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Abstract
Empirische Kennzahl für Störungen und 
Nichtverfügbarkeit von elektrischen 
Komponenten in Heizkraftwerken

In diesem Beitrag wird ein Ansatz zur Ab-
schätzung der Störungsrate und der Nichtver-
fügbarkeitszeit der elektrischen Haupteinrich-
tungen eines Heizkraftwerks auf der Grundla-
ge statistischer Daten vorgestellt. Es werden 
empirische Gleichungen für die Ermittlung der 
Störungsrate und der Nichtverfügbarkeitszeit 
von Generatoren auf der Grundlage von Be-
triebsstunden und der Anzahl von Anlagen-
starts pro Jahr aufgestellt. Es wurde ein Über-
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1 Introduction 
Modern combined heat and power plants 
(CHP) are designed for two-shift operation 
mode, this type of operating is more damag-
ing for power plant equipment. It is well 
known, that thermal fatigue is at its most 
damaging when a component is operating in 
the creep range and is subject to a constant 
tensile load. This mostly affects gas turbines 
and heat recovery steam generators (HRSG). 
[1][2][3] Thus, the impact on power plant 
electrical equipment is not studied as much 
as heat regeneration steam generators and 
steam turbines. Generator, power transform-
ers and switchgear can be susceptible to in-
creased fatigue, wear, and other forms of 
degradation due to repeated stop-start op-
eration. [4][5]

VGB presented in [6] that there were around 
39 unplanned unavailability incidents per 
unit per year in average during 2008-2017, 
leading to 7.7 % of unplanned energy una-

blick über die verfügbaren Störungsstatistiken 
von Leistungstransformatoren und Genera-
torschaltern erstellt, und es wurden Gleichun-
gen für die Ermittlung der Gesamtstörungsra-
te und der ungeplanten Nichtverfügbarkeits-
zeit der elektrischen KWK-Hauptsysteme 
aufgestellt. Die so gewonnenen Gleichungen 
ermöglichen eine Prognose der Störfallrate 
und der dadurch verursachten Ausfallzeit auf 
der Grundlage der erwarteten KWK-Betriebs-
zeit und der Anzahl der Anlagenstarts pro 
Jahr. Diese Informationen sind hilfreich für 
die Risikobewertung und die Planung von 
Kraftwerksbetriebsregimen. Die bereitgestell-
ten Gleichungen können für jedes beliebige 
KWK-Kraftwerk verwendet werden, die Benut-
zer müssen lediglich eine geeignete Gleichung 
auf der Grundlage der prognostizierten Be-
triebsstunden und der Anzahl der Anläufe des 
Kraftwerks auswählen. Es werden Berech-
nungsbeispiele vorgestellt. Außerdem wird 
eine kurze Beschreibung möglicher wirtschaft-
licher Parameter gegeben, die für die Wahl des 
richtigen Betriebsregimes sehr wichtig sind. l
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Fig. 1.  Impact of main electrical equipment on CCGT power plant unavailability.
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vailability. The precise number of incidents 
on generators main transformers and circuit 
breakers is not reported, still, the caused una-
vailability time is illustrated in F i g u r e   1 . 
Despite that, total incident count for main 
electrical equipment is only 1.22 incidents 
per unit per year, which is 3.15 % of all inci-
dents, it causes 0.97 % of unplanned energy 
unavailability, which is 12.6 % of total power 
plant unplanned energy unavailability, which 
shows how high is impact of incidents in pow-
er plant main electrical equipment systems. 

Around 42 % of unplanned energy unavail-
ability caused by the main electrical equip-
ment is represented by generator incidents. 
Generator must operate under electrical, 
mechanical and thermal stress all the time. 
The majority of problems occur with genera-
tor insulation, although, mica insulation has 
great insulation capability of around 
300 kV/m, the imperfections of insulation, 
such as cracks, voids, delamination, wrin-
kles or damaged mica layers lead to electri-
cal treeing development and break down of 
insulation. [7] The main causes of generator 
failures are problems with stator windings, 
rotor windings and bearings, thus, no pre-
cise statistic is available due to sensitivity of 
such information [8].

