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Abstract—Dynamic transformer rating (DTR) can be used to
load power transformers above nameplate rating, while respect-
ing contingency loading limits and ensuring an acceptable risk
level. Purchase of power transformers is a major contributor for
high costs of building new substations. Application of DTR allows
to postpone the investment in new power transformers in old
substations, thus DTR has a potential to become an economically
beneficial technology. A quantitative risk and economic evalua-
tion of DTR application is performed for a wind farm connected
transformer and thus for a highly variable load scenario. The
risks analyzed in this project are increased loss of insulation
life and the risk of dielectric failure, based on the Arrhenius-
Weibull model. A comparative net present value calculation has
been performed to investigate the profitability of replacing a 19.4
MVA transformer with a 16 MVA dynamically rated transformer.
The feasibility of DTR application is analyzed and a methodology
is developed to support both transformer manufacturer and
potential customers, such as distribution system operators, in
the decision-making process of purchasing of dynamically rated
transformer for wind energy applications.

I. INTRODUCTION

Power system utility companies have a need to optimize
their capacity usage to provide their customers with lowest
cost at an acceptable risk level. Dynamic rating is a relatively
new method aimed at increasing the capacity utilization of
equipment, driven by gathering and analyzing information
regarding system and environmental conditions. For a wind
farm connected transformer, the unpredictability of the load
as well as its high variability represents an extra challenge in
effectively sizing the transformer with dynamic rating. This
requires thorough risk and economic assessments, in order to
sustain system reliability and component life expectancy [1].
The life expectancy of transformer is affected by insulation ag-
ing and, more specifically, by hottest-spot temperature (HST).
The heat balance of a transformer depends on load and ambient
conditions. Thermal models are used to present the transformer
HST as a function of the load and ambient temperature.
The heat distribution in transformer is not uniform, therefore
information on the HST is of interest, when predicting trans-
former thermal behavior. Commonly used thermal models are
provided by IEEE and IEC standard guidelines. IEEE has two
thermal models for transformers: IEEE Clause 7 and IEEE

Annex G [2]. The International Electrotechnical Commission
(IEC) has also introduced two thermal models: exponential
equations model and differential equations model [3]. The
HST calculations in the following study are using the IEC
differential equations method [3] [4].
According to the IEEE Guide for loading oil-immersed trans-
formers [2], a transformer insulation is designed to withstand
constant load for 17.12 years, provided that the hot spot
temperature is 110 ◦C during all operation time for 65◦C
average winding rise transformers [2]. The static rating is
designed to ensure that the transformer can withstand the
worst-case scenario conditions. When using nameplate ratings,
the equipment capacities are not fully utilized, which leads
to higher investment costs. The application of DTR allows
loading a transformer above nameplate rating, while respecting
the limits of contingency loading [5]. Overload conditions
increase the risk of faster insulation aging and the risk of
failure due to increased formation of bubbles in the oil,
which affects insulation and reduces capability to withstand
short circuit faults [4, p. 28]. The DTR provides a possibility
to optimize transformer capacity without compromising the
insulation aging rate and transformer life expectancy.

II. METHODOLOGY

A. Risk analysis

Increased temperature in the transformer windings leads to
increased insulation loss of life (LOL) and can also become
a cause of dielectric failure [6]; and can be referred to as
accelerated insulation aging. The risk of the DTR application
can be approximated by the risk of having hot spots, obtained
as the sum of the risks of accelerated insulation LOL and
dielectric breakdown. The normal LOL of a transformer is
defined as the daily LOL caused by a HST equal to the
reference value θ0 [6]. Overloading the transformer can result
in HSTs above θ0, which leads to additional LOL. The
additional LOL is calculated as a percentage of normal LOL
[2]. The transformer LOL in hours can be presented as a
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function of time and temperature (1) and follows an adaptation
of the Arrhenius reaction rate theory [2].

PL(θhs) = 100 · t · e
B

θ0+273−
B

θhs+273 [hours] (1)

where θ0 and θhs are the reference HST and the actual HST
respectively in [◦C], t is the time in [hours], and B = 15000
is the dimensionless aging rate constant [2].
The impact of LOL is defined by (2) [6].

ImLOL(θhs) =

{
∆t
t0
· Ct, if θhs ≥ θ0

0, otherwise
(2)

where t0 is the expected transformer remaining life as a
percentage of total expected life, [%]; Ct is the cost of
rewinding the transformer, in [SEK (Swedish krona)]; ∆t is
the percentage of loss of life difference for the actual and
reference temperatures, [◦C] and can be defined by:

∆t = (PL(θhs)− PL(θ0))/tn (3)

where tn normal insulation life reference, [hours].
The probability of a dielectric failure during the time period
[t1, t2] can be estimated by (4) [6].

