
 
Safety and Reliability of Systems and Processes, Summer Safety and Reliability Seminar 2020 
© Gdynia Maritime University. All rights reserved. 
DOI: 10.26408/srsp-2020-04 

51 

 

Čepin Marko   0000-0002-6889-3592 
University of Ljubljana, Ljubljana, Slovenia, marko.cepin (at) fe.uni-lj.si 

 

 

 

Reliability of power systems with increasing contribution  

from wind and solar power 
 

 

 

 

 

Keywords  
 

reliability, power, wind, solar, renewable, energy 

 

Abstract 
 

Several methods, indices and measures have been developed, which highlight the questions about the power 

systems reliability each from its specific viewpoint. The objective is to present selected reliability measures  

and their application related to system generation This work is focused to adequacy methods. Emphasis is 

placed to two groups. One group represents distribution reliability indices, where the system average 

interruption frequency index and system average interruption duration index are shown in theory  

and in practical examples through the years in selected countries in Europe. The other group represents 

generating power where the improved loss of load expectation is presented. Results show distribution power 

system reliability indices: system average interruption frequency index and system average interruption duration 

index, and their comparison across countries. In addition, results show improved loss of load expectation  

for a power system with a variety of power plants and with sensitivity cases adding the power plants to the 

power system or taking them out. Specially, wind versus nuclear is emphasized. Specially, the importance  

of reserve power is demonstrated, where wind power contribution is increasing significantly. The results show 

that if more wind and solar are added to the power system instead of conventional power plants, a significant 

quantity of reserve power needs to be added in order not to jeopardize the power system reliability. 

 
1. Introduction 
 

Electric power system is one of the most complex 

systems, which is established by the mankind. Due to 

its complexity it is relatively difficult to define  

and assess the reliability as a single parameter  

of a single system. Therefore, several methods, 

indices and measures have been developed, which 

highlight the questions about the power systems 

reliability each from its specific viewpoint [1], [6]. 

The objective is to present selected reliability 

measures and their application related to system 

generation. The term adequacy can be considered 

versus the term reliability. Namely, reliability 

methods in power systems consists of two main 

groups: adequacy and security. 

 Adequacy is related to the existence  

of sufficient generation of the electric power 

system to satisfy the consumer demand. 

 Security is related to the ability of the 

electric power system to respond to 

transients and disturbances that occur  

in the system. 

This work is focused to adequacy methods and 

solutions. We use the word reliability, because it is 

more generally known. 

 

2. Methods 
 

The generally accepted definition of reliability 

defines the reliability as the characteristic of an item 

expressed by the probability that it will perform  

a required function under stated conditions  

for a stated period of time. 

 

2.1. Review of power system methods 
 

Several methods related to reliability of power 

systems in terms of adequacy are collected in books 

[1], [6] and other references [2]–[5], [7]–[11],  

[13]–[16], [18]–[19]. The methods can be divided  

to several groups.  
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One includes the methods, measures and indicators 

which focus to generating power and energy which is 

produced in power plants.  

 Generation reserve margin is a measure, 

which shows how the capacity of power 

system exceeds the peak consumption [1], 

[6].  

 Capacity margin is a different term, but  

has a similar meaning. The capacity  

margin is the proportion by which the total 

expected available generation exceeds  

the maximum expected level of electricity 

demand, at the time at which that demand 

occurs [12]. 

 Percent reserve evaluation is calculated  

by comparing the total installed generating 

capacity at peak with the peak load [1], [6].  

 Load supply index shows the ratio between 

generation capacity and peak load. 

 The loss of load probability is defined  

as the probability of the system load 

exceeding available generating capacity 

under the assumption that the peak load  

is considered as constant through the day 

[1]–[2], [6]–[8]. The loss of load probability 

does not really stand for a probability.  

It expresses statistically calculated value 

representing the percentage of hours or days 

in a certain time frame, when energy 

consumption cannot be covered considering 

the probability of losses of generating units 

[1]–[2], [6]–[8]. 