Thus, for other electrical equipment under 
the scope broad statistics of incident causers 
is available. Power transformer weakest spots 
or elements are represented in F i g u r e  2 . 
Usually, problems appear with online tap 
changers, which are rare for step-up trans-
formers. Problems with windings appear due 
to local short circuits or short circuits in the 
grid, as well as lightning strikes. Bushing 
problems also are common to all power trans-
formers. Other problems are mostly related 
to the cooling system, wrong operation of 
relay protection or failure of self-consump-
tion. Failure rate statistic on step-up power 
transformers is presented in Ta b l e  1 .

Main circuit breakers cause very few prob-
lems for power plants, but their failure can 

cause long unavailability. [6][10] Usually 
circuit breaker problem occurs when an op-
eration command is performed. In some 
case circuit breakers locks and do not per-
form task operation due to failure or block-
ing within the circuit breaker control sys-
tem, such failure mode represents 25 % of 
failures. Electrical problems are usually re-
lated to breakdown to earth, breakdown 
across the pole or inability to carry flowing 
current. Problems with the mechanical part 
are not very common. Even more rare is op-
eration without a command, in 5.4 % failure 
case circuit breaker opens without  com-
mand. High voltage circuit breaker failure 
modes are represented in F i g u r e   3  and 
failure rate presented in Ta b l e  2 . [11]

2 Approach of incident  
 rate and unavailability  
 evaluation
An incident of a generator, step-up trans-
former and generator circuit breaker leads 

to energy unavailability. For risk assessment 
it is essential to know what effects the ap-
pearance of incidents in main electrical 
equipment of a power plant. In this re-
search,  two criteria are used to prognose 
the  incident appearance, these are: the 
number of operating hours and number of 
start-ups.

Step-up transformer incidents are not af-
fected by the number of start-ups as well as 
the number of operating hours, because 
they are connected to the transmission grid 
all year long, excluding the maintenance 
shutdowns. Only incidents, reported for cir-
cuit breakers appear during operation com-
mands, so incidents are dependent only on 
the number of operations. Generator inci-
dent rate depends on various factors, which 
appear only during operation hours and are 
enforced during transient regime. F i g -
u r e  4  shows that the generator incident 
rate is not a regular function of operating 
hours. The same is if the incident rate is pre-
sented as function of start-up number. It is 
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Fig. 2.  Power transformer subcomponent failures [9].
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Fig. 3.  High voltage circuit breaker major failure modes.

Tab. 1.  Step-up power transformer failure rate.

Highest 
voltage, kV

< 200 200 to 300 300 to 500 500 to 700 >700

Major failures 20 43 89 9 4

Failure rate 0.0059 0.0093 0.0132 0.0049 0.0054

Tab. 2.  The number of major failures per command per generatorccircuit breaker technology.

CB type Failure type Λcb

Air-blast

Major failure per 10 000 close commands 0.344

Major failure per 10 000 open commands 0.006

Total 0.350

SF6 with pneumatic-
operating mechanism

Major failure per 10 000 close commands 0.032

Major failure per 10 000 open commands 0.028

Total 0.060

SF6 with hydro-
mechanical spring 
operating mechanism

Major failure per 10 000 close commands 0.020

Major failure per 10 000 open commands 0.004

Total 0.024
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because of the difference of generator con-
structions, age and operating regimes repre-
sented by statistics, incident rate of genera-
tors in generally can be expressed as follows: 

      gen = f(top; ns; c; y; tt…) (1)

where, gen – generator incident rate;

top – operation time per year, h/year;

ns – number of starts per year, 1/year;

c – cooling method (direct or indirect);

y – insulation technology;

tt – total number of hours in operation, h; 
and other factors.

