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A B S T R A C T

Dynamic rating of the transformer is a promising technology, which is suitable for various applications. Using
dynamic rating for connecting renewable energy is believed to be beneficial for the economy and flexibility
of the power system. However, to safely deploy such operation strategies, it is important to have more precise
estimates for the total costs of owning such units and determine how effective such operation method is for a
solar power plant. This study proposes a method for calculating total ownership costs (TOC) of dynamically
rated transformers used for the connection of the solar power plant to the grid as well as analyzes its efficiency.
The sensitivity analysis looks into the change in TOC and peak efficiency index (PEI) after considering reactive
power dispatch. Results of this study also show how TOC, PEI, and load and no-load losses change depending
on the transformer size.
1. Introduction

The concept of dynamic rating allows grid operators to safely ex-
tend the capacity of power components beyond the nameplate rating.
Although, more popular as an operation strategy for overhead lines,
dynamic rating of power transformers is currently gaining more atten-
tion from the industry [1]. Dynamic transformer rating (DTR) can be
defined as the maximum load, which the transformer can sustain under
time-varying load and/or environmental conditions [2,3]. Power trans-
formers are usually sized and designed conservatively, to withstand
extreme combinations of load and weather conditions, which rarely
come together in practice, and the thermal behavior of the transformer
insulation is a key factor during the design process [4].

According to previous studies, it is evident that DTR can be safely
applied without endangering component life expectancy and/or keep-
ing the increase in loss of life sufficiently low [5]. The usage of the
dynamic rating could optimize the characteristics of power transform-
ers to be installed and therefore result in a better project economy and
lower need for initial investment [2,3,6,7].

DTR is the method that arises from the traditional thermal modeling
of the transformer which takes place during the design and specification
process, but in contrast to the power limits being constant, they are
changed depending on the real-time weather and loading conditions.
Hence, the first studies on DTR are highly focused on the development
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of thermal models for better assessment of transformer temperature
distribution as well as insulation aging under high load conditions [1,2,
8–10]. The explorations of the variability of the transformer’s thermal
behavior have led to case studies on the performance of dynamically
rated power transformers in a distribution network [11–14]. There
are several studies evaluating the benefits of DTR in the distribution
network related to the system’s stability [15,16] and available transmis-
sion capacity [17]. In [18,19] authors show the benefits of using DTR
and determine the maximum allowable loading for a given transformer.

Overload implies risks during power system operation when the
load profile exceeds the nameplate rating of some power devices in the
system. Reliability and risk analysis of DTR operation in a distribution
network are evaluated in [3,6,20]. DTR implementation also brings
additional challenges of operation safety and reliability, which is highly
dependent on the accuracy of load and capacity forecasting; these issues
are addressed using probabilistic risk assessment in [21,22].

DTR applications for renewable energy have been analyzed in a few
literature resources, however, often they focus on wind power devel-
opment [23–25]. The studies of DTR usage for wind power integration
focus on case studies and evaluate the share of wind power in the grid
after DTR application [23,26,27] as well as potential expansion of wind
sites using the same transformer [3,25] or design of future wind farm
with DTR in mind and transformer size reduction [6,28,29].
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Fig. 1. Temperature map versus tank height.
While the benefits and limitations of DTR applications for wind
power have been explored, only a few case studies look into using
DTR to improve the utilization of transformers at solar power plants.
In [30], DTR is studied in conjunction with high PV penetration in
a distribution network; the study has identified that DTR has the
potential to increase the share of solar power in the energy mix. Given
the limited number of studies on DTR for PV-plant applications, this
study aims to perform cost analysis and performance assessment to
identify the total ownership costs (TOC) and the peak efficiency index
(PEI) for a PV plant with DTR. Power transformers being explored in
this study have rated power of 55 to 100 MVA. This approach allows
grid operators to test the impact of DTR on the efficiency and costs of
transformer operation.