 The loss of load expectation is a similar 

method to loss of load probability with 

difference in expressing the results [1]–[2], 

[6]–[8]. It expresses the number of hours  

or days in a certain time frame (normally one 

year), when energy consumption cannot be 

covered by generation considering the 

probability of losses of generating units 
 

        ∑      

  

   

 

 

where  
 

                  ∑          

 

and 

 

i – index of considered state; 

pi – probability of state i; 

 ti – duration of loss of capacity of state i,  

 the time interval, in which the capacity  

of power plants in operation does not reach 

the power of load; 

ii – the number of states 

 

        ; 

 

n – number of power plants in the system; 

Pload – power system load with its minimal 

value Ploadmin and its maximal value – Ploadmax; 

POWERin–i – the sum of powers of the power 

plants, which are assumed available in state i 
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n1 – number of plants available for certain 

state; 

n2 – number of plants unavailable for certain 

state; 

 

   n = n1 + n2 

 

a(r) – availability of plant r; 

a(s) – availability of plant s. 

 Improved loss of load expectation, which is 

particularly applicable for consideration  

of power systems with large percentage  

of intermittent power sources such as wind 

and solar power. Figure 1 shows graphical 

representation of parameters for determining 

the improved loss of load expectation. Figure 

shows the main difference between the loss 

of load expectation, where the sum  

if installed power (ΣPoweri) is not a constant, 

as it is the case for classical loss of load 

expectation (sum of installed power of all  

the power plants considered), but varies 

through time. Variations through time depend 

on the environmental factors. Wind power 

depends on wind speed as the main but not 

the only parameter for determining the wind 

power. Solar power depends on solar 

radiation as the main but not the only 

parameter for determining the solar power. 

The other group can be considered as reliability  

and performance indicators of power plants. Some  

of them are plant specific and developed for specific 

plants. Some of them are more general and can be 

applied for different power producing plants, such 

has the following examples. 

 Unit capability factor is defined as the ratio  

of the available energy generation over  

a given time period to the reference energy 

generation over the same time period 

expressed as a percentage. 
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Figure 1. Graphical representation of parameters for determining improved loss of load expectation 

 

 The unplanned capability loss factor is 

defined as the ratio of the unplanned energy 

losses during a given period of time to the 

reference energy generation expressed as  

a percentage. 

 Time availability factor is defined as ratio  

of the unit available hours in a given period, 

to the total number of hours in the same 

period, expressed as a percentage. 

 The capacity factor is the ratio of the  

energy produced during the given period  

to the energy that could have been  

produced at maximum capacity under 

continuous operation during the whole that 

period. 

 The forced outage rate (FOR) is the basic 

generating unit parameter used in static 

capacity evaluation and it represents  

the probability of finding the unit  

in forced outage at some distant time  

in the future. It can be better defined as  

unit unavailability, as it is not expressed  

in unit of a number per time period as the 

rates usually are. 

The next group can include distribution  

reliability indices. The distribution reliability indices 

are applicable for distribution power systems,  

which is the portion of power system closer  

to the consumers [3], [6], [13]. Only two of more 

than forty indicators are defined here due to the 

reasons of space. 

 The system average interruption frequency 

index (SAIFI) indicates how often the average 

customer experiences a sustained interruption 

over a predefined period of time, usually  

a year. 

   T

i

i

N

N

SAIFI




            (1) 

 

Ni – number of customers interrupted by each 

incident i, 

NT – total number of customers in the system 

for which the index is calculated. 

 System average interruption duration index 

(SAIDI) indicates the total duration of 

interruption for the average customer during a 

predefined period of time. It is usually 

measured in customer minutes or customer 

hours of interruption. 

 

   
T

i

ii

N

rN

SAIDI
 

                    (2) 

 

ri – restoration time for each interruption i. 

Many data are collected for the purpose of assessing 

those indices. Several categories of events are 

considered and some of the most common categories 

of events include the following. 

Planned event is an event, which is planned  

by the personnel in charge. For example, it can 

include maintenance activities or intentional 

disconnections for operability reasons.  

Unplanned event is an event, where some equipment 

is unavailable, but this was not expected or planned. 

Exceptional event is an extreme event, where 

exceptional weather conditions or other exceptional 

circumstances such as large accidents or natural 

disasters occur that can adversely affect the 

time

Ploadmax

ΣPOWERi

Power (MW)

ti - duration of

loss 

of capacity ΣPOWERin-i - Capacity

in operation

Pload

Ploadmin
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continuity of electric power supply for longer periods 

of time even if they occur very rarely. 

