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1. Introduction 
 

The transmission system operators (TSO) are unbundled 

from the power plant operators in Germany and are 

forced to create a positive yield for their shareholders. 

Network charges are strictly limited by law. There is thus 

no way to increase the source of operating income. One 

interesting option to achieve that goal while keeping the 

high reliability and availability represents the change 

from time-based to risk-based maintenance (RBM). 

In this paper, such a change of maintenance strategy for 

overhead lines (OHL) in the 380 kV-voltage level is 

presented. This new maintenance orientation bases on 

reliability calculations, Monte Carlo simulations and a 

Value-at-Risk-evaluation (VaR).  

The reliability calculations are done with a commercial 

network simulation programme which takes into account 

ten representative vertical load situations of the whole 

transmission network. The Monte Carlo simulation 

generates a spread of age-dependent outage rates of 

overhead lines and their repair costs. With the VaR which 

is standard in the financial world, an evaluation of the 

expected outage costs of each transmission line is 

determined. The importance of each transmission line for 

the entire network is identified. The RBM strategy uses 

this evaluation and changes to the intensity of the 

maintenance for the overhead lines. It has been specified 

as an additional limitation that the current maintenance 

costs should not be exceeded. 

This paper shows the results and development of this new 

RBM strategy for overhead lines in the 380 kV level. In 

the second chapter the used model with its key figures is 

illustrated. The overhead lines and their cost structure are 

presented in detail in third chapter. In the fourth the 

developed RBM strategy is explained. Conclusion and 

results are presented in chapters five and six.  
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2. Transmission System Model 
 

The results of the reliability calculations are determined 

with a transmission network model which bases on a part 

of the structure of a TSO in Germany. It has been 

implemented with a commercial network simulation 

programme and includes the entire 380 kV, 220 kV 

voltage level and ends with the vertical load which is 

represented by the 110 kV network groups. These groups 

end with an aggregated load, which is supposed to 

represent the consumption of this network group. In the 

reliability analysis, the outage of an asset is evaluated 

individually, e.g. was an overload or violation of voltage 

limits responsible for a load shedding [1]. In the next 

subsections the structure of the transmission system 

model, behaviour of power plants during outages and 

implemented load scenarios for the model are shown. 

 

A. Transmission system 

 

The highest voltage level in the modeled transmission 

network is 380 kV. This level is the main part of the 

model. All types and quantities of the equipment in the 

380 kV transmission network are:  

 145 bus bars 

 302 center break disconnectors 

 337 circuit breakers 

 30 generator units 

 4453 km overhead lines 

 952 pantograph disconnectors 

 103 power transformers 

 

The structure of this voltage level in the model is very 

detailed. It includes 60 substations, 23 power station 

connection points and ten connection points to 

neighboring TSOs. These couplings are limited by the 

transport capacities of the overhead lines [2]. Their 

transmission performance is in this case not subject to 

any further restriction. 
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The 220 kV network is modeled only schematically. This 

voltage level is not considered with reliability data in the 

reliability calculation. But it is still needed for the 

simulation to determine realistic power flows in the 

380 kV level. The 220 kV network has four connection 

points to other TSOs. The total transmission capacity of 

these couplings is around 4 GVA [2]. A more detailed 

description of this voltage level can be omitted. 

The 110 kV network groups are supplied by the 220 kV 

and 380 kV networks through power transformers. Power 

plants feeding directly into the 110 kV groups will not be 

considered in the model. This voltage level is comprised 

of a total of 34 utility network groups and eight industrial 

network groups. Each of them has at least three to a 

maximum of eleven feeding power transformers. 

 

B. Power Plants  

 

Totally 61 power plant units are considered in the whole 

transmission system model and feed into the 380 kV and 

220 kV level. Different types of power plants are 

implemented and their individual behaviours are part of 

the reliability calculations. The gross output of all power 

plant units is 30.16 GW [3]. In Table I the most 

important figures of the power plants are shown. 

 

Table I: Values of the power plants [3][4][5][6][7]. 

Type of 

power plant 

ΔP in % 

per 

minute 

Number 

of 

power 

plant 

units 

Priority 

of 

dispatch 

K 

Share of 

auxiliary 

power in % 

Hard coal 

power plant  
2 - 4 18 5 7 – 10 

Lignite power 

plant 
1.5 – 2.5 27 6 10 – 16 

Gas turbine 

power plant 
25 1 2 2 – 4 

Combined 

cycle power 

plant 

5 9 4 4 – 6 

Nuclear 

power plant 
10 3 3 4 – 5 

Pumped 

storage power 

plant 

100 1 1 8.5 

 

 

C. Load scenarios 

 

Ten reliability calculations are done with different 

vertical load and power plant operation situations. With 

these results, all common network states, i.e. there is no 

equipment failure, adopted within one year. In Figure 1 

the consumption- and production power of the ten typical 

load scenarios is shown. The load scenario m = 1 is the 

peak load scenario. Lowest load is to be found at m = 10. 