Pr(t1 < t < t2|θ) = H(t1|θ) · (t2 − t1) (4)

where H(t1|θ) is the hazard function, given by [6]:

H(t1|θ) =
f(t1)

1− F (t1)
(5)

in which f(t) and F (t) are the probability density function and
the cumulative distribution function of the dielectric failure
respectively.
The transformer degradation as a function of the temperature
follows the Arrhenius reaction rate and the dielectric failure of
a transformer can be described by a Weibull distribution [6].
Therefore an Arrhenius-Weibull model presented by (6) and
(7) can be used to describe the dielectric failure as a function
of the temperature [6].

f(t) =
1

σt
ex−e

x

(6)

F (t) = 1− e−e
x

(7)

where x is a stress as a function of time; σ is the scale
parameter for the Weibull distribution, σ = 1/β. β is the
shape parameter for the insulation material and is obtained by
combining accelerated aging tests and the maximum likelihood
method [7].
When a dielectric failure occurs, the transformer has to be
replaced. Therefore. it is essential to calculate the impact of a
dielectric failure by using (8) [6].

ImDF (θhs) =

{
Ct, if a failure occurs
0, otherwise

(8)

The risk associated with an event can be quantified using the
product of the probability of the event and the consequences

associated with it [8]. The risk associated with insulation LOL
for a given load is defined by (9) [6].

Risk(ImLOL|Load) =∫ T

0

∫ θhs

θ0

Pr(θhs|Load) · ImLOL(θhs) dθ dt [SEK]
(9)

In a similar manner, the risk associated with dielectric failure
for a given load is defined by [6]:

Risk(ImDF |Load) =

∫ T

0

∫ θhs

θ0

Pr(θhs|Load)·

·H(t|θhs) ·∆t · ImDF (θhs) dθ dt [SEK]

(10)

Thus, the total risk associated with the dynamic rating appli-
cation is:

RiskDTR =

Risk(ImLOL|Load) +Risk(ImDF |Load) [SEK]
(11)

B. Economic analysis

There are two main benefits associated with dynamic asset
rating: better utilization of existing equipments and possibil-
ity to increase system performance [9], which can become
economically beneficial. The economic benefits of using DTR
can be obtained using time discrete Net Present Value (NPV)
calculations as in (12).

NPV =

t∑
i=1

Ci
(1 + r)i

− C0 (12)

where Ci is the net cash inflow during a period t; C0 is the
upfront investment cost; i is the time period, usually given in
years; r is the discount rate per i.
Discount rate, r, is most commonly determined by the
Weighted Average Cost of Capital (WACC) [10]. The distri-
bution company is assumed to have a good credit rating, and
the debt margin is assumed to be 1.7 which gives the cost of
debt 3.96%, equal to the European average [11]. The capital
structure for WACC is assumed to be equal to the European
average in the power sector, 50.66% equity and 49.34% debt
and in this case WACC = 6.93%. The assumed wholesale
price of electricity is 297.3 SEK/MW [12].
In our comparative NPV analysis we considered only marginal
costs and revenue; costs associated with installation, land, and
decommission are not being considered in the analysis.
Capital costs of the transformer are the upfront investment
costs at year = 0. The costs of a transformer and the DTR
application for the 16 MVA transformer are costs that have
the highest uncertainty level. NPV analysis aims to determine
what should be the capital costs for the 16 MVA transformer
with DR in order to match return on investment of the 19.4
MVA transformer.
Transformer losses represent energy that is lost due to the
design of the transformer, and are divided into no-load losses
and on-load losses. The cost of losses per year is defined as:

Costlosses = (Lossesno−load + Losseson−load) ·
h · Costelectricity [SEK]

(13)



where h is the number of hours in a year; Costelectricity is
the whole-price for electricity [SEK/Wh]; Losses are in [W].
As the price of electricity is not time independent, a electricity
forecast will be used to make assumptions of future trends. The
electricity price in Europe has been increasing by an average of
3.2% each year since 2008 [13], the economic benefits of DTR
are analyzed for 5 cases: 5% and 2%, increase and decrease
in the electricity price and no changes in the electricity price.
The risk of the DTR application is quantified in currency units,
and are included in the NPV calculation as expected costs. To
simplify the analysis, the costs for operation and maintenance
are assumed to be the same for both transformers.