In general, in nearly every of the mentioned groups, 

some method can be found, which is called 

differently by different users or it is known under the 

different name in different country. Due to large 

number of methods, it is not possible to list them all 

here. 

 

3. Analysis and results 
 

Emphasis is placed to: 

 distribution reliability indices, where the 

system average interruption frequency index 

and system average interruption duration 

index are shown in theory and in practical 

examples through the years of selected 

countries in Europe; 

 improved loss of load expectation, where the 

results of selected case are shown. 

 

3.1. Distribution reliability indices – results 
 

Figures below show distribution power system 

reliability indices and their comparison across 

countries. One has to know that the definitions and 

grouping of events is somehow unique in nearly each 

country, so the comparisons are indicative and they 

should be considered with care. 

Figure 2 shows SAIDI considering unplanned  

events including exceptional events. Figure 3 shows 

SAIDI considering unplanned events without 

exceptional events.  

Figure 4 shows SAIFI considering unplanned events 

including exceptional events.  

Figure 5 shows SAIFI considering unplanned events 

without exceptional events. The results  

show general trend of reduction of both indices 

through the years, which indicates increase of power 

system reliability at the distribution power system 

level. 

 

3.2. Improved loss of load expectation 

 – results 
 

Base case represents power system with classical 

power plants without significant power coming from 

intermittent power sources such as wind and solar 

power plants.  

Figure 6 shows the calculated loss  

of load expectation versus time. 

Average loss of load expectation is calculated as 

little less than 10 hours per year for the base case 

with a variety of power plants in the example system. 

The variability of hydro power plants, which 

represents approximately one third of installed 

power, causes that the loss of load expectation 

changes with the time due to the differences in water 

flow, which directs the hydro power plant power 

generation. 

Several other cases were evaluated:  

 case considering additional reliable power, 

 case without nuclear power plant, which  

is originally included in the base case, 

 3 cases with five times more wind power 

compared to excluded nuclear power, each 

with different wind data, 

 3 cases with five times more wind  

power compared to excluded nuclear power 

and a reliable power reserve for half  

of the nuclear power, each with different 

wind data.  

Table 1 shows the results of the evaluated cases,  

with more detailed descriptions of the changes 

related to considered cases, which were compared 

with the base case. 

Results show that reliability of power system 

decrease notably if nuclear power is replaced with  

5 times more wind power and a reliable power 

reserve which equals half of nuclear power. 

The reliability would come to the similar as base 

level if 5 times wind power is installed and 90%  

of reserve power (compared to removed nuclear 

power) is added at the same time. 

This is important fact for planning of future power 

systems with more and more intermittent power. 

Those results can be compared with country 

projections for future.  

Figure 7 shows LOLE projection for selected 

countries in Europe – part 1. For the reasons of 

space, the countries are presented in two figures. 

Figure 8 LOLE projection for selected countries in 

Europe – part 2. 

Both figures show a large variety of quantitative 

goals related with LOLE compared by different 

countries. Here, one needs to know that islands, 

which are not in a large extent connected with many 

connections with neighboring power systems  

(or countries with less neighbors on which the power 

system can count), are faced with notably  

higher LOLE. Namely, if an undesired event  

(e.g. interruption of power supply) occurs, more 

isolated areas have are less ways to deliver other 

power either due to less connections or due to less 

generation variety. 

Table 2 shows review of guidelines (or requirements) 

regarding application of LOLE in specific countries 

[17]. No common standard exists in Europe at the 

moment. 
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Figure 2. SAIDI – unplanned events including exceptional events 

 

 
 

Figure 3. SAIDI – unplanned events without exceptional events 
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Figure 4. SAIFI – unplanned events including exceptional events 

 

 
 

Figure 5. SAIFI – unplanned events without exceptional events 
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Figure 6. Loss of load expectation for base case power system (x axis represent days) – the curve can be 

represented chronologically as it is here or can be ordered by LOLE 

 

Table 1. Loss of load results – summary of cases 
 

Description of system configuration LOLE  

Base case (several thermal power plants including one nuclear power plants, and several hydro 

power plants) 

9.92 hours 

per year 

Base case and added very reliable power plant (11% of summed power of all the power plants) 0.96 hours 

per year 

Base case but without very reliable nuclear power plant (27% of summed power of all the power 

plants) 