As it is not possible to describe generator in-
cident rate from physical model or it is too 
complicated to be applied in practice, the 
empirical model can be used to evaluate re-
lations between different variables (startup 
number and operating hours) to describe 
incident rate probability. In this paper, least 
square method and proposed approach 
are  used to find out empirical formula for 
turbogenerator incident rate and un-
planned  unavailability time. [12] Using 
least square method incident rate would be 
expressed as:

gen.l = 0 + 1top + 2ns#(1)

where, gen.l – incident rate calculated by 
least square method;

 – unknown parameters of empirical model.

In case if least square method is used expres-
sion below will be obtained:

gen.l =-1.92807+0.00029top+ 
0.03266ns#(2)

In proposed approach for generators we pro-
pose to get rid of the number of operat-
ing hour or the number of starts, to get more 
clear dependency of incident rate in one 
of proposed variables. Used statistics clear-
ly defines average operated hours per year, 
but the number of start-ups was evaluated 
from several sources of information [13], 
[14], so we choose to use operating time as 
base for further calculation. Hourly incident 
rate is:

gen.h = 
gen.h____

top
 =  ns__

top( )#(3)

Such expression also means that the num-
ber of starts must be expressed as number of 
starts per hour. This allows to get relation 
between incident rate per hour and start-ups 
per hour which is presented in F i g u r e  5 
and seems to have linear relation. Due to 
much lower operation hours and incident 
rate, comparing to other technologies, open 
cycle gas turbine power plant (OCGT) gen-
erators statistics differs a lot from other used 

data. After excluding OCGT data, a nonlin-
ear relation appears between the corre-
sponding parameters. For a better under-
standing F i g u r e  6  shows lower part of 
graph (marked by cloud at F i g u r e  5 ) 
where fossil fired and CCGT unit statistic ap-
pears. [6]

Logarithmic expression could be used to ex-
press relation between number of generator 
system incident per hour per year per unit 
relation to number of starts per hour per 
unit per year. But obtained expression will 
not stick with the existing points of the 
graph. In case if incident rate is calculated 
by least square method, obtained results 
sticks well to used statistics. Thus, errors 
could appear in some combination of oper-
ating hours and number of start-ups per 
year, incident rate could hit negative values 
which is presented at F i g u r e  7  and is un-
acceptable. To avoid such situations, all 
data presented at F i g u r e  5  were divided 
in parts which now can be expressed as lin-
ear functions. For incident estimation per-
hour per unit per year Ta b l e  3  should be 
used.

After hourly generator incident rate is calcu-
lated for prognosed regime (4), it should be 
multiplied by prognosed operation hours 
per year, this will lead to generator incidents 

Operation hours per year in h

N
um

be
r 

of
 g

en
er

at
or

 in
ci

de
nt

s
pe

r 
un

it
 p

er
 y

ea
r

incidents

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
0                         2000                      4000                      6000                      8000

Fig. 4.  Number of generator system incident per year per unit relation to operating hours per year.
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per unit per year. Calculation is made using 
(5) and Ta b l e  3 . The example result is pro-
vided in Ta b l e  4 . It is clear, that the num-
ber of star-ups affects incident rate im-
mensely, operating hours have much lower 
impact on incident rate, at low start-up 
number, increase of operating hour results 
in a slight decrease of the incident rate. 
Thus, at a moderate or a high number of 
starts, the increase of operating hours will 
lead to a higher incident rate of a generator.

gen.h.3 = 0.0058* 
 ns__
top

 – 0.00009#(4)

where, gen.h.3 – generator incident rate per 
hour per unit per year calculated by equa-
tion number 3 from Ta b l e  3 .

gen = gen.h * top#(5)

where, gen – generator incident rate per 
unit per year;

gen.h – generator incident rate per hour per 
unit per year calculated by (4).