It can be seen that the active generation capacity of 

power plants is always higher than the consumption of 

the 110 kV network groups. The surplus energy is 

transferred into the neighbouring transmission systems. 

 

 
Figure 1: Different load scenarios m of the 

transmission system. 

 

 

3. Overhead Line System 
 

The created maintenance strategy is designed for the 

overhead lines (OHL) in the 380 kV level. In this chapter, 

the most important data for this asset group are presented. 

 

A. Structure of the OHL-System 

 

Figure 2 shows an overview of the 380 kV overhead line 

system in this voltage level. The blue circles are 

couplings to neighbouring TSOs. 

 

 
Figure 2: 380 kV overhead line system. 
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The overhead lines in this voltage level, with a total 

length of 4453 km, are reproduced exactly. Different 

types of lines are used in the model. In Figure 3 the used 

types of overhead lines are presented. The numbers in the 

previous enumeration are used as label. A branch line, 

Type 1, is the only connection of a substation in this 

voltage level. The double circuit line, type 2, connects 

two substations directly with two parallel lines. When 

connecting two substations with a looped additional 

substation, a parallel line, type 4, and the grinding-in 

lines, type 3, are used. If the second overhead line, next 

to the parallel line, is not interrupted, like the grinding-in 

line, and has an additional connection, it is called a 

tripod, type 5.  

 

 
Figure 3: Different types of overhead lines. 

 

 

B. Age-depending reliability data of OHL 

 

The age and an age-related outage rate are taken into 

account in the calculations. Figure 4 shows the age 

distribution of the overhead lines. 

 

 
Figure 4: Age distribution of OHL. 

 

With equation 1 the age-dependent outage rate Hage (t) of 

the transmission lines is determined which is related to 

1 km. The average outage rate   , the age distribution 

and the average age of the OHL are the input variables of 

the equation [4]. 
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In Figure 5 the age-dependent outage rate Hage(t) of 

overhead lines is shown. One age group comprises five 

years. Thus, age group 1 includes all OHL with age 

between 0 to 5 years, etc.  

 

 
Figure 5: age-dependent outage rate Hage(t) of OHL. 

 

The financial figures of OHL in the 380 kV level which 

are used in the calculations are summarized in Table II. 

All other financial values to determine the asset risks are 

to be found in the Method section. 

 

Table II: Financial key figures of OHL [9]. 
Name  Costs in T€ 

Investment costs KCapex 620 

Average repair costs KRØ 10 

Standard deviation of the repair costs  4 

Minor maitenance costs KM
1 0.25 

Normal maitenance costs KN
1 0.5 

Intensive maitenance costs KI
1 1 

1Value is related to 1 km. 

 

The repair costs of overhead lines are inferior to 

fluctuations. To take this into account a standard 

distribution for this cost is implemented in the model. 

 

4. RBM-Strategy development 
 

The start of development of RBM-strategies is the 

determination of the importance of the individual asset. 

In the applied method here, the VaR is used to evaluate 

the results of a Monte Carlo Simulation. The overhead 

lines get their importance from the VaR-value. The 

individual transmission lines obtain the intensity of their 

maintenance activity by classification of their importance 

to the transmission network. 
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A. VaR Asset Risk determination 

 

The effects of asset outages can be detected by reliability 

calculations. Their results depend heavily on the load 

condition of the network. The considered values for the 

individual assets out of the reliability calculations are: 

 

TND(i,m) non-delivered outage duration in h  

TNS(i,m)  non-supplied outage duration in h 

PND(i,m)  non-delivered power in MW 

PNS(i,m)  non-supplied power in MW 

 

The four values of all assets of all reliability calculations 

are included in the determination of asset risk. Figure 5 

shows the structure of the asset risk determination. In the 

three green boxes, the main input parameters repair costs, 

selection of the load scenario and outage rate are 

illustrated. The repair costs are redetermined in each 

simulation round s for asset i. The value is determined at 

random from the distribution function of these costs. The 

selection of the load scenario is as well random out of the 

values out of the different load situation reliability 

calculation. 

 

 
Figure 6: Structure of R(i,s) determination. 

 

The outage rate H(i,s) varies in each round s in a standard 

distribution with a standard deviation of ten percent to its 

age-depending value Hage(t). In addition, for the 

determination of the asset risk the energy costs KE, 

correction factors gND and gNS are necessary. With these 

factors penalty payments can be considered for non-

delivered or non-supplied energy. Thus, the asset risk 

R(i,s) of simulation round s is determined. 

Through the use of the many distribution functions and 

random selection features several rounds of simulation 

must be done to come to no great importance exceptional 

combinations. 

Figure 6 shows the structure of the definition of the VaR-

value V(i) for the single transmission line. The 

determination of asset risk R(i,s) is repeated S-times. The 

results of this Monte Carlo simulation are sorted out 

according to their value. And with the addition of the 

confidence interval the VaR-value of OHL is determined 

[10]. 