2. Methodology

The methodology uses a data set of optimized selection of solar
power transformers. The transformers range from 50 MVA to 175 MVA
with a primary voltage of 33 kV to 36 kV and a secondary side
voltage of 138 kV to 500 kV. The proposed method uses no-load and
load loss capitalization as parameters, which also depend on the most
cost-effective electrical steel available on the market. The higher steel
quality reduces losses in the transformer, which also leads to higher
costs. Therefore, depending on the capitalization factor, it is possible
to optimize the transformer’s core design finding the right balance
between costs and losses. The model needs to be corrected for the
loss of life as a function of the transformer’s temperature distribution.
During colder months the transformer experiences lower loss of life
compared to the warmer months given the same load level. Fig. 1
shows the transformer’s temperature distribution, where the cooling
media flow can be observed. In Fig. 1 points 1 and 1’ are the lowest
temperature points found in the equipment, also known as Bottom
Oil temperature. Since the heat is mainly generated in the core and
transformer windings when the oil flows through them the temperature
increases progressively from the bottom to the top of the tank, as shown
in Fig. 1.

The most critical transformer temperature is found in the trans-
former windings and is named the hotspot temperature. The hotspot
temperature distribution is non-linear and is governed by the hotspot
factor, which is a ratio between maximum and average losses in the
windings. The mean winding absolute temperature 𝑀𝑂𝑎𝑏𝑠 is deter-
2

mined by parameters such as the top oil temperature 𝑇𝑂, bottom oil
temperature 𝐵𝑂, hotspot temperature 𝐻𝑆, hotspot factor 𝑓𝐻𝑆 , and the
ambient temperature 𝑇𝑎𝑚𝑏 as in (1).

𝑀𝑂𝑎𝑏𝑠 =
(𝑇𝑂 − 𝐵𝑂)

2
+

(𝐻𝑆 − 𝑇𝑂)
𝑓𝐻𝑆

+ 𝑇𝑎𝑚𝑏 (1)

Overload conditions have more effect on the smaller size transformers
and the temperature distribution in windings and insulation, therefore
it is necessary to do the temperature correction and take the trans-
former size into account during the design stage. The temperature
correction in the transformer windings requires distinguishing between
the types of associated losses. For Ohmic losses 𝑃𝑊 and winding eddy
current losses 𝑃𝐸, the correction factor is directly proportional to the
temperature, as expressed in (2) [31].

𝑓𝑃𝑊 = 𝑓𝑃𝐸 =
(234.5 + 𝑇𝜃)
(234.5 + 𝑇𝑟𝑒𝑓 )

(2)

where 𝑓𝑃𝑊 and 𝑓𝑃𝐸 are the temperature correction factors for the
Ohmic losses and eddy current losses respectively; 𝑇𝑟𝑒𝑓 is the reference
temperature defined in the standard which is normally 75 ◦C for non-
thermally upgraded paper and 85 ◦C for thermally upgraded paper and,
𝑇𝜃 is the temperature, which the material is subjected to.

The stray loss 𝑃𝑆 phenomenon works the opposite way, meaning
that the higher the temperature is, the lower the stray losses become.
This occurs because of the greater conductivity of metallic parts of the
transformer, as shown by (3) [31].

𝑓𝑃𝑆 =
(234.5 + 𝑇𝑟𝑒𝑓 )
(234.5 + 𝑇𝜃)

(3)

where 𝑓𝑃𝑆 is the temperature correction factor for stray losses.
The load losses 𝐿𝐿 are calculated as a function of the dynamic

temperatures of the power transformer, as expressed by (4).

