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ABSTRACT 

The design of transformers with a 
low carbon footprint is a topic that 
is gaining significant traction in the 
electricity industry. In this article, 
an investigation is conducted for a 
50/62.5 MVA, 154/33.6 kV transform-

er to evaluate the effect of the No 
Load Capitalization Factor (A) and 
Load Capitalization Factor (B) on the 
carbon footprint of the transformer. 
The benefit of including the cost of 
CO2 in the Total Cost of Ownership 
(TCO) formula, i.e., the extended TCO 
concept, is highlighted, which results 

in a similar carbon footprint but with 
reduced material usage.
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1. Introduction

Transformers are one of the most efficient 
components in the electricity transmis-
sion and distribution network at efficien-
cy values greater than 99  %. As there are 
millions of transformers installed world-
wide, around 5  % of global electricity is 
being consumed by transformers due to 
no-load and load energy losses [1], result-
ing in 732 million tons of CO2 emissions 
during 2020. Given the projected increase 
in electricity generation and consump-
tion over the following decades, energy 
losses in transformers are also expected 
to grow by more than 60% by 2040 in case 
there are no changes in current energy 
specifications [1]. There is a significant 
risk of inaction if the procurement pro-
cesses are not updated: lock-in decades 
of energy waste, given the transform-
ers operate non-stop for 30–40 years of 
their service life. Any efficiency gain has 
a multiplier effect, which is why energy 
efficiency is one of the main drivers in 

transformer technology evolution and 
the main lever for decarbonizing electric-
ity transmission and distribution (T&D)  
systems.

Many end users claim that the evaluation 
of transformers based on the purchase 
price is not enough during the procure-
ment process, and the loss evaluation 
procedure is now well established across 
end users in many countries. This is now 
evident by the fact that the Total Cost of 
Ownership (TCO) method is a standard 
practice in the industry [2], [3]. The TCO 
method enables the purchase cost-op-
timized transformer design that will be 
installed and operated for many years. 
The TCO formula considers the purchase 
price (PP) and cost of losses during the 
transformer lifetime by specifying the No 
Load Capitalization Factor (A) and Load 
Capitalization Factor (B) [3]. It must be 
kept in mind that TCO is not used to min-
imize transformer losses but to minimize 
the investment required to obtain the 
greatest energy savings for the least cost 
arising from optimal transformer design. 
This method yields transformer designs 
whose losses are economically optimal 
but not necessarily minimal.

Typically, the TCO formula is used in 
“varying degrees” across the globe:

• Some end users from some countries 
do not specify any loss requirements 
and only specify the TCO formula.

• Some end users from some countries 
specify the desired fixed maximum 

values of no-load and load losses re-
quired along with the TCO formula.

• Some end users from some countries 
specify the peak efficiency index re-
quired of the transformer along with 
the TCO formula.

The ratio of the B factor to the A factor 
effectively defines the load factor at which 
losses are to be minimized. Transformers 
also naturally have a particular ratio of 
load to no-load losses inherent in their 
design, depending mainly on rating and 
impedance. In some cases, the ratio of the 
B factor to the A factor may not match the 
natural ratio of the transformer and de-
parture from this natural ratio makes the 
transformer more expensive. As the TCO 
methodology just considers the direct use 
of electricity during transformers’ lifetime, 
the article aims to investigate the environ-
mental outcomes of TCO specifications. 

A transformer can be designed using dif-
ferent optimization methods:

• Lowest initial purchase price of the 
transformer (Method 1).

• Lowest lifetime owning cost of the 
transformer, which includes the initial 
purchase price plus the lifetime oper-
ating cost considering the cost of losses 
(Method 2).

• Lowest lifetime owning cost of the 
transformer includes the initial pur-
chase price plus the lifetime operating 
cost, considering the cost of losses and 
cost of CO2 emissions for the lifetime 
(Method 3).