III. MODEL IMPLEMENTATION

A. Transformer Specification and Collected Data

The transformer analyzed in this replacement is a 19.4 MVA
transformer located in Sweden. The 16 MVA transformer is
considered to have the same nominal characteristics, therefore
the percentage of load and no-load losses is assumed to the
same. The relevant information from the data sheet of the 19.4
MVA transformer as well as calculated values for a comparable
16 MVA transformer can be seen in Table I. The 16 MVA
transformer was sized in [4], as the smallest size possible
which respected the limits in the IEC limits for maximum
contingency loading of current and HST.

TABLE I: Transformer’s parameters [4]

Transformer specification
Power (MVA) 19.4 16
Voltage (kV) 44 /22 44 /22

Load losses (W) 137500 113402
No load losses (W) 7370 6078

The data used for the 19.4 MVA transformer consists of one
year of measurements of: load data; hottest-spot temperature;
cost of new transformers. Corresponding data for 16 MVA
transformer was obtained using thermal models [3][4]. No
future wind farm expansion is assumed to occur and thus the
yearly load profile is assumed to remain unchanged.

B. Risk Analysis

From the HST distribution in Figure 1 it is seen that
maximum HST for the 19.4 MVA transformer was 87.3◦C,
whereas for the 16 MVA transformer it does not exceed 120◦C.
Therefore, using the one year of load data as a reference
pattern for the transformer’s lifetime operation, the risk will be
zero for temperatures above 120◦, given the zero probability
of their occurrence. As seen in Figure 1, the probability of the
16 MVA transformer with DTR to exceed the reference value
of 110◦C is low (0.21%). Lower probabilities of exceeding
the reference temperature result in lower risks of accelerated
insulation aging and dielectric failure.
In order to perform the risk analysis, the conditional prob-
ability distribution of HSTs given a certain load occurrence,
Pr(θhst|Load) is calculated. The HST data is used to calculate
the aging acceleration factor per measurement interval and the
equivalent aging factor per hour. The information on aging
of the transformer is used to calculate the percentage of

normal insulation life lost per day, for each day the data was
collected, as shown in Figure 2, where the vertical axis is
scaled logarithmically.
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Fig. 1: Hottest-spot temperature probability distribution.
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Fig. 2: Comparison of the percentage of total life lost per day,
for one year of measurements.

The normal LOL is defined as the daily loss of life equal to that
of a continuously loaded winding with hottest spot temperature
of θ0=110 ◦C (for a 65 ◦C rise transformer)[6]. From (1) and
considering 17.12 years as the normal insulation life reference,
0.016% of life is lost per day.
From Figure 2, it can be seen that for the 16MVA transformer,
the percentage of life lost per day is significantly higher
than for the 19.4 MVA transformer. Nevertheless, these values
remain significantly lower than the normal daily loss of life.
This implies an insulation life higher than the normal reference
life of 17.12 years.
In Table II, the total life lost within a year is compared to
the normal loss of life. For the 19.4 MVA transformer, in the
measured year, only 0.08% (7.24 hours) of the normal yearly



loss of life occurs, whereas for the 16 MVA transformer with
DTR, this value increases to 1.55% (135.9 hours).

TABLE II: Loss of insulation-life analysis

Analyzed Scenario Loss of life per Expected total insulation
year [hours] life [years]

Reference value 8760.0 17.12
16 MVA Transformer 135.9 1103
19.4 MVA Transformer 7.2 20709

A percentage of LOL for each interval for each HST value
is obtained from the normal percentage of LOL per day
(0.016%), in order to obtain ∆t, as defined in (3). The impact
of accelerated LOL is obtained for different HST values for
every 5 minutes of load measurement interval. The expected
remaining life, t0, relates the impact of the accelerated LOL
to the age of the insulation at the time of the HST increase.
t0 = 1103 [years] is given as a percentage of the expected
transformer life, from Table II. Figure 3 shows the impact that
a certain HST lasting for 5 minutes will have during different
years of operation with its maximum at year 1103.
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Fig. 3: Impact of life lost during 5min for each year of
operation

The risk of accelerated loss of life, per load, for 5 minutes of
continuous loading in different operation years, was calculated
using (9) and can be found in Figure 4.
To determine frequency of transformer loading, the risk of
increased LOL for each operation year is calculated using the
impact per load level and the frequency function of each load
level. Figure 5 shows the risk of increased LOL throughout
the expected lifetime of the 16 MVA transformer with DTR.
The risk of dielectric failure increases for temperatures above
140 ◦C. Since the maximum HST for the 16 MVA transformer
is 119.8 ◦C, the risk of dielectric failure is not taken into
account. The total risk of the DTR application will be equal
to the risk of accelerated loss of life.

