatic comparison
of papers aged in FR3 fluid compared to mineral oil. The contrast in the paper has been a
consistent observation.

Envirotemp FR3 Mineral Oil Envirotemp FR3 Mineral Oil Envirotemp FR3 Mineral Oil Envirotemp FR3 Mineral Oil

Sealed Tube Test - ML 152-2000 Sealed Tube Test - ML 152-2000 Sealed Tube Test - ML 152-2000 Sealed Tube Test - ML 152-2000
Upgraded Paper 500 hr @ 170°C Upgraded Paper 1000 hr (@ 170°C Upgraded Paper 2000 hr (@ 170°C Upgraded Paper 4000 hr @ 170°C

Figure 5: Thermally upgraded papers aged in FR3 fluid and mineral oil for varying times at 170°C

The chemistry of soy based FR3 fluid is responsible for the huge aging differential compared to
mineral oil. Paper produces water as a by-product of thermal aging, which acts as a catalyst for
continued degradation. Mineral oil is hydrophobic so the water stays in the paper. FR3 fluid is
comparatively hydrophilic so the fluid will absorb water as it is produced. At room temperature,
FR3 fluid can dissolve over 1000 mg/kg of water to become saturated compared to 60 mg/kg for
mineral oil. However, the water saturation difference between the fluids is only partially
responsible for the paper aging difference.

Hydrolysis of the soy oil is actually more important to the paper aging difference between FR3
fluid and mineral oil, especially as the temperature increases. As the dissolved water increases in
the FR3 fluid with operating temperature, the hydrolysis reaction utilizes the water and acts as a
dehydration process for not only the fluid, but more importantly for the paper. Less water in the
paper promotes stability and longer life.

A further consequence of the hydrolysis reaction of FR3 fluid is the subsequent reaction of the
long-chain carboxylic acid with cellulose. This reaction can be described as transesterification,
which in a transformer is driven toward completion by high temperature and concentration of the
acid. The reaction that takes place is between the hydroxyls attached to cellulose and the long-



chain acids. The resulting product is stabilized cellulose with a bonded long chain that acts as a
blocking group to protect the cellulose backbone [10][11]. Figure 6 depicts cellulose as a
monomer, while the overall reaction is shown in Figure 7.

6 _OH
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CELLULOSE-OH + R-C-OHg—R-C-0O-CELLULOSE

Figure 6 — Cellulose monomer unit of paper [6] Figure 7 — Reaction of cellulose and long chain acid

Cellulose has three different hydroxyl groups that can react via transesterification. The
predominant reaction is with OH on the primary carbon C6 as compared to the hydroxyls on the
more stable secondary carbons at C2 and C3. A bonded long chain of eighteen carbons esterified
at the primary C6 position offers increased stability to the cellulose insulation at higher operating
temperatures. As can be visualized in Figure 6, the attached long chain at C6 will protect the
main linkage at the 1-4 position.

As stated previously, FR3 fluid in transformers works great with less flammability and less
environmental impact. Table 1 shows the greenhouse gases attributed to FR3 fluid compared to
mineral oil for their complete life cycle.

Table 1. Greenhouse gases® attributed to transformer fluid for its complete life cycle.

grams per unit® tons per 1000 gallons
Catagory Mineral Oil FR3 Fluid Mineral Oil FR3 Fluid

Raw materials 1,048,184 -381,590 2.306 -0.839
Manufacturing 544,363 160,212 1.198 0.352
Transportation 122,478 71,498 0.269 0.157
Use 154,124 153,450 0.339 0.338

End of Life 30,825 30,690 0.068 0.068
Total 1,899,973 34,260 4.180 0.075

@ carbon dioxide equivalents
® In BEES 4.0e, one unit is a 1000 kVVA transformer containing 500 gallons of fluid

The cost of mineral oil, in terms of carbon emissions, is considerably greater than FR3 fluid,
about 8.2 Ibs/gal less greenhouse gas emitted to produce FR3 fluid. In their Use and End of Life
calculations, the BEES software makes some assumptions [3], such as reprocessing the oil in a
transformer every five years, which may not apply to distribution transformers. Therefore, a
more accurate assessment can be made by just subtracting the use value from the total, which
makes FR3 fluid a net consumer of CO, (-0.263 tons per 1000 gallons). Figure 8 provides the
carbon footprint comparison for each $1M of transformers purchased.
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FR3 vs. MO Carbon Footprint
» Carbon emissions per $1M of transformer purchase
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Figure 8 — Carbon footprint comparison Figure 9 — Mineral oil power transformer fire

Electrical devices such as transformers sometimes experience high energy faults that can create
hazardous conditions of fire and explosion, resulting in spills of insulating liquid. The use of
petroleum based mineral oils as the most common electrical insulating fluid increases the
probability of fire, explosion and spills. FR3 fluid greatly decreases the probabilities of fire and
explosion resulting in spills, due to the relatively large sizes and stabilities of the molecular
structures and long chain lengths. The inherent molecular stability is responsible for twice the
flash and fire points compared to mineral oils. In fact, Envirotemp FR3 fluid has the highest flash
and fire points of all common dielectric fluids. There have been no known explosions or fires of
the 450,000 transformers filled with FR3 fluid.

The slogan, “works great, less filling” certainly describes Cooper Power Systems new advanced
design bio-transformer filled with FR3 fluid. In fact, the newer transformers contain 3-15% less
FR3 fluid volume and about 3% less construction materials than past designs. Table 2 shows the
greenhouse gases attributed to production of solid transformer construction materials. A 3%
reduction in material usage amounts to over 0.6 tons of CO; per ton of construction materials.

Table 2. Greenhouse gases attributed to production of transformer materials

Tons of CO,?
Material per Ton of Material Average Reference
Aluminum 12 12,13

139-155 13.35 17
Steel 1.36 15
2.7 16
23-27 2.19 17
Copper 71 14
2.02 4.56 18
Paper 0.5 19
2.34 1.42 20

& carbon dioxide equivalents

If we assume an equivalent amount of future success with our new advanced bio-transformer
designs as we have to date with the roughly 450,000 transformers installed, the environmental
future looks even brighter. The chemical interactions and higher thermal capacity of FR3 fluid in
conjunction with the cellulose insulation paper allows for less fluid, less construction materials,
less size, less flammability and, of course, less burden on the environment.
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