 

 
Figure 7: Determining the VaR of the individual asset. 

 

 

B. Maintenance Strategy for OHL  

 

Fundamental for RBM-strategies are different 

maintenance activities. The maintenance of overhead 

lines in this case has three different intensity levels and 

their activities are shown in Table III. 

 

Table III: Type of Maintenance for OHL. 

Type of 

Maintenance 

Maintenance Activity 

Sky control Route control Tower control 

Minor 
   

Normal 
   

Intensive 
   

 

The maintenance activity sky control is an inspection by 

helicopter. The route control is an inspection of the 

overhead line route by walk. The tower control activity is 

an accurate inspection of the transmission towers.  

Usually the normal maintenance is currently operated by 

many TSOs. Only every third interval is performed a 

tower inspection.  

The impact on the reliability of the different types of 

maintenance is the change of the age group. It is 

considered that by minor maintenance the overhead line 

comes into a higher age group with their higher outage 

rate. At normal there is no change in age group and in 

outage rate. In the intensive maintenance it is assumed 

that the reliability improves the OHL into a lower age 

group.  

The classification what action in the maintenance is 

performed is based on the VaR-value. At high levels, an 

intense maintenance is performed. The classification of 

the activities is shown in the Results chapter. 

 

i = 1 … N Asset

Repair risk

RR = H * KR

Risik of non-delivered 

energy

RND = H * TND * PND * KE

Risk of non-supplied 

energy

RNS = H * TNS * PNS * KE

gND

gNS

∑ 

Asset risk R(i,s) of the Asset 

i in simulation round s

H

KR

RND * gND

TND, PND 

TNS, PNS 

KE

RNS * gNS

Repair costs

Selection of the 

load scenario

Outage Rate

s = 1 … S Simulation rounds

i = 1 … N Assets

Asset Risk R(i,s)

Sort Asset risk R(i,s) of size

Determination of V(i) to the 

confidence interval



5. Results 
 

For the determination of the results the assumptions were 

done that no penalties have to be paid (gND = gNS = 1). 

The energy cost KE is 50 € per MWh. There are 

10,000 simulation rounds completed and the usual 

confidence interval of 0.95 is chosen which are common 

values for that kind of simulation [10][11]. 

Another requirement must be met, the total maintenance 

costs for OHL are limited to the costs for normal activity 

for all overhead lines in the 380 kV level. This 

corresponds to the amount of 22.27 million € 

(4,453 km * 500 €). 

In Figure 7 the VaR-values V(i) of all overhead lines are 

shown with a logarithmic scale. It can be seen that only 

26 OHL have a V(i)-value above 100 €. These outages 

have an influence on the supply of the power plants and 

on the delivery of the 110 kV network groups. The 

outage of the other OHL causes no significant influence 

on the transmission system, only the repair cost risk is 

considered in their V(i)-values. 

 

 
Figure 8: VaR-values V(i) by normal maintenance. 

 

For the creation of the RBM strategy, the decision is 

made that all OHL with V(i) > 100 € to be serviced with a 

major maintenance. In order not to exceed the total cost, 

the OHL with the lowest V(i)-values will be provided 

with a minor maintenance. Figure 9 shows the four 

different maintenance strategies with their maintenance 

depths. It can be seen that for the RBM strategy more 

than 61 percent of all OHL continue "normal" 

maintenance. The rest is set to a major or minor 

maintenance. 

 

 
Figure 9: Composition of the maintenance strategies. 

With these four maintenance strategies, the V(i)-values of 

the individual transmission lines have been calculated 

again. Figure 10 shows the ratio of the summarized V(i)-

values of all OHL of the different maintenance strategies 

against the normal maintenance strategy. 

 

 
Figure 10: Summarized V(i) in comparison to normal 

maintenance. 

 

In an implementation of major maintenance for all OHL 

overall risk compared with the normal maintenance can 

be reduced by 26.02 percent. However, this means 

significant additional costs. The overall maintenance 

costs are doubled. In contrast, if the minor maintenance is 

applied for all, the risk increases by 30.69 percent. The 

total cost for maintenance against the normal 

maintenance falls by 50 percent. The RBM strategy 

achieves a reduction of 25.83 percent of the total risk at 2 

percent less cost as normal maintenance. 

 

6. Conclusion 
 

The developed RBM-strategy allows a more efficient use 

of the budget for overhead lines. The OHL which have a 

high importance for the transmission system can be 

determined easily with the used methods. An even more 

accurate adaptation of this policy could be achieved by 

increasing the number of load scenarios. For this paper 

only load conditions were used which do not take into 

account any influence by neighboring TSOs. Through the 

expansion of offshore wind farms this will change 

significantly. Forced load flows in the transmission 

network will change the availability of the whole system 

immensely [12]. 

In the further work of the author, work is underway to 

consider the influence of neighboring TSOs and power 

wheeling and to determine the risk for the entire 

transmission network. 
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