As there are millions of transformers installed 
worldwide, around 5 % of global electricity is 
being consumed by transformers due to losses, 
resulting in 732 million tons of CO2 emissions 
during 2020

TCO is not used to minimize transformer 
losses but to minimize the investment 
required to obtain the greatest energy 
savings for the least cost arising from 
optimal transformer design
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While transformer design optimization 
with consideration of the cost of carbon is 
ideal, it has not been included yet in the 
TCO method. Only recently, the extend-
ed TCO concept has been proposed [4]. 
In [4] it was highlighted that optimum 
transformer design is obtained when 
considering sustainability metrics such as 
tCO2-e equivalent, which may differ when 
compared to the optimum based on a tra-
ditional TCO analysis. However, details 
were not included. 

In this article, an investigation is conduct-
ed for a 50/62.5 MVA, 154/33.6 kV trans-
former with a target 12 % impedance on 
the impact of two transformer designs on 
the carbon footprint from material usage 
and energy losses at the operation stage 
as these are the most relevant aspects de-
termining the total lifecycle carbon emis-
sions of power transformers [5]. Both 
transformer designs meet the same IEC 
Peak Efficiency Index 2 (PEI  2) require-
ments but at different load factors:

• Design 1 is optimized for the low-
est TCO with capitalization values of  
A = $7500/kW and B = $2500/kW and 
a natural peak efficiency load factor.

• Design 2 is optimized for a load factor 
close to the desired peak efficiency load 
factor as inferred from the capitaliza-
tion factors but with a limit of < 20 % 
increase in the transformer purchase 
price.

The outcome of such design optimization 
on total ownership cost and carbon foot-
print assessment will be shared. However, 
both designs are optimized for the lowest 
lifetime ownership cost of the transform-
er, excluding the cost of CO2 emissions. 
The benefit of including the cost of CO2 

in the TCO formula, i.e., the extended 
TCO concept, is highlighted using De-
sign  3, where design is optimized, in-
cluding the cost of losses and cost of CO2  
emissions.

The paper is divided into the following 
sections:

• Section 2 provides a brief review of the 
capitalization formula.

• Section 3 lists the main transform-
er specifications for the comparison 
study.

• Section 4 provides the details of the de-
sign optimization results and compari-
sons of the two designs.

• Section 5 explains the extended TCO 
concept, which includes the CO2 costs 
in the A and B factor and the outcomes 
of the three designs are provided.

2. Review of capitalization 
formula and peak efficiency 
index

The cost of losses comes into effect during 
transformer lifetime, and hence loss costs 
are therefore converted to the moment of 
purchase (Net Present Value) by assigning 
their capitalized values A, B. Factors A, B 
($/kW) depend on transformer loading 
conditions, as well as the cost of capital, 
energy market forecasts, expected trans-
former life.

The equations as defined in IEC 60076-20: 
2017 [3] are:

Where:

• n is the useful economic life of the 
transformer in years,

• Cn/2  is the forecast cost of electricity,
• i is the discount rate,
• t is assumed to be 8760 hours of opera-

tions per year,
• k is the average loading of the trans-

former during its lifetime.

Once A and B factors have been evaluat-
ed, the total lifetime operating costs are 
evaluated as below:

TCO=Cpp+ (A×P0 )+(B×Pk )              (3)

Where:

• Cpp is the purchase price of the transformer,
• P0 is the no-load loss (kW) measured at 

rated voltage and rated frequency,
• Pk is the load loss (kW) due to load, 

measured at rated current and rated 
frequency at the reference temperature.