Power transformer incident rate will be tak-
en from [9]. The number of power trans-
formers in one power plant unit must be 
observed as well as the transformer highest 
rated operating voltage, because incident 
rate statistics is provided for different volt-

age levels. For circuit breakers, data from 
[11] will be used. To evaluate circuit breaker 
incident rate per unit per year a number and 
type of circuit breakers must be ob-
served. Total power plant unit main electri-
cal equipment incident rate is calculated as 
follows: 

el.t = gen + t + cb = gen.h*top +

∑
n

i=1

 t.v + n* ∑
n

i=1

  cb.t #(6)

where, el.t – main electrical equipment to-
tal incident rate per unit per year;

gen – generator incident rate per unit per 
year calculated by (5);

t – step-up power transformer incident rate 
per unit per year;

cb – generator circuit breaker incident rate 
per unit per year;

n – total amount per power plant unit;

t.v – step-up transformers incident rate ac-
cording to voltage level of step-up trans-
former;

cb.t – generator circuit breaker incident rate 
according to circuit breaker technology.

Total main electrical system incident rate 
calculation results are shown in Ta b l e  5 , 
for CHP in Baltic state it is common to use 
110 kV and 330 kV step-up transformers for 
one power plant unit, for circuit breaker SF6 
with hydro-mechanical spring operating 
mechanism technology was chosen. 

Step-up transformer caused power plant 
unit unavailability percentage is reported in 
wide range even for VGB power plants, its 
value varies in 0.02-0.12 % range of total 
hours per year. For generators unavailabili-
ty indicator lies in 0.12-1.29 % range of to-
tal  hours per year. For generator incident 
caused unavailability percentage estima-
tion, the same approach will be used 
that  was used for generator incident rate 
estimation. 

kun.h = kun___
top

 = f 
 ns__
top( )  #(7)

where, kun.h – hourly energy unavailability 
percent per unit per year, %.

Tab. 3.  Equations for Incident Rate Estimation for Generators.

Number of starts per hour per 
unit per year

Estimation equation Equation number

0.000741 to 0.004272 0.0264*ns.h - 0.000002 1

0.004272 to 0.014341 0.0066* ns.h + 0.00008 2

0.014341 to 0.570776 0.0058* ns.h + 0.00009 3
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Fig. 7.  Comparison of prosed approach results and least square results for generator incident rate 
estimation.

Tab. 4.  Generator Incident estimation.

Prognosed 
operating hours 

per year

Prognosed 
starts per year

Starts per hour Equation 
number

Incidents per 
year

2000 10 0.005 2 0.226

2000 30 0.015 3 0.354

2000 100 0.05 3 0.760

3000 10 0.0033333 1 0.258

3000 30 0.01 2 0.438

3000 100 0.0333333 3 0.850

4000 10 0.0025 1 0.256

4000 30 0.0075 2 0.518

4000 100 0.025 3 0.940

Tab. 5.  Power plant unit main electrical equipment incident estimation.

Prognosed 
operating 

hours per year

Prognosed 
starts per 

year
λgen λt.110 λt.330 λcb λel.t

2000 10 0.226 0.0059 0.0132 0.0000048 0.2451

2000 30 0.354 0.0059 0.0132 0.0000048 0.3731

2000 100 0.760 0.0059 0.0132 0.0000048 0.7791

3000 10 0.258 0.0059 0.0132 0.0000048 0.2771

3000 30 0.438 0.0059 0.0132 0.0000048 0.4571

3000 100 0.850 0.0059 0.0132 0.0000048 0.8691

4000 10 0.256 0.0059 0.0132 0.0000048 0.2751

4000 30 0.518 0.0059 0.0132 0.0000048 0.5371

4000 100 0.940 0.0059 0.0132 0.0000048 0.9591
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Obtained equations are presented in Ta -
b l e  6 , equation (5) must be used to get 
from hourly unavailability percentage to 
yearly. The next step is calculation of una-
vailable or unproduced energy due to esti-
mated incident rate. This is done using (8). 
The loss of a generator, a transformer or 
generator circuit breaker leads to the loss 
of full power, so outage hours caused by in-
cidents in main electricity system of pow-
er  plant can be calculated, the results are 
represented in Ta b l e  7. Unavailability 
caused by circuit breakers is less than 0.01 % 
of unavailability caused by generators 
and  power transformers, and is not repre-
sented.