𝐿𝐿 = 𝑓𝑃𝑊 𝑃𝑊 + 𝑓𝑃𝐸𝑃𝐸 + 𝑓𝑆𝑃 (4)

The temperature of the winding has a direct impact on the load losses
of the equipment due to the variation of the resistivity. To illustrate this
phenomenon let us consider a 100 MVA transformer and apply (5), (6),
and (7) at 75 ◦C. In this case, the Ohmic losses are 264.274 kW, the
winding eddy losses are 33.630 kW and the stray losses are 39.206 kW.
However, if the reference temperature changes to 45 ◦C, the Ohmic
losses become 238.658 kW, the winding eddy losses become 30.370 kW
and the stray losses become 43.414 kW. Thus, the load losses at 75 ◦C
are 397.11 kW while the load losses at 45 ◦C are 372.442 kW or 7.8%
lower, i.e. this shows the importance of loss correction for the ambient
temperature change and the actual temperature of the loading cycle.
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The fitted equation is defined according to the points obtained in
the optimization process for resistivity winding losses (𝑃𝑊 ), where the
coefficient of determination R2 is determined as follows:

𝑃𝑊 = 20.454𝑆2
𝑖𝑛𝑝𝑢𝑡 − 1682.2𝑆𝑖𝑛𝑝𝑢𝑡 + 227954 (5)

Based on the optimization points, Eq. (6) is fitted for the winding eddy
losses parameters, in which R2 is 0.9704. This coefficient represents
the proportion or relationship between the dependent variable 𝑃𝑊
and the remaining parameters of the function (independent variables).
In this case, R2 indicates approximately 95.72% of the variability in
the resistivity winding losses, 97.04% in the winding eddy losses, and
98.42% in the stray losses.

𝑃𝐸 = 33454 ln(𝑆𝑖𝑛𝑝𝑢𝑡) − 120431 (6)

Eq. (7) is obtained by fitting the function from the points defined by
the optimization process for the stray losses parameters PS, with the
coefficient R2 equal to 0.9842.

𝑃𝑆 = 1.1896 ⋅ 𝑆2
𝑖𝑛𝑝𝑢𝑡 + 541.22 ⋅ 𝑆𝑖𝑛𝑝𝑢𝑡 − 3019.4 (7)

2.1. Transformer efficiency

The transformer efficiency is expressed from the relationship be-
tween the output power 𝑆𝑜𝑢𝑡 and the input power 𝑆𝑖𝑛:

𝜂 = 100
𝑆𝑜𝑢𝑡
𝑆𝑖𝑛

(8)

he transformer efficiency at any operating point (9), is calculated as
function of no-load losses at rated voltage and frequency 𝑃0, short

ircuit losses at the rated current and reference temperature 𝑃𝑆𝐶 , load
actor 𝑘 and the rated apparent power of the transformer 𝑆𝑟.

= 100(1 −
𝑘2𝑃𝑆𝐶 + 𝑃0

𝑆𝑟 + 𝑃0 + 𝑘2𝑃𝑆𝐶
) (9)

The load losses are expressed by (10).

𝑃𝑘 = 𝑘2𝑃𝑆𝐶 (10)

The output power 𝑃𝑜𝑢𝑡 is calculated by (11).

𝑃𝑜𝑢𝑡 = 𝑘𝑆𝑜𝑢𝑡 cos𝜙 (11)

where cos𝜙 is the load power factor. The maximum efficiency 𝜂𝑚𝑎𝑥 is
obtained when the no-load losses are equal to the load losses as shown
in (12) and (13).

𝜂𝑚𝑎𝑥(𝑘𝑜𝑝𝑡) ⟶ 𝑃𝑘 = 𝑃0 = 𝑘2𝑃𝑆𝐶 (12)

𝑘𝑜𝑝𝑡 =

√

𝑃0
𝑃𝑆𝐶

(13)

ubstituting the load index for optimal value in (9), it is possible to
etermine the PEI. Assuming the power factor as a per-unit value, a
opulation of specific transformers might be compared. The maximum
fficiency occurs when 𝑃𝑘 = 𝑃0. This way (9) can be restructured as
14).