A common value for A-factor = $7500/kW  
and B-factor = $2500/kW (calculation 
shown in Section  5) is used as an exam-
ple in this article. When purchasing a 
transformer, the end user will include a 
statement expressing this valuation of 
no-load and load losses. The transformer 
manufacturers then use this information 
in their transformer design process to 
prepare a design that trades off a higher 
first cost against a lower lifetime operating 
cost. This greatly helps the production of 
economically optimal designs, identifying 
the ‘optimum point’ for the most econom-
ically appropriate combination of no-load 
and load losses. This optimum point may 
result in a load factor which is differ-
ent from the TCO specified load factor, 
which can be estimated from the A-factor 
= $7500/kW and B-factor = $2500/kW  
as:                   = 57.7 %. The impact of optimizing  
the transformer design to follow the 
TCO-specified load factor will be shared 
in this article, and the need to include 
the cost of CO2 in the TCO formula is  
explained.

The extended TCO concept has been  
proposed where an optimum transformer 
design is obtained when considering sus-
tainability metrics such as tCO2-e equivalent

TCO equation calculates the value of the transformer together with the 
cost of the losses during its lifetime, taking into account no-load losses 
with factor A and factor B

7500
2500
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The peak efficiency of the transformer 
load is obtained when no-load loss equals 
load loss. The corresponding loading 
point is calculated as:

The formula for calculating the PEI is:

Where PNLL: no-load loss (W), PLL: load 
loss (W), Sr: rated power of the trans-
former (VA). Table  1 lists the PEI values 
specified in IEC 60076-20 for trans-
formers with voltage >  36  kV and rating 
> 3 150 kVA.

3. Main transformer 
specifications
For this study, we consider the following 
transformer specification as listed in Table 2.

The case study of calculating the TCO with the cost of CO2 emissions 
was carried out for 50 MVA ONAN/62.5 MVA ONAF transformer with 
nominal voltages equal to 154 kV/33.6 kV

Table 1: PEI values for oil-filled power transformers

Table 2. Major design parameters for the comparison study

MVA PEI Level 1 PEI Level 2

20 99.639 % 99.684 %

25 99.657 % 99.700 %

31.5 99.671 % 99.712 %

40 99.684 % 99.724 %

50 99.696 % 99.734 %

63 99.709 % 99.745 %

80 99.723 % 99.758 %

> 100 99.737 % 99.770 %

Rating 50 MVA ONAN/62.5 MVA ONAF

Phases 3-phase

Impedance 12 %

Voltages 154 kV/33.6 kV

Max flux density 1.93 T 

Vector group YNyn0

Tapping 154±12*1.25 %

Sound power level 82 dBA

BIL HV: 650 kV, LV: 170 kV

Temperature limits Ambient Top oil rise Winding temperature rise Hot spot rise

45 °C 55 K 60 K 73 K

Loss capitalization formula Cpp+ (7500×P0 )+(2500×Pk)

PEI IEC Level 2

There is a need to include environmental and sustainability factors into 
the TCO formula, including the cost of CO2 emissions due to the manu-
facturing of the transformer and the transformer’s losses
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4. Optimized design outcomes 
and comparison

Under the minimum PEI IEC Level 2 re-
quirements, the optimization objective 
for Design 1 is to minimize the total cost 
of the transformer subject to the following 
conditions:

• The peak efficiency of the transformer 
exceeds the minimum PEI Level 2 re-
quirements.

• Other parameters are meeting the spe-
cific requirements:
 ◉ The flux density in core is less than 1.93 T.
 ◉ The impedance is 12 % (subject to ap-
plicable tolerance).

 ◉ Top oil temperature rise is less than 
55 K.

 ◉ The average temperature rise of wind-
ing is less than 60 K.

 ◉ The winding conductors withstand 
dynamic and thermal short-circuit 
stresses.

 ◉ Sound level is less than 82 dBA
 ◉ Others design specifics such as BIL 

levels, clearances etc., as applicable.

For Design  2 optimization, the peak 
efficiency point was moved as close 
as possible to the expected loading 
point of 57.7  % with a limit of <  20  % 
increase in the purchase price of the 
transformer. These two methods result-
ed in the following outcomes as listed  
Table 3.

