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Abstract— The starting point of security of supply and 

generation expansion planning analysis of today's power systems 

are the policies which greatly defines the organization and 

business environment of power systems. One of the most 

important EU foundation policies is the organization of a 

common pan-European energy market, i.e. a common electricity 

market. The basic idea is free movement of goods, labor force 

and services, since it is supposed that a member country cannot 

achieve alone, what it can achieve as a member of a community 

such as the European Union. This is supposed to be optimal and 

effective use of all resources, including those for electricity 

generation. Generally speaking, the main goals EU throughout 

Energy Union is to make energy more secure, affordable and 

sustainable. As regards Power System it means achieving internal 

energy market, decarbonization of technologies and security of 

supply. Even though these seem coherent for internal EU 

electricity market, they are initially opposed, insufficiently 

defined and therefore cause dilemmas both with experts and 

scientists. One such dilemma that will be dealt in this paper with 

is the mathematical interpretation of security of supply and the 

current statement that each member country is responsible for 

security of supply. Is the issue security of supply just a rhetorical 

as a relic from the era when there were vertically integrated 

power companies and when there was practically no market, so 

the relations between activities were not based on market? Or it 

is a real technical and organizational problem, which is the topic 

of discussion and base for developing theories? What does that 

exactly mean, what are the mathematical criteria of security of 

supply, what is the influence of the loss of load probability 

(LOLP) on the construction of new generation facilities in every 

single country or EU? How to achieve the functional internal EU 

electricity market with countries that have various shortage cost 

or value of lost load (VOLL) as well as different LOLP and what 

does it means for security of supply and economics of power 

systems? These are some questions discussed in this paper. 
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I.  INTRODUCTION 

Electricity market and security of electricity supply are 
defined by several directives and regulations. One of the most 
important documents stipulating measures for secure customer 
security is the 2005/89/EC Directive, whereby the Energy 
union concept is based on a few (eight in total) new bills, a new 
regulation on the preparation for risks being among them, 
which should replace the said 2005/89/EC Directive. The 
analysis of adequacy of power system is conducted by the 

transmission system operators on the basis of methodological 
instructions by ENTSO, and that report serves as the basis for 
the assessment of mid-term security of supply of the power 
system. The basic probability indicators for drawing up the 
mid-term adequacy of power system are LOLP (Loss of Load 
Probability) and LOLE (Loss of Load expectation). LOLP in 
power system is expressed as a percentage marking time, 
annually or monthly, in which the power system won’t be able 
to cover electricity consumption with available generation 
capacities. LOLE is the index, which on the basis of LOLP 
shows the total number of hours in a year in which the power 
system won’t be able to satisfy the consumption. In this paper a 
short description of reliability calculation will be described 
following by examples of generation expansion of real power 
system under different reliability indexes. 

II. METHODOLOGY DESCRIPTION 

LOLP index is used in the analyses of generation part of 
power system but is also used in analyses of the reliability of 
both the transmission and distribution system. The 
consequence of capacity shortage was the reduction in 
electricity supply, which meant certain value of lost load (or 
energy) for customers. The reserve of power system in all three 
technological parts: generation, transmission and distribution 
depended on the level of that damage, i.e. the specific level of 
value of undelivered kWh of electricity. The higher the LOLP 
or LOLE, the higher the VOLL. Both LOLP and LOLE 
indexes are calculated via an algorithm in which equivalent 
curve of load duration is formed by the method of convolution 
from the load duration curve taking into consideration the 
probability of outage of every individual generation facility. 
The fundamental thesis in this paper states that LOLP, and thus 
LOLE may be optimized regarding both VOLL and available 
technologies for new generation facilities. The paper further 
analyses power systems with different, optimum LOLP, which 
should function at electricity market. In order to explain the 
thesis of this paper, some short introduction of LOLP 
calculation is following. 

