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1. INTRODUCTION

For several years in Europe, there has been a dynam-
ic change in the structure of energy sources supply-
ing domestic systems. The driving force behind these 
changes is, among others: efficiency of fuel energy use, 
costs of electricity generation, safety and reliability of 
power plant operation, depleting fuel resources and, 
what has been the most important recently – ecology. 
The ecological aspect has its supporters and opponents. 
EU legislation has forced pro-ecological changes in the 
structure of energy sources. Among renewable sources, 
the leader is wind energy, the operation of which de-
pends on changing weather conditions. Giving priority 
to energy from RES forces the operation of some con-
ventional units as a safeguard for wind power plants 
and causes difficulties in balancing the system’s de-
mand.

In August 2015, for the first time in 30 years, the 
“20th power rationing level” was implemented, which 
in short means limitations in energy consumption for 
industrial customers. The steps taken were to prevent 
the system blackout. The main reason for this state of 
affairs was the long-term heat, which limited the pos-
sibility of cooling the steam-water circulation of power 
plants. The low water level in the reservoirs limited the 
production capacity of water power, and the high-pres-
sure windless weather immobilised almost 4.5 GW of 
power installed in wind power plants. The summer 
period is also a natural time to carry out scheduled re-
pairs of power units, which has further intensified the 
power deficit. All these reasons coincided with time, 
which resulted in the inability to cover the demand for 
electricity. 

Figure 1 shows the course of changes in the maxi-
mum power demand in the national system in the pe-
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riod 2002–2018. The data were estimated based on the 
daily courses of demand made available at the Polskie 
Sieci Elektroenergetyczne website [1]. Interesting facts 
can be noticed when analysing these courses. The day 
of maximum demand falls in the winter period, most 
often in the last 3 weeks of January or in the first 
3 weeks of December; it is usually the day in the mid-
dle of the week between 4:30 and 5:30 p.m. 

out for a single power plant, as well as globally for the 
entire system.
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Fig. 1. Peak power demand in 2002–2018
Rys. 1. Szczytowe zapotrzebowanie mocy w latach  
2002–2018

The maximum demand for energy in the years  
2002–2005 was at the level of 23–23.5 GW. During this 
period, the capacity installed only in coal-fired utility 
power plants was greater than the maximum demand. 
In the next period, the demand has risen sharply and is 
currently at the level of about 26.5 GW, which is 3 GW 
more than the power installed in coal-fired utility pow-
er plants indexed in the Energy Market Agency (ARE) 
catalogues. 

In the last 10 years, 4 supercritical units with a to-
tal capacity of 2.8 GW were commissioned, replacing 
the old units. In 2018–2021, the commissioning of fur-
ther units with the total capacity of about 3.1 GW is 
planned, however this will not improve the system’s 
situation, because in this period, about 30 used 120 
and 200 MW units with comparable total power will 
be decommissioned. Therefore, in order to maintain 
the current growth rate of demand, it is necessary to 
plan further large energy investments. Otherwise, the 
situation from August 2015 will be repeated. For a full 
picture of the situation, Figure 2 shows the increase in 
capacity installed in wind power plants. A stagnation 
of new investments caused by a change in regulations 
can be seen currently. 

Over half of utility power units in Poland have already 
exceeded the designed operating time (200,000 h). Used 
units are characterised by continuous deterioration of 
reliability indicators. The course of the most important 
indicators, i.e. forced outage rate FOR and availability 
factor AF, are presented in Figures 3 and 4 [2].

The article analyses the financial and reliability ef-
fects of the operation of several power plants as a safe-
guard for wind power plants. This type of operation is 
associated with an increased number of start-ups and 
frequent power fluctuations. The analysis was carried 

Power installed in coal-fired power plants
Power installed in wind power plants
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Fig. 2. Power installed in coal-fired power plants (ARE) 
and wind power plants in 2002–2018
Rys. 2. Moc zainstalowana w elektrowniach węglowych 
(ARE) oraz w siłowniach wiatrowych w latach 2002–2018

Year

Fig. 3. Forced outage rate FOR
Rys. 3. Wskaźnik awaryjności FOR

Year
Fig. 4. Availability factor AF
Rys. 4. Wskaźnik dyspozycyjności AF
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2. EFFECTS OF INCREASED 
CYCLICALITY OF OPERATION FOR 