4.1 Impact of optimization outcome 
on carbon emissions

To evaluate the impact of design varia-
tions, the following processes are included 
in this study:

• Equivalent tCO2e for electrical ener-
gy loss covering transformer power 
losses at 57.7 % load for 40 years at an 
average grid emission factor of 0.669 

tCO2e/MWh (calculated average for 
Middle Eastern countries).

• Equivalent tCO2e for components 
such as core steel, tank steel, oil, cop-
per, bushings, etc. (accounting for 
>  98  % of the material) used in the 
transformer.

4.1.1 Impact optimisation on CO2 

emissions from operational energy 

losses

The two different transformer efficien-
cy curves for Design  1 and Design  2 are 
shown in Fig. 1.

It can be inferred from Fig.  1 that the 
PEI value for both designs is the same 
(99.79  %), whereas the load factor at 
which the peak efficiency occurs for 
Design  2 is 40.1  %, which is closer to 
the 57.7  % load factor specified in the 
TCO formula whereas for Design 1 it is  
31.9 %.

• The calculated equivalent tCO2e due 
to Design  1, for an operational life of 
40 years and an average load factor of 
57.7  % with an average grid emission 
factor of 0.669 tCO2e/MWh equals 
20,649 tCO2e.

• The calculated equivalent tCO2e due 
to Design  2, for an operational life of 
40 years and an average load factor of 
57.7  % with an average grid emission 
factor of 0.669 tCO2e/MWh equals 
18,582 tCO2e.

4.1.2 Impact of optimisation on CO2 

emissions from material usage

The transformer core coil assembly con-
sists of the following – copper windings, 
core steel, core frame, conductor paper 
insulation, pressboard insulation, OLTC, 
leads, and other miscellaneous compo-
nents. The major components account 
for more than 98 % of the material used, 
while the remaining miscellaneous com-
ponents account for less than 2 %. In this 
section, we calculate the impact of the 
major core coil assembly components. 
The emission factors used for the differ-
ent components are available in [6]. The 
calculated equivalent tCO2e due to com-
ponents used in Design 1, equals 227.03 
tCO2e. An increase of 19  % in core coil 
assembly weight can be observed, and a 
total of 12  % increase in total installed 
mass is seen in Table  3. The calculated 
equivalent tCO2e due to components 
used in Design  2, as listed in Table  3, 
equals 257.37 tCO2e.

Two different transformer designs were an-
alyzed, with the same peak efficiency but 
with the different load factors at which the 
peak efficiency occurs

Table 3. Design outcome comparisons between Design 1 and Design 2

Parameters Design 1 Design 2

No-load loss 20.6kW 26kW

Load loss 202.7kW 160kW

Total loss 223.3kW 186kW

PEI design output 99.793% 99.794%

KPEI 31.9% 40.3%

Core coil assembly (kg) 45,000 53,760

Tank, tank shunts and 
covers (kg) 14,154 16,400

Radiator, pipes, flanges 
(kg) 7,270 4,660

Oil (kg) 18,945 20,830

Total weight (kg) 86,704 96,985

Transformer purchase 
price 1 PU 1.18 PU

SUSTAINABILITY
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4.2 Total equivalent lifetime CO2 
emissions

Fig.  2 shows the total equivalent tCO2e 
emissions from transformer operation at 
57.7 % load and transformer components. 
Design 1 has an emission of 20,876 tCO2e 
while Design 2 has an emission of 18,839 
tCO2e, a reduction of 2,037 tCO2e, which is 
approximately a 9.76 % reduction in car-
bon emission.

4.3 Total cost of ownership

The total cost of ownership without con-
sidering the cost of carbon is shown in 
Table 4.