𝐸𝐼 = 𝜂𝑚𝑎𝑥 = 100(1 −
2𝑃0

𝑘𝑜𝑝𝑡𝑆𝑟 + 2𝑃0
) (14)

EI is a function of 𝑃0, 𝑃𝑆𝐶 , 𝑆𝑟 and the power factor of the load cos𝜙.
his approach is useful for the comparison of the energy efficiency
f large distribution transformers to different primary voltage, which
s applied in energetic studies of installed transformers samples. This
ethod focuses on the specific design concept of each transformer unit

n terms of component losses.
3

f

.2. Economic analysis

The losses used for capitalization evaluation should include the
ooling losses, i.e. energy consumed by the cooling equipment during
he operation. Such power consumption can appear when the trans-
ormer is operating with no-load losses or with both, with and without
oad losses. The Total Cost of Ownership TCO is calculated by (15),
here terms 𝐼𝐶 is the initial cost of the power transformer and 𝑃𝐶𝑜 is

he cooling power for no-load operation.

𝐶𝑂 = 𝐼𝐶 + 𝐴(𝑃0 + 𝑃𝐶𝑜) + 𝐵(𝑃𝑆𝐶 + 𝑃𝐶𝑆 − 𝑃𝐶𝑜) (15)

.3. Temperature correction

The load factor is one of the critical indicators needed for trans-
ormer specification and can be defined using either the average load
r the average overtime of the root mean square (RMS) value of the
nstantaneous load [32,33]. This work proposes a novel approach for
he correction of the RMS load based on the transformer winding
emperature, where the temperature correction factor is taken into
ccount.

The mean winding temperature is usually specified as a temperature
ise, but actual load losses are calculated at absolute temperature,
herefore, the ambient temperature has a direct influence on the load
osses. There are two standard values indicative of the ‘‘mean winding
emperature’’: 55 ◦C temperature rise for non-thermally upgraded paper
nd 65 ◦C temperature rise for the thermally upgraded paper. Accord-
ng to [34], the ambient temperature is fixed at 20 ◦C, and in order
o compare the load losses we need to choose a reference temperature.
ypically, 75 ◦C or 85 ◦C are used as reference temperatures the load

oss values are warranted at a reference load and temperature. This
tudy uses load loss correction at the actual temperature instead of a
eference temperature.

Fig. 2 shows a simulation with 85 ◦C as losses reference and the real
emperature profile. It is observed that the losses are highly dependent
n the temperature, the optimal transformer size can be determined
y comparing these two results. The losses vary with the load profile
uring a determined time period, and the load factor 𝐿𝑓 can now
e represented as the average overtime of the root mean square RMS
alues of the instantaneous load considering instantaneous temperature
orrection.

The average loading is described as the annual load average and the
oad factor 𝐿𝑓 is calculated by (16).

𝑓 = 1
ℎ ∫

ℎ

0
𝑓𝑙𝑜𝑎𝑑𝑑𝑡 (16)

where 𝑓𝑙𝑜𝑎𝑑 is the time function represented in Fig. 2, in which the load
loss factor is calculated from a definite integral throughout a year (total
period), where ℎ is the number of hours in one year.

Average RMS overtime represents a more suitable method for
intermittent energy sources. The load loss factor 𝐿𝑓 is given by (17).

𝐿𝑓 =

√

1
ℎ ∫

ℎ

0
𝑓𝑙𝑜𝑎𝑑 (𝑡)2𝑑𝑡 (17)

inally, the conventional expression of the loading function in (17) is
eformulated taking into account the temperature correction 𝑓𝑡𝑒𝑚𝑝 as in
18).

𝑓 =

√

1
ℎ ∫

ℎ

0
𝑓𝑡𝑒𝑚𝑝(𝑡)2𝑑𝑡 (18)

n sequence, Fig. 3 shows the flowchart of the proposed methodology.
he proposed method calculates the maximum hotspot and top oil tem-
erature considering the loading profile, as well as equivalent aging.
he algorithm verifies if these three outputs exceed the limit imposed
y the well-established international standards. If no constraints are