A  SAMPLE POWER PLANT

The use of a coal-fired power plant as a peak unit or 
as a reserve energy source securing wind power plants 
carries increased operating costs, and in the future, 
also renovation and investment costs [3, 4]. Increased 
renovation and investment costs are associated with 
the irreversible accumulation of wear processes, main-
ly low-cycle fatigue and cracking processes. Each start-
up or modification of the unit’s power causes the stress 
amplitude to arise, which intensifies the wear process-
es, therefore the durability of the used units will be 
shorter. Increased operating costs result from more 
frequent start-ups. Start-up is an ineffective phase of 
the power plant operation; it requires considerable fi-
nancial outlay, and at the same time it does not gener-
ate profits. The main components of start-up costs are:
–– the cost of energy necessary to supply own needs 
(drives of pumps, fans, mills, etc.)

–– the cost of expensive light-up fuel and primary fuel 
used up to the moment of synchronisation with the 
system.
Start-up costs for a medium power coal-fired unit 

from warm state have been estimated in the world 
[5, 6] and domestic [7] literature at a similar level of 
around 60 $/MW of unit power. The increase in operat-
ing costs related to the increase in the number of start-
ups for a sample power plant composed of 8 200 MW 
units was analysed. The data necessary to carry out 
multivariate calculations were borrowed from a real 
utility power plant. The average number of start-ups of 
a single unit was determined based on the analysis of 
the history of operation of this power plant in the years 
2000–2015. The unit’s average forced outage rate FOR 
was also calculated. Input data are shown in Table 1.

Table 1. Input data
Tabela 1. Dane wejściowe

Average annual number of start-ups 26/unit

Unit’s average forced outage rate FOR 2.44%

8×200 MW power plant’s total power 1600 MW

Average start-up cost 60 $/MW

Average start-up time 4 h

Energy market value 53 $/MWh

The operation of a power plant as a safeguard for 
wind power plants is associated with an increased 
number of start-ups, which is why their increase by 
50, 100 and 200% was analysed. During start-ups, the 
unit does not generate power and therefore it does not 
generate profit. The share of net profit in the market 
value of energy produced is difficult to estimate and is 
a trade secret. Therefore, the market value of non-pro-
duced energy due to the start-up was determined as-
suming that 1 MWh costs $53. The average start-up 
time was also assumed at the level of 4 h. The results 
of the calculation are shown in Figure 5.

As already mentioned, the increase in the number of 
start-ups has an impact on the reliability of the power 
unit. Figure 6 shows the annual unit forced outage rate 
FOR as a function of the number of start-ups for indi-
vidual units of the discussed power plant in the period 
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Fig. 5. Increase in costs associated with additional start-
ups and the market value of non-produced electricity 
Rys. 5. Wzrost kosztów związanych z dodatkowymi rozru-
chami oraz wartość rynkowa niewyprodukowanej energii 
elektrycznej

2000–2015. The increase in the number of start-ups by 
X start-ups per unit per year will cause an increase in 
the unit’s forced outage rate FOR by 0.0198X percent-
age points (Fig. 7). 

In order to estimate the impact of the increase in the 
forced outage rate FOR on the operation of the entire 
power plant, the probability of operation of this pow-
er plant at various power levels was calculated. The 
likelihood of a simultaneous failure of “k” units from 
among “n” units making up a power plant can be esti-
mated based on dependence (1).

	
! ( ) !

!P
k n k

n q pk
k n k=

-
- 	 (1)

where: 
q = FOR (initial value 2.44% = 0.0244)
p = 1 – q
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Fig. 6. Forced outage rate as a function of the number of 
start-ups
Rys. 6. Wskaźnik awaryjności w funkcji liczby rozruchów
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As in previous considerations, an analysis was car-
ried out for the increase in the number of start-ups by 
50, 100 and 200%. Input data are shown in Table 2. Us-
ing the dependence (1), the probability of maintaining 
the discussed power plant in various reliability states, 
which is associated with different levels of generated 
power, was determined. 

Different variants were analysed, based on which the 
amount of energy which will not be produced due to the 
increase of the forced outage rate FOR was determined 
(Fig. 8). The market value of this non-produced energy 
is also presented.