The purchase price will vary from country 
to country, manufacturer to manufactur-
er. Assuming a value of $8000/MVA, De-
sign 1 will cost = $500,000 (1 pu) and De-
sign 2 will cost = $590,000 (1.18 pu). Thus 
TCO(Design1) = $1,161,250 and TCO(Design2) 
= $ 1,185,000 resulting in an increase 
of purchase price by $23,750. However, 
Design 2 will reduce around 2,037 tCO2e 
emissions. If a carbon price of $50/tCO2e 
is used to monetize the carbon costs, then 
2,037 tCO2e emissions equal $102,000 
(assuming the generation mix and carbon 
price remains the same), which indicates 

It is crucial that the TCO formula is updat-
ed to include carbon costs related to the 
entire transformer lifecycle, such as com-
ponents / raw materials used, operation, 
transportation, end-of-life disposal, etc.

Figure 1. Transformer efficiency curves: Design 1 and Design 2

Figure 2. Carbon footprint comparison: Design 1 and Design 2
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Table 4. TCO formulation based on two different designs – without environmental impact

Design No-load loss (kW) Load loss (kW) Purchase price 
Capitalized cost

A = $7500/kW & B 
= $2500/kW

TCO

Design 1 20.6 202.7 1 PU $661,250 1PU + $661,250

Design 2 26 160 1.18 PU $595,000 1.18PU + 
$595,000

Design 1 has an emis-
sion of 20,876 tCO2e 
while Design 2 has an 
emission of 18,839 
tCO2e, a reduction of 
2,037 tCO2e, which 
is approximately a 
9.76 % reduction in 
carbon emission
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In 2022, 68 carbon pricing instruments, 
including taxes and emissions trading 
schemes, are operating worldwide, with 
carbon prices ranging from 1 USD/tCO2 in 
the Shenzhen (China) ETS up to 137 USD/
tCO2e as a carbon tax in Uruguay

• using forecasted electricity costs from 
government departments or autho-
rized agencies,

• using the wholesale cost of electricity,
• using the levelized cost of electricity 

using the forecast of fuel prices.

Particularly when using forecasted elec-
tricity prices or conventional estimations 
of the levelized cost of electricity, the cost 
of carbon emitted from fossil-fuel-based 
power generation processes incurred 
during the electricity generation process 
is not considered. According to the In-
ternational Energy Agency (IEA), 29  % 
of global electricity generation is based 
on renewables [8]. Driven by the need 
for decarbonizing the electricity sector, 
there is increasing use of carbon pric-
ing as a major instrument to achieve the 
different climate change commitments 
at the regional and global levels. As in 
2022, 68  carbon pricing instruments, 
including taxes and emissions trading 
schemes (ETS), are operating worldwide, 
with carbon prices ranging from 1 USD/
tCO2 in the Shenzhen (China) ETS up to 
137 USD/tCO2e as a carbon tax in Uru-
guay [9]. More ambitious carbon prices 
are expected to close the gap between 
the existing climate pledges and the need 
to limit global average temperature in-
crease within the range of 1.5–2 °C.

In countries where fossil-fuel-based fu-
els dominate the energy mix, there is a 
need to include carbon pricing in esti-
mating the loss capitalization factors for 
new transformers. In those countries, 
fossil fuel plants will be required; accord-
ingly, a reduction in losses will contin-
ue to be the dominant factor in cutting 
CO2 emissions by burning fossil fuels. 
Furthermore, it is reasonable to assume 
that the transition to greater penetration 
of renewable energy will continue for 
the next 20–30 years, i.e., till 2050 and 
beyond. Including the cost of carbon in 
the A-factor and B-factors will ensure 
that we will be able to capture the total 
direct cost of ownership plus the value of 
the CO2 emissions associated with that 

lifetime operating cost, considering the 
cost of losses and cost of CO2 emissions 
for the lifetime.

5. Extended TCO concept

In the original TCO concept, loss capital-
ization factors are based on some input 
parameters such as the useful economic 
life of the transformer in years, forecast 
cost of electricity, and discount rate. The 
influence of the life of the transformer in 
years and discount rate are very well ex-
plained in [7]. For estimating the cost of 
electricity associated with operational en-
ergy losses, operators typically select the 
following three approaches:

that Design 2 is cheaper to own and oper-
ate by $78,000 even when it costs $90,000 
more!