ound, a reduction of 1 MVA in the total size of the transformer is
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Fig. 2. Comparison of load losses with and without temperature correction.
performed and the iterative process continues. Otherwise, the algorithm
stops and shows the latest calculation value of the power, following
these three criteria. The ambient temperature 𝑇𝑎𝑚𝑏 is a time-dependent
variable, which represents an array of values. The maximum step con-
sidered is one hour, i.e. temperature measurements are collected hourly
and input into the optimization algorithm. The loading curve applied to
the generator step-up (GSU) collector transformer throughout an entire
year is also a time-dependent function, which represents one of the
most important and sensitive input information in the proposed model.
In addition, the maximum hotspot (HS) and the maximum top oil
(TO) temperature limits are needed in the optimization algorithm. Both
hotspot and top oil are considered long-time emergency loading instead
of normal cycle, since the total time with solar radiation during a day
is less than 24 hours, but more than a few minutes. Long-time emer-
gency loading permits the hotspot and top oil temperature to exceed
the normal cyclic temperatures and may be applied to transformers
carrying non-continuous loads. In this research, the temperature limits
established in the IEEE guide are considered, i.e. 140 ◦C for the hotspot
and 110 ◦C for the top oil temperature. These temperature values are
defined by the thermal limits of the mineral oil and thermally upgraded
insulation paper [34]. In the case of high-temperature class materials,
such as aramid paper and/or ester fluid, these values can be increased
and therefore the transformer size can be reduced. The loss of insulation
life must also be quantified as less than 1.0 p.u. equivalent aging
𝐸𝑄𝑎𝑔𝑖𝑛𝑔 . As long as none of 𝐻𝑆𝑜𝑢𝑡𝑝𝑢𝑡, 𝑇𝑂𝑜𝑢𝑡𝑝𝑢𝑡 or 𝐸𝑄𝑎𝑔𝑖𝑛𝑔 exceed the
maximum value allowed, the proposed optimization technique reduces
the total size by 1 MVA until it converges to the optimum transformer
size, which fulfills all restrictions and prior established constants.

3. Case study

Initially, a general overview of the PV farm and electric power
grid is shown in Fig. 4, where a GSU transformer is connected be-
tween both systems. The common technical characteristics of the power
transformer are described in the Table 1.

Fig. 5 represents the per unit load of a solar profile. The data in
Fig. 5 is collected during one year considering the solar radiation of
the 8760 hours with one-minute time-step and 525600 total number of
points.

Fig. 6 shows the load factor calculated by using the three different
methods. For a 100-MVA generator step-up (GSU) transformer, the
4

Table 1
Transformer parameters.

Rated power, [MVA] 55–100
High voltage, [kV] 230 ± 10% with tap changer
Low voltage, [kV] 34.5
Cooling impedance, [%] 12
Max. total losses (ONAF), [%] 0.4
Connection Ynd1
No-load losses capitalization, [USD/kW] 2500
Load losses capitalization, [USD/kW] 2500
Loading profile 1.0 p.u. (flat curve)
Ambient temperature, [◦C] 30 (continuous)
Max. hotspot rises, [◦C] 80
Max. top oil rises, [◦C] 65
Max. mean winding rises, [◦C] 65
Type of oil Mineral
Solid insulation material Thermo-established paper
Winding conductor material Copper
Total lifetime considered, [h] 150000 [34]

average loading based on the solar energy profile in Fig. 5 is around
58.9%, in which the conventional RMS overtime is 50.4% and 51.2%
for RMS with temperature corrections. Smaller power transformers,
such as 55 MVA, have an average load factor smaller than 80%, while
for RMS load factor without temperature correction, this value is 98%,
and for RMS load factor with temperature correction 93.1%. When
connected to solar power production, this power transformer rarely
reaches the rated loading factor and the hotspot of 85 ◦C, due to the
large load variation. Therefore, when temperature correction is applied
a bigger gap appears for smaller equipment due to higher temperature
of operation.

Loading profile and ambient temperature are key real-time parame-
ters for establishing dynamic transformer rating. The average ambient
temperature mapping and average load represent typical yearly behav-
ior of a largely urban and industrial area in South America. Please note
that the summer season is from December to March in the Southern
Hemisphere. Therefore, more power demand is required for residential
and commercial air-conditioning as well as many other cooling applica-
tions. An annual distribution of daily average temperature is presented
in Fig. 7. Higher temperatures are observed around 13 up to 15 hours
and the highest ambient temperatures throughout the year occur in
January/February and November/December. At the same time, during
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Fig. 3. Proposed optimization methodology.
Fig. 4. PV farm connected to the electric power grid.

these months transformer experiences the highest level of loading as
shown in Fig. 8.