419.1 hours 

per year 

Base case minus very reliable nuclear power plant (27% of summed power of all the power 

plants) and with 3 wind power plants with more than 100% of additional power in wind power 

plants compared to summed power of all other power plants – case 1 (wind data 1) 

261.9 hours 

per year 

Base case minus very reliable nuclear power plant (27% of summed power of all the power 

plants) and with 3 wind power plants with more than 100% of additional power in wind power 

plants compared to summed power of all other power plants – case 2 (wind data 2) 

199.0 hours 

per year 

Base case minus very reliable nuclear power plant (27% of summed power of all the power 

plants) and with 3 wind power plants with more than 100% of additional power in wind power 

plants compared to summed power of all other power plants – case 3 (wind data 3) 

286.3 hours 

per year 

Base case minus very reliable nuclear power plant (27% of summed power of all the power 

plants) and with 2 wind power plants with nearly 100% of additional power in each wind power 

plant compared to summed power of all other power plants and reliable reserve power with 11% 

of summed power of all the power plants in the base case – case 1 (wind data 1) 

47.8 hours 

per year 

Base case minus very reliable nuclear power plant (27% of summed power of all the power 

plants) and with 2 wind power plants with nearly 100% of additional power in each wind power 

plant compared to summed power of all other power plants and reliable reserve power with 11% 

of summed power of all the power plants in the base case – case 2 (wind data 2) 

46.7 hours 

per year 

Base case minus very reliable nuclear power plant (27% of summed power of all the power 

plants) and with 2 wind power plants with nearly 100% of additional power in each wind power 

plant compared to summed power of all other power plants and reliable reserve power with 11% 

of summed power of all the power plants in the base case – case 3 (wind data 3) 

46.6 hours 

per year 
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Figure 7. LOLE projection for selected countries in Europe – part 1 

 

 

 

 

 

 

 
 

Figure 8. LOLE projection for selected countries in Europe – part 2 
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Table 2. Review of guidelines regarding application of LOLE in specific countries 
 

Country Quantitative guideline  Method 

Great 

Britain  

3 hours LOLE p.a.  LOLE  

France  3 hours LOLE p.a.  LOLE  

Germany  No Standard  n/a  

Spain  10% reserve margin  Capacity Margin  

Belgium  16 hours LOLE p.a. non interconnected, 3 hours LOLE p.a. with 

interconnection taken into account  

LOLE  

Ireland  8 hours LOLE p.a.  LOLE  

Netherlands  4 hours LOLE p.a.  LOLE  

Austria  No Standard  n/a  

Bulgaria  optimal LOLE and amount of cold reserve  LOLE  

Cyprus  20% reserve margin  Capacity Margin  

Denmark  No standard, but the transmission system operator, which is responsible 

wishes to keep the Security of Supply at the current level  

 

Estonia  10% reserve margin  Capacity Margin  

Finland  No Standard  n/a  

Hungary  LOLP of 1%  LOLP  

Italy  No Standard  n/a  

Latvia  No Standard  Capacity Margin  

Lithuania  No Standard  n/a  

Luxembourg  No Standard  n/a  

Malta  No Standard  n/a  

Poland  No Standard  n/a  

Portugal  Load Supply Index ≥1,0 with 95% exceeding probability; and  

LOLE < 8h/year (taking into account the lack of operational reserve)  

Load Supply Index 

and LOLE  

Romania  25% Reserve Margin (Non-standard) 10% Reserve margin (standard)  Capacity Margin  

Slovakia  No standard  n/a  

Slovenia  LOLE 8 hours p.a.  LOLE  

Sweden  No standard  n/a  

p.a. – per annum (per year) 

 

4. Conclusion 
 

Selected power system reliability methods in terms 

of adequacy are presented in theory and in practice.  

Distribution reliability measures which are presented 

for selected countries in Europe, show that the 

reliability is improved through the years, which is 

shown by generally noticed trend of reduced system 

average interruption frequency index and reduced 

system average interruption duration index through 

the years.  

Those two indices cannot show the difference with 

systems with more or less intermittent power 

sources. The efforts, which are placed by system 

operators to compensate the effects of intermittent 

power sources are not included here in those indices, 

similarly as the extent of intermittent power sources 

in the system has not been included in those indices 

directly.  