3. EFFECTS OF INCREASED 
CYCLICALITY OF OPERATION FOR THE 

ENTIRE SYSTEM

As already mentioned, the capacity installed in util-
ity power plants in Poland is currently lower than the 
maximum demand, i.e. the system is not able to meet 
the needs based only on utility power plants indexed in 
ARE. In this case, small industrial power plants, heat 
and power stations or the RES sector become a neces-
sity. A full analysis of the reliability of the power plant 
system requires determining the cumulative distribu-
tion function of the available capacity of the entire sys-
tem. In order to carry out the analysis, it is necessary 
to obtain information containing the unit power of indi-
vidual units that make up the system and their forced 
outage rates FOR for a given year. The value of the 
cumulative distribution is numerically calculated with 
a program using the recursive method [8]. Figure 9 
presents the cumulative distribution functions of avail-
able power determined for selected years. It can be no-
ticed that the most favourable year for the security of 
electricity supply was 2013. In the following years, the 
used units were being decommissioned, which resulted 
in a decrease in the capacity installed in the system. 
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Fig. 7. Increase in forced outage rate FOR due to the  
increase in the number of start-ups
Rys. 7. Wzrost wartości wskaźnika awaryjności FOR wsku-
tek wzrostu liczby rozruchów
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Fig. 8. Amount and market value of non-produced energy 
due to the increase in the forced outage rate FOR
Rys. 8. Ilość i wartość rynkowa niewyprodukowanej energii 
z uwagi na wzrost wartości wskaźnika awaryjności FOR
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Table 2. Input data
Tabela 2. Dane wejściowe

FOR [%] q [-] p [-]

Average annual number 
of start-ups 26/unit 2.44 0.0244 0.9756

Number of start-ups +50% 2.70 0.0270 0.9730

Number of start-ups +100% 2.95 0.0295 0.9705

Number of start-ups +200% 3.47 0.0347 0.9653

Fig. 9. Available power cumulative distribution function of 
a system based on coal-fired units
Rys. 9. Dystrybuanta mocy dyspozycyjnej systemu oparte-
go o bloki węglowe

Table 3 illustrates the LOLP (loss of load probability) 
index values, i.e. the probability of the system’s failure 
to meet the demand of the recipients. The analysis was 
carried out for the power demand of 22 GW. This value 
was the peak value during the crisis of August 2015 
and it was 4 GW lower than the maximum temporary 
demand during the year. LOLP indicators have high 
values due to the fact that the analysed power plant 
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system bypasses all generating units except for utility 
power plants indexed in ARE catalogues. The total in-
stalled capacity together with industrial and municipal 
heat and power stations, peak power plants and the 
group of RES units in Poland is around 43 GW [1]. For 
such installed capacity, the probability that the sys-
tem will not cover the demand is several times small-
er. However, as the example from August 2015 shows, 
there are situations in which even 20 GW of excess ac-
cumulated power installed in the system may turn out 
to be insufficient.

The effects of increased cyclicality of operation for 
the entire system were implemented in model (1). This 
model assumed that 30 power units with 200 MW pow-
er each work as a safeguard for wind power plants. The 
total power of these units corresponds to the current 

capacity installed in wind power plants. It was also as-
sumed that due to the specific nature of the operation, 
the annual number of start-ups of these units will in-
crease by 200%. The cumulative distribution graph for 
the available power for model (1) is shown in Figure 10 
and the LOLP value is given in Table 3.

Fig. 10. Available power cumulative distribution function 
of the system
Rys. 10. Dystrybuanta mocy dyspozycyjnej systemu

Table 3. LOLP calculation results
Tabela 3. Wyniki kalkulacji LOLP

Year LOLP

2013 0.0198

2014 0.4756

2017 0.6083

Model 1 0.6567

4. CONCLUSIONS

In the era of increasing share of energy coming from 
RES, the increase in the cyclicality of the operation of 
units forming the core of the system is a natural con-
sequence [9]. However, coal-fired units were designed 
for continuous operation. Frequent power fluctuations, 
shut-downs and start-ups are uneconomical and reduce 
the durability of the unit. The immediate effect is the 
increase in the costs of such use, related to expensive 
start-ups, and the reduction of the unit’s production 
capacity. The long-term effect is the limitation of units’ 
durability due to fatigue and cracking processes. The 
operation of used units in this capacity is particularly 
risky. Another consequence is the deterioration of reli-
ability indicators that affect the operation of the entire 
system. Power plants with a gas turbine have better 
control properties, therefore it is reasonable to build 
several such units. The best solution would be to store 
energy from RES and to consume in peak demand.  
Despite the work being done, it is not yet possible to 
store energy on an industrial scale. 
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