C. Economic Analysis
The NPV of no-load and on-load losses for both transform-

ers, assuming stagnant electricity price over the course of 1103
years are shown in Figure 6 and Figure 7 respectively.
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Fig. 4: Risk of accelerated loss of life during 5min for different
operation years (Year 0 bottom curve, year 40 top curve)
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Fig. 5: Risk of accelerated loss of life per operation year using
a 16MVA transformer in the given application

The additional cost of no-load and on-load losses for 19.4
MVA transformer compared to the 16 MVA transformer are
shown in Figure 8 and Figure 9 respectively.
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Fig. 6: NPV of no-load losses for 19.4 and 16 MVA trans-
formers assuming stagnant electricity price



0 5 10 15 20 25 30 35 40 45 50
year

0

1

2

3

4

5

6

7

8

9

10

co
st

 [S
EK

]

10 4

cost of on-load losses for 19.4 MVA transformer
cost of on-load losses for 16 MVA transformer

Fig. 7: NPV of on-load losses for 19.4 and 16 MVA trans-
formers assuming stagnant electricity price
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Fig. 8: NPV of the additional cost of no load losses for 19.4
MVA transformer compared to the 16 MVA transformer
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Fig. 9: NPV of the additional cost of on load losses for 16
MVA transformer compared to the 19.4 MVA transformer

A load frequency distribution of the 16 MVA transformer
is obtained by scaling the current value of the 19.4 MVA
transformer; the distributions are shown in Figure 10.
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Fig. 10: Load frequency distribution for the transformers [4]

The NPV of cost of risk for the 16 MVA transformer is
shown in Figure 11.
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Fig. 11: NPV of the cost of risk for the 16 MVA transformer

Table III shows the minimum required difference between the
capital costs of transformers in order to obtain the same return
on investment.

TABLE III: Necessary difference in capital cost for the
16 MVA transformer to have the same return of investment

Electricity price forecast Difference in capital cost (kSEK)
5% decrease 2949
2% decrease 2658
Stagnant 2324
2% increase 1719
5% increase -1540

The risk and economical analysis show that 16 MVA trans-
former has a potential to have significantly impact on econ-
omy.

IV. METHODOLOGY FOR TRANSFORMER SPECIFICATION

Conventional transformer design methodologies are an op-
timization problem to minimize the manufacturing costs [14]



with the desired MVA rating, total line losses and equivalent
reactance as constraints [15]. Based on the performed risk and
economic analysis we propose a step by step guideline for
dimensioning a transformer with DR at specification stage;
main steps are presented as a flowchart, shown in Figure 12.

Fig. 12: Flowchart of transformer selection methodology

The important part of the following algorithm is risk of LOL
calculation. The cumulative risk over one year is obtained by

Risk(Im1) =

n∑
i=1

Risk(Im1|Loadi) ωi (14)

where ωi = ∆ti
ttotal

is the weight; ∆ti is the total time during
which the load is equal to Loadi.
Increased temperature in the transformer winding results in
increased probability of dielectric failure. In case of a dielectric
failure, the transformer has to be replaced. The cumulative
yearly risk of dielectric failure, Risk(Im2), is given anal-
ogously to the risk of LOL. The risk of LOL and risk
of dielectric failure are input parameters for the total risk
calculation as in (15).

RiskDTR = Risk(Im1) +Risk(Im2) (15)

The choice of the transformer is based on the level of risk that
the customer decides on. However, the transformer has to be
dimensioned in a way that the hottest spot temperature does
not exceed the limit of 200◦C [2].

V. CONCLUSION

A quantitative risk analysis of the accelerated insulation
aging was performed for the DTR application. Due to the
HSTs remaining predominantly below the reference value of
110◦C, the yearly LOL remained below the normal LOL

level for both scenarios. The calculated difference in capital
cost for 19.4 MVA and 16 MVA transformers indicates high
profitability of implementing DTR for the analyzed case.
The risk and economic analysis indicate a profitable scenario
at an acceptable risk. Based on the risk and economic analysis’
results, the 19.4 MVA transformer can be replaced by a
dynamically rated 16 MVA transformer without a significant
increase in risk and without exceeding the limits of contin-
gency loading and winding temperature stated in [2].
Nowadays, DTR is not well popularized technology, partially
due to lack of information about the application during spec-
ification stage. A methodology for the risk and economic
analysis of DTR applications and can be used as specification
guidance for dynamically rated transformer.
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