Wun.e = kun.e *PN *tN #(8)

where, Wun.e – estimated unavailable energy 
per unit per year due to generator incidents, 
MWh;

kun.e –  estimated incident caused energy 
unavailability percent, %;

PN – power plant nominal power, MW;

tN – calendar time, h. [6]

Literature analysis shows that the number of 
major incidents, leading to generator or 
power transformer overhaul, is negligible, 
thus when such incidents appear, costs and 
unavailability time of power plant unit be-
come extremely significant.

3 Impact on power plant  
 operation costs 
Incidents of electrical equipment and caused 
unavailability leads to economical loss for 
power plant and impacts total operation 
costs. Costs of unplanned unavailability 
could be divided in two groups, first – addi-
tional maintenance and repair costs; second 
– loss of income due to incident. It could be 
expressed as follows:

Cun = el.t * (Cmr + Cs) + tun * PCHP *

(Cel + Cbal) (9)

where, Cun – unavailability costs, EUR;

Cmr –  maintenance and repair costs due to 
incident in main electrical system. 
EUR/cycle;

Cs –  power plant start-up costs, EUR/cycle;

tun – unplanned unavailability per year, h;

PCHP –  power plant installed active power, 
MW;

Cel –  costs of loss due to undelivered electric-
ity, EUR/h;

Cser –  costs of loss due to undelivered ser-
vices, EUR/h;

Cbal –  balancing costs, EUR/h.

dent costs were reported as high as 140,794 
EUR, but [16] reported only 23,500 EUR 
per  incident. Costs of balancing energy in 
2018 in Latvia were 59.27 EUR/MWh and 
electricity market price were 49.90 EUR/
MWh.

Using data from Ta b l e  5  and Ta b l e  7  cal-
culations of (9) basing on data from [15] 
were made to show possible financial impact 
of unplanned incidents in main electrical 
equipment on 400 MW combined heat 
and  power plant. Results are presented in 
Ta b l e  8 .

4 Conclusion
To make approach of incident rate and una-
vailability evaluation, numerous statistics 
were analyzed. Available statistics for gen-
erator system represent only incidents 
and  caused unavailability data, thus do 
not  provide data on major incidents. For 
power transformers, more incident data is 
available, but there is almost no statistics 
for caused outage. Generator circuit breaker 
incident markers are so low, that caused 
unavailability was not considered in final 
calculations. Obtained empirical equations 
for incident rate of generator and caused 
unavailability time evaluation were present-
ed. Expressions considers the number of op-
erated hours per year and number of starts 
per year for CHP. Also, data for power trans-
former and circuit breaker incident rate 
evaluation is presented. 

The increase of number of start-ups leads 
to the increase of incident rate and unavail-
ability time. In some cases, the increase of 
operating hours at same start-up level 
can  lead even to lower incident rate and  
unavailability percentage. Also, economical 
effect of incident rate and unavailabili-
ty hours were studied. Such approach is in-

Tab. 6.  Equations for unavailability estimation for generators.

Number of starts per hour 
per unit per year

Unavailability % estimation 
equation Equation number

0.000741 to 0.004272 0.0148* ns.h + 0.000007 1

0.004272 to 0.014341 0.0133* ns.h + 0.00001 2

0.014341 to 0.570776 0.0204* ns.h - 0.00009 3

Tab. 7.  Equations for unavailability estimation for generators.