In addition, the improved loss of load expectation is 

presented for selected cases. This method is more 

appropriate for considering reliability in terms  

of planning. The results show that replacing classical 

power with intermittent power reduces the reliability 

of the system (i.e. increasing the average loss of load 

expectation).  

Moreover, the results show that reliability of power 

system decrease especially if nuclear power is 

replaced with 5 times more wind power and a 

reliable power reserve which equals half of nuclear 

power. 
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Reliability would come to the similar as base level 

if 5 times wind power is installed and 90% of reserve 

power (compared to removed nuclear power) is 

added at the same time. 

So, to keep the power system reliability at desired 

level or to improve it, the system operators need to 

add to the power system not only intermittent sources 

but also other devices such as the more reserve 

power, which is not intermittent or more power 

storage devices. 

Evaluations of case studies can be compared with 

projections of European countries regarding loss  

of load expectation and with the related country 

requirements, which have been established to 

evaluate and improve power system reliability.  

 

References 
 

[1] Billinton R. & Allan R. 1996. Reliability 

Evaluation of Power Systems, Plenum Press. 

[2] Bricman Rejc, Ž. & Čepin, M. 2014. Estimating 

the additional operating reserve in power systems 

with installed renewable energy sources. 

International Journal of Electrical Power & 

Energy Systems 62, 654–664. 

[3] Brown, R. E. 2009. Electric Power Distribution 

Reliability, CRC Press, Taylor & Francis Group. 

[4] Calabrese, G. 1947. Generating reserve capacity 

determined by the probability method. AIEE 

Trans 66, 1439–1450.  

[5] CEER Benchmarking Report 6.1 on the 

Continuity of Electricity and Gas Supply. 2018. 

Council of European Energy Regulators. 

[6] Čepin, M. 2011. Assessment of Power System 

Reliability, Springer, 2011. 

[7] Čepin, M. 2018. Reliability of power system 

considering replacement of conventional power 

plants with renewables. ESREL 2018, Safety and 

Reliability – Safe Societies in a Changing World 

– Haugen et al. (Eds), Taylor & Francis Group, 

63–70. 

[8] Čepin, M. 2019. Evaluation of the power system 

reliability if a nuclear power plant is replaced 

with wind power plants. Reliability Engineering 

& System Safety 185, 455–464. 

[9] Dehghan, S., Kiani, B., Kazemi, A. & Parizad, A. 

2009. Optimal sizing of a hybrid wind/PV plant 

considering reliability indices. World Academy  

of Science, Engineering and Technology 3(8), 

527–535. 

[10] Elmakias, D. 2008. New Computational Methods 

in Power System Reliability, Springer Verlag, 

Berlin, Heidelberg. 

[11] Garver, L. L. 1966. Effective load carrying 

capability of generating units. Transactions on 

Power Apparatus and Systems 85(8), 910–919. 

[12] GB Electricity Capacity Margin. A report by the 

Royal Academy of Engineering for the Council 

for Science and Technology, October 2013. 

[13] IEEE Std 1366. 2003. Guide for Electric Power 

Distribution Reliability Indices, IEEE. 

[14] Karki, R., Billinton, R. & Kumar, V. A. 2014. 

Reliability Modelling and Analysis of Smart 

Power Systems, Springer. 

[15] Kirn, B., Čepin, M. & Topič, M. 2017. Effective 

load carrying capability of solar photovoltaic 

power plants – case study for Slovenia. Safety & 

Reliability: Theory and Applications: 

Proceedings of the 27th European Safety and 

Reliability Conference, Taylor & Francis, 3231–

3239. 

[16] Mancarella, P., Puschel, S., Zhang, L., Wang, H., 

Brear, M., Jones, T., Jeppesen, M., Batterham, R., 

Evans, R. & Mareels, I. 2017. Power System 

Security Assessment of the Future National 

Electricity Market, University of Melbourne. 

[17] Options for the Capacity Adequacy Standard  

in the I–SEM, Draft V1.0, EirGrid/SONI, 2015. 

[18] Phoon, H. Y. 2006. Generation System Reliability 

Evaluations with Intermittent Renewables, MSc. 

Thesis, University of Strathclyde. 

[19] Wang, X. & McDonald, J. R. 1994. Modern 

Power Systems, McGraw-Hill. 