Computer models for the analysis and planning of power 
system were developed on algorithms that described certain 
aspects of power systems, some of them simulating, some 
optimization type and some models were the combination of 
the two. One of the most famous models used to calculate the 



LOLP through long-term planning of power system is WASP 
(Wien Automatic System Planning Package), which is used in 
this analysis as well. The basis of such analysis is LDC (Load 
Duration Curve) of Power System. When taking into 
consideration the probability of first unit outage, the result is 
ELDC1 (Equivalent Load Duration Curve). Result of outage of 
two first units is ELDC2, and ELDCN is the result when the 
probability of outage of the last unit is taken into consideration. 
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Where ELDCm is equivalent load duration curve after unit 
m is on the grid; p is probability that unit m is available; q is 
probability that unit m is unavailable; MWm is capacity of unit 
m and x is load. And expected generation for each unit is: 
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Where En is generation of unit n; T is time period 

represented by the load duration curve; ELDCn-1 is equivalent 

duration curve which incorporated the effect of force outages 

of unit n-1; an is system capacity for units 1, 2, 3,…, n-1; and 

bn is system capacity for units 1, 2, 3,…, n. 

If ICP is installed capacity in the power system, then LOLP 
is the index determining the probability of the occurrence that 
the load is higher than sum of available capacity of all 
considered power plants. ENS (energy not served) is electricity 
that won’t be delivered and represents a part below the ELDCN 
curve limited by ICP on the left side as it is shown in the Fig. 1.  

To complete the calculation of LOLP, it is necessary to 
calculate the total costs of power system, as it is described in 
(3). The optimization of total costs of power systems requires 
the minimum of goal functions in specific scenario of the 
development of power system. The objective function 
represents the total costs of power system that consisted of 
investment costs into new power plants, fuel costs, operation 
and maintenance costs, costs of VOLL and the remaining value 
of new power plants after the last planning period year. The 
LOLP and LOLE indexes are calculated for each year 
respectively.  

 

Fig. 1. Calculation of the Equivalent Load Duration Curve 
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B represents total cost of power system of the observed 
scenario; I is the capital investment cost in new generation 
units; S is the salvage value of investment cost after the last 
year of observed period; F represents the fuel costs; M non-fuel 
operation and maintenance cost; VOLL is the outage cost, t 
represents years of scenario; T is the length of the study period; 
i.e. the number of years in the scenario and index j is the 
observed scenario of generation expansion. 

III. LOLP OPTIMIZATION 

In the first stage, one should calculate power capacity to 
meet LOLP criteria from 5% to 0,001 % on a just technical 
level with no any economic consideration. The second stage 
considers economic variables for calculated combination or 
needed power plant capacity for a specific value of LOLP. At 
this second stage, the objective function B (total cost of power 
system) is a variable for comparison of different scenarios. The 
third stage or case study considers different combinations of 
power plant capacity for different values of LOLP on Croatian 
power system, which was taken as a real model. It is necessary 
to calculate how much MW’s have to be installed LOLP values 
to meet reliability criteria, so LOLP values are first calculated 
for various combinations of operating power plants. The key 
point in this stage is to consider reliability aspects only, so it 
means that economic variables should be excluded. Therefore, 
the influence of economic calculation on the choice of power 
plant candidates is excluded and only probability variables left. 
LOLP criterion has been met by introducing new power plants 
only when it is necessary to satisfy reliability criteria regardless 
of the costs of power system. 

If LOLP levels would be limited, then the result is a 
combination of new power plants fulfilling mathematically 
proposed limitation in the value of LOLP. The solution is 
acceptable if the calculated LOLP value is lower or equal to the 
proposed one for all years of the planned period, i.e.: 

ULLOLPLOLP    (4) 

where LOLPUL is the proposed value of LOLP, for which the 
new construction of power plants in the power system is 



calculated. In this paper, two technologies were chosen for 
power plant candidates, a coal-fired thermal power plant and 
natural gas-fired combined gas power plant with usual 
characteristics taken from literature. Analyses were conducted 
separately for power plant candidates, coal-fired thermal power 
plant and natural gas-fired combined gas power plant. The 
values of LOLP are simulated for this analysis ranging from 
5% to 0,001%. Results are shown in the Fig 2. 

After the calculation of necessary new construction of 
power plants to the given value of LOLP for each LOLP 
limitation separately, the objective function was calculated for 
two levels of VOLL – for 2 $/kWh and for 10 $/kWh. 

 

Fig. 2. Necessary construction of new capacities to meet LOLP 

 

The value 2 $/kWh represents an undeveloped economy 
and the value 10 $/kWh represents a developed economy. At 
the stage two of this analysis it should be emphasized that for 
various values of LOLP the calculation has shown different 
installed capacity in thermal power plants. Of