Hence it is crucial that the TCO formula 
is updated to include carbon costs related 
to the entire transformer lifecycle, such as 
components / raw materials used, opera-
tion, transportation, end-of-life disposal, 
etc. Corresponding to finding the optimal 
economic point is likely to see an increase 
in transformer costs due to the extra ma-
terial used and the increase in dimensions 
and mass. However, the optimum design 
would be to find the lowest lifetime own-
ership cost of the transformer, which in-
cludes the initial purchase price plus the 

Table 6. Estimating the cost of electricity: no CO2 cost included (average Middle East)

Type of technology % Mix Cost
$/MWh

CO2 
emission?

Solar photovoltaic 1.19 % 20 No

Hydro electric 0.00 % 0 No

Wind generation 0.00 % 0 No

Coal 0.00 % 0 Yes

Natural gas 58.70 % 59 Yes

Oil 40.11 % 38 Yes

Cost of electricity 50.1128
~0.05 $/kWh

Table 5. TCO formulation is based on two different designs: without environmental impact

Parameters A-factor B-factor

Cost of electricity = 0.05$/kWh
Discount rate = 5 %

Life of power transformer = 40 years
Estimated loading = 57.7 %

$7516/kW
(~ $7500/kW)

$2502/kW
(~ $2500/kW)
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transformer loss into the current pro-
curement policy.

Table 5 lists the parameter values used to 
calculate the A-factor and B-factor using 
equations (1) and (2).

The cost of electricity typically consists of 
annualized capital costs, variable O&M 
costs, fixed O&M costs, and fuel costs 
[10]. The costs of electricity generation 
from a given technology vary widely 
across countries, even at different loca-
tions in the same country. For the pur-
pose of this article, the cost of generation 
and the generation mix used is listed in 
Table 6.

To estimate the equivalent CO2-e impact 
due to type of generation, the following 
formula is used [11]:

Where GHG is the emission factor of each 
fuel type in tCO2e /MWh, GCO2 is the CO2 
emission factor in kg/GJ, GCH4 is the CH4 
emission factor in kg/GJ, GN2O is the N2O 
emission factor in kg/GJ, JT&D represents 
the transmission and distribution losses 

Table 7. The cost of CO2 emission from fossil-based power generation

Solar Hydro Wind Coal Natural gas Diesel

Fuel % 1.19 % 0.00 % 0.00 % 0.00 % 58.70 % 40.11 %

GCO2 0 0 0 94.6 56.1 74.1

GCH4 0 0 0 0.002 0.003 0.002

GN2O 0 0 0 0.003 0.001 0.002

Nfuel 100 % 100 % 100 % 35 % 45 % 30 %

JT&D 8 % 8 % 8 % 8 % 8 % 8 %

GHGfuel 0 0 0 1.068507 0.491 0.975

Ceq – factor
(tCO2e /MWh) 0 0 0 0 0.288 0.391

Price of CO2e ($/tCO2e) 50 50 50 50 50 50

Emission cost ($/MWh) 0 0 0 0 14.41 19.55

Table 8. The cost of electricity: CO2 – cost included

Type of 
technology % Mix Cost  

($/MWh)
CO2 

emission?

Emission 
cost  

($/MWh)

New cost 
($/MWh)

Solar 
photovoltaic 1.19 % 20 No 0 20 

Hydro 
electric 0.00 % 0 No 0 0 

Wind 
generation 0.00 % 0 No 0 0 

Coal 0.00 % 0 Yes 0 0 

Natural gas 58.70 % 59 Yes 14.41 73.41

Oil 40.11 % 38 Yes 19.55 57.55

Cost of electricity
50.1128
~0.05  
$/kWh

66.41
~0.066  
$/kWh

in %, and nfuel is the fuel conversion effi-
ciency in %. Once the emission factor is 
tCO2e /MWh and using the price for CO2 
emission at $50/ tCO2e [12], the emission 
cost for natural gas and diesel can be cal-
culated.