λel.t
 kun generator, 

%
 kun 

transformers, %  kun total, % Unavailability 
hours, tun

0.245105 0.153 0.12 0.273 23.92

0.373105 0.432 0.12 0.552 48.36

0.779105 1.86 0.12 1.98 173.45

0.277105 0.169 0.12 0.289 25.32

0.457105 0.429 0.12 0.549 48.09

0.869105 1.77 0.12 1.89 165.56

0.275105 0.176 0.12 0.296 25.93

0.537105 0.439 0.12 0.559 48.97

0.959105 1.68 0.12 1.8 157.68

Tab. 8.  Financial loss due to CHP main electrical equipment incident and unavailability.

Prognosed 
operating hours 

per year, h

Prognosed 
starts per year λel.t

Unavailability 
hours, tun Yearly loss, EUR

2000 10 0.24511 21.4712 1,236,334

2000 30 0.37311 32.6840 2,362,840

2000 100 0.77911 68.2496 8,013,303

3000 10 0.27711 24.2744 1,312,350

3000 30 0.45711 40.0424 2,390,242

3000 100 0.86911 76.1336 7,710,680

4000 10 0.27511 24.0992 1,338,201

4000 30 0.53711 47.0504 2,465,522

4000 100 0.95911 84.0176 7,408,056

dicative and should help in risk assess-
ment.  As a result, proper operating re-
gimes  could be selected as well as the 
best  investment strategy (improved moni-
toring and/or upgrades) could be chosen 
based on the foreseen CHP operation re-
gimes.

Mentioned costs can vary in wide range due 
to region, type of power plant, legislation 
and other factors. Any of mentioned costs 
are not often reported, because it is sensi-
tive  information for electricity generators 
and manufacturers of generators and pow-
er  transformers. In [15] generators inci-
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This standard is addressed to manufacturers, service providers and operators of steam turbine plants 
and is intended in particular to assist operators in equipping their steam turbine plants.
The safe operation of steam turbines makes great demands on monitoring, limiting and protection 
devices.
In order to keep pace with the rapid development in this field, the Technical Guideline “Monitoring, 
Safety and Protective Equipment on Steam Turbine Plants” issued by the VDEW in 1967 was last re-
vised in 1998 by the VGB Working Group “Turbine Operation” in the Technical Committee “Steam Tur-
bines and Steam Turbine Operation”. 
After many years of good experience with the application of this VGB Guideline, a revision of the 
Guideline became necessary with the transfer of the Guideline into VGB-Standard VGB-S-103, especial-
ly due to the changes in the design of monitoring, safety and protection equipment caused by digitalisation. It should be considered 
on a case-by-case basis whether this guideline is to be applied in a meaningful way for older steam turbine plants. It therefore also 
contains information on retrofitting 
options.
Each turbine plant shall be equipped with monitoring, limiting and protection devices that allow a safe assessment of the condition 
of the steam turbine plant at any time or detect and eliminate unacceptable operating conditions or shut down the corresponding 
plant components in case of danger.
In an effort to operate turbine plants optimally and to protect them from disturbances, operational failures and damage, the opera-
tor of steam turbine plants shall decide for himself to what extent the standard monitoring, safety and control equipment provided 
meets his operational requirements. When equipping the turbine plant with I&C equipment, however, one should consider to what 
extent the operating personnel can be relieved or even completely replaced in order to eliminate human inadequacies in the opera-
tion, monitoring or securing of the steam turbine plant.
In this VGB-Standard, the definitions and general aspects of monitoring, limiting and protection devices are dealt with in an introduc-
tory section. Criteria groups and error possibilities, measures to limit the error possibilities and designs of redundant systems are 
specified. The further enumerations then explain the tasks to be performed by the various bodies.
The requirements of VDMA 4315 (application of the principles of functional safety) and a life cycle record (functional safety) and 
scope of testing of the protective circuits were also considered and taken into account.
Finally, overview tables show the purpose, measuring location, type of task and the inspection intervals of the individual facilities.
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