According to Fig. 8, the absolute maximum generation of the solar
power plant is equal to 1.0 p.u. and the maximum average of 0.98 p.u.
occurs at 10:00 A.M. in December, i.e. the intermittent behavior of
photovoltaic power generation demands the transformer to operate at
rated load only a few hours per year.
5

Annual load distribution for 100 MVA transformer as shown in
Fig. 9 is obtained by using data from Figs. 7 and 8 as inputs to the
loading curve calculations according to the IEEE bottom-oil model [34].
The blue curve in Fig. 9 represents the average loading profile where
the maximum load does not exceed 0.9 p.u.; the grey curve is the
dynamic profile of the hotspot temperature of the transformer, with
a maximum value of ≈ 80 ◦C. Top oil and bottom oil temperatures are
represented by yellow and green colors respectively and the orange bars
show the corresponding ambient temperatures.

The following operation parameters are identified using Fig. 9:

• Maximum hotspot temperature is equal to 79.84 ◦C at 15 h and
00 min;

• Maximum top fluid temperature is equal to 64.35 ◦C at 15 h and
21 min;

• Equivalent aging rate is 0.178805 p.u. for 10 min and 44 s a day.

A transformer with thermally upgraded paper is designed to withstand
hotspot temperature of 110 ◦C for the entire duration of its lifetime [34,
35], which means that at 110 ◦C, the equivalent aging factor for
transformer insulation is a unitary value, i.e., after 150,000 h the DP
of the paper will reach the end-of-life criteria.

Fig. 10 shows the calculated values of the hotspot absolute tem-
perature, top oil absolute temperature, and equivalent aging in hours.

Thereafter, determining the minimum and technically viable size of
the power transformer, the formulation of the loss’s capitalization is
applied to determine the minimum TOC.

Firstly, technical analysis is carried out and the minimum rated
power possible is found which meets all technical specifications. After
the technical optimization, a financial comparison is started to calculate
the TOC, i.e., the optimum transformer size from the technical point
of view can be or not be the optimum point from the technical plus
financial itself.
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Fig. 5. Per unit solar radiation along the year.
Fig. 6. Load loss factor versus transformer size.
Fig. 11 shows the transformer temperatures, and the ambient tem-
perature, and the dotted curve represents the average winding tem-
perature. From Fig. 11, it is possible to observe that winding thermal
inertia is higher than the thermal inertia of the transformer as a whole.
The thermal stability for this transformer cannot be achieved with the
loading profile of a solar plant.

3.1. Investment parameters

To simulate the real case and calculate the TOC to compare RMS
load approaches with and without temperature correction the sensitiv-
ity analysis is performed. The average energy price of the first year
of operation of a solar plant is 0.02033 USD/kWh according to Fig. 12.
The average annual increase in energy cost is 1.52% per year according
to a weighted index of the energy price shown in Fig. 13 [36]. From
6

2020 to 2030, the average increment is from 72.0 to 87.2 USD, there-
fore, the annual average increase in estimated price is 1.52% per year
for the next 10 years. Another important factor is the weighted average
cost of capital (WACC), which is 6.6% per year for power utilities [37].

The total cost of transformer installation and commissioning is
highly correlated with the prices of materials used in the manufacturing
process. Therefore, a good estimate of the initial investment price (IP)
is the costs of the most used materials in transformer manufacturing as
given by (19).