Table 8 lists the cost of electricity with the 
cost of carbon emission included, result-

ing in a new cost of electricity = 0.066$/
kWh. Equations (1) and (2) can now be 
used to calculate the new A-factor and 
B-factor (Table 9), which would result in a 
new optimized transformer suited for the 
generation mix of Table 6.

Using the new A-factor = $9,980/kW and 
B-factor =$3,320/kW, a new transformer 
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Design  2 achieves 2.3  % less tCO2e but 
at a price increased by ~  14  %. Design  3 
achieves a total transformer mass of 
89.2 tons, whereas Design 2 has 96.9 tons. 
This reflects that fewer materials are used 
in Design 3 while almost achieving sim-
ilar CO2 emissions (~  2.3  % difference). 
Thus, incorporating CO2 costs in the A 
and B factor is a good process to follow! 
Table 10 shows TCO values for the three 
designs.

6. Summary

The TCO methodology considers the 
lifetime costs of a power transformer and 
takes the price of losses into consideration 
by specifying the no-load capitalization 
factor (A) and load capitalization fac-
tor (B). These factors determine how the 
transformer designs are optimized and 
subsequently impact the carbon footprint 
of the transformer. In this article, three 
transformers are designed – Design  1 
optimized without considering the car-
bon costs in the A and B factors, Design 2 
where the efficiency point was moved as 
close as possible to the expected loading 
point using the A and B factors with a lim-
it of < 20 % increase in the purchase price 
of the transformer, Design  3 optimized 
incorporating the carbon costs in the A 
and B factors. The impact of incorporat-
ing the carbon costs in the A and B factors 
clearly shows that the carbon footprint 
can be reduced without significantly in-
creasing the purchase price of the trans-
former. Capitalization factors play a vital 
role in the optimization and procurement 
of transformers. Incorporating the costs 
of CO2 in the A and B factors will assist in 
optimizing the design of new transform-Figure 4. Carbon footprint comparison: Design 1, Design 2 and Design 3

Figure 3. Carbon footprint comparison: Design 1, Design 2 and Design 3
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Table 9. TCO formulation is based on two different designs – with environmental impact:

Parameters A-factor B-factor

Cost of electricity = 0.066$/kWh
Discount rate = 5 %

Life of power transformer = 40 years
Estimated loading = 57.7 %

$9,981/kW
(~ $9,980/kW)

$3,323/kW
(~ $3,320/kW)

Table 10. TCO formulation for three different designs with environmental impact

Design No-load loss 
(kW)

Load loss 
(kW)

Purchase 
price

Capitalized cost
A = $9980/kW and

B = $3320/kW
TCO TCO at $8000/

MVA

Design 1 20.6 202.7 1.00 PU $878,552 1.00PU + 
$878,552 $1,378,552

Design 2 26 160 1.18 PU $790,680 1.18PU + 
$790,680 $1,380,680

Design 3 21 180.8 1.04 PU $821,474 1.04PU + 
$809,836 $1,329,836

SUSTAINABILITY

at 57.7  % load and transformer compo-
nents. Design 1 has an emission of 20,876 
tCO2e, Design 2 has an emission of 18,839 
tCO2e, and Design  3 has an emission of 
19,270 tCO2e. Fig.  4 shows the variation 
in transformer price for the three designs: 

design (Design  3) was optimized, result-
ing in the carbon footprint result shown 
in Fig. 3.

Fig.  3 shows the total equivalent tCO2e 
emissions from transformer operation 
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ers to reduce their operational losses and 
the resulting CO2 emissions while reduc-
ing the total cost of ownership.
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