𝐼𝑃 = 𝑓𝑝𝑟𝑖𝑐𝑒(𝑚𝑐𝑜𝑝𝑝𝑒𝑟𝑤𝑐𝑜𝑝𝑝𝑒𝑟 + 𝑚𝑖𝑟𝑜𝑛𝑤𝑖𝑟𝑜𝑛 + 𝑚𝑜𝑖𝑙𝑤𝑜𝑖𝑙) (19)

where, 𝑓𝑝𝑟𝑖𝑐𝑒 is the price factor, which is used for considering all other
potential elements, a chosen price factor is 2.8 [USD/kg]; 𝑚𝑐𝑜𝑝𝑝𝑒𝑟 is
the total mass of the copper, [kg]; 𝑤 is the price of the copper,
𝑐𝑜𝑝𝑝𝑒𝑟
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Fig. 7. Annual average temperature.
Fig. 8. Annual average load.
[USD/kg]; 𝑚𝑖𝑟𝑜𝑛 is the total mass of iron, [kg]; 𝑤𝑖𝑟𝑜𝑛 is the price of iron,
[USD/kg]; 𝑚𝑜𝑖𝑙 is the total mass of oil, [kg] and 𝑤𝑜𝑖𝑙 is the price of
cooper, [USD/kg].

The materials have variable prices, therefore, the chosen prices are
approximated from the current market value. The input data used in
this study is summarized below:

• Average energy price of the first year in operation 0.02033
USD/kWh;

• Average annual increase in energy cost rated of 1.52%;
• Number of years before the invested amount shall be paid back:

17.12 years which is equivalent to 150.000 hours;
• Weight average cost of capital of 6.6%;
• Copper cost: 8.0 USD/kg;
• Iron cost: 2.0 USD/kg (electrical steel core material);
• Oil cost, : 1.0 USD/kg;
• Factor price, 𝑓 = 2.8.
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𝑝𝑟𝑖𝑐𝑒
4. Results

The total cost of ownership is calculated according to (15). Table 2
shows the TOC calculated, in kUSD, by using the three methods intro-
duced previously in this section. Table 2 shows that there is a different
optimum point when temperature correction is considered. The first
row shows the initial cost calculated using (19) and the smaller the
transformer is, the lower the initial prices. When TOC is calculated is it
possible to observe that, there is a minimum optimum transformer size.
The green color means the lower TOC prices and the red color shows
the higher TOC. For the RMS approach without temperature correction,
the optimum point is a transformer with 80 MVA rated power and TOC
equal to 733 kUSD, and when the temperature correction is considered
a 75 MVA transformer is encountered with 731 kUSD. The minimum
allowable transformer size is 68 MVA due to the technical limitations
of aging, top oil, and hotspot temperature. If only technical limitations
are taken into account, the 68 MVA transformer should be chosen. If
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Fig. 9. Annual average loading and temperatures for a 100 MVA transformer.
Fig. 10. Absolute temperature of hotspot and top oil, and equivalent aging limits.
all the criteria are taken into account the 75 MVA transformer is the
optimal choice.

Fig. 14 shows the efficiency index comparing two different ap-
proaches with and without temperature correction and the peak effi-
ciency index, PEI, which is obtained when the no-load losses are equal
to the load losses calculated using (14).
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A more realistic data of the efficiency index is presented in Fig. 14
when the calculation considered a specific loading of the transformer,
in this case, it is the real load loss factor calculated for each approach,
i.e., for 75 MVA transformer the RMS without temperature correction
is 68.96% and with temperature correction is 68.30%.
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Fig. 11. Ambient temperature and temperatures inside the 68 MVA transformer.
Fig. 12. Prices evolution during auction in Brazilian regulated market [38].
Table 2
Initial Cost and TOC versus transformer size using RMS approaches with and without temperature correction.

Power, [MVA] 100 95 90 85 80 75 70 65 60 55

Initial Cost [kUSD] 444 429 413 396 379 361 343 324 304 284
TOC [kUSD] - RMS 751 744 738 734 733 737 745 762 791 837
TOC [kUSD] - RMS with
temperature correction

757 748 741 735 732 731 735 745 763 792
9
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Fig. 13. Price index of energy worldwide from 2019 to 2030 in U.S. dollars, price index in 2010 [36].
Fig. 14. Efficiency index of specific load and PEI.
In this example, for RMS with temperature correction higher index
compared with PEI is seen when the chosen transformer is bigger than
63 MVA. The PEI has a lower index because this index is calculated
when the no-load losses are equal to the load losses per definition,
i.e., in power transformer units it usually occurs at low load which
makes this transformer with high efficiency at low loads. The proposed
method also increases the transformer efficiency at the specific load
which this equipment will operate along the entire year, becoming
more compact and efficient.

It is possible to reduce the total rated power by 25%, from 100 MVA
to 75 MVA when the new approach is applied. The no-load losses are
10
reduced from 63.3 kW to 52.9 kW as presented in Table 3. The load
losses are higher in this case, because the quantity of cooper material
is approximately 19% lower, but the 75 MVA transformer operates
below 20% at overload conditions. Comparing the no-load loss, from
100 MVA to 75 MVA the no-load losses came from 63.3 kW to 52.9 kW,
a reduction of 19.6% of losses for the total transformer lifetime.

4.1. Real loading curve with reactive dispatch - example

The approach considering reactive power dispatch is presented
further. The quantity of the reactive power dispatch is shown in Fig. 15,
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Table 3
Mass and losses comparison.
Fig. 15. Example of a reactive injection on the grid in a solar power plant.
Table 4
Initial Cost and TOC versus transformer size using RMS approaches with and without temperature correction
adding the reactive dispatch.

Power, [MVA] 100 95 90 85 80 75 70 65 60 55

Initial Cost [kUSD] 444 429 413 396 379 361 343 324 304 284
TOC [kUSD] - RMS 812 809 808 810 817 830 851 883 933 1008
TOC [kUSD] - RMS with
temperature correction

817 812 809 808 811 818 831 851 883 930
which shows that approximately all reactive power is dispatched during
night-time and early morning [39]. Considering the dispatch of reactive
power in a photovoltaic power plant it is observed that there is an in-
crease in the load of the transformer that will operate in the substation.
Fig. 16 shows the average load curve of the loading of the transformer.

The TOC for this scenario is presented in Table 4.
In the case of the same equipment for the reactive injection, it

is necessary to acquire equipment with at least 85 MVA of power to
ensure that all the criteria are satisfied. Such analysis is of paramount
importance for the purchaser of the equipment, since if the equipment
is dimensioned or does not consider the use of reactive power, the
useful life of the equipment can be reduced considerably.
11
5. Conclusion

The increasing integration of intermittent power sources in the
grid has required more sophisticated techniques during the project
and manufacturing of power equipment in financial and technical
terms. This paper has addressed yet unresolved issues on how to
optimize transformer size for new solar power plants as a function of
the expected power generation curve and environment temperature.
Such power transformers will operate throughout their Life cycle while
fulfilling all economic criteria, ultimately achieving the most cost-
effective transformer solution. After an in-depth review of the technical
literature, only a few researches were found on the proposed subject.
However, such research does not take into account the temperature
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Fig. 16. Annual average loading and temperatures for a 100-MVA transformer and the average reactive power dispatch.
correction inside the winding, and neither does a joint relationship on
the total ownership cost of the power transformer. In this sense, the
proposed method showed to be efficient, because it can determine the
most suitable equipment based on financial and technical information,
such as the price of energy, WACC of the investor, transformer life
expectancy, and others. The results and analyses showed the great
potential to determine the project of the optimized transformer based
on several variables and indexes, such as load factor, losses, solar
radiation, transformer size, annual average ambient temperature and
load varying, hotspots, and various pricing indexes. Such a method cor-
relates all these features, which have not been previously found in the
technical literature, and therefore represents an original contribution to
assist the design of power transformers for systems with intermittent
generation and loading. The results and conclusions provided in this
research are relevant because manufacturers have reduced attention to
loss capitalization, only focusing on the initial price of the transformer,
or not distinguishing the difference between the capitalization of no-
load losses and the capitalization of load losses. To avoid a reduction
in the revenue of electricity production, a deep analysis in this context
was carried out, which has demonstrated the importance of taking
into account the loading profile and the huge difference between
capitalization of no-load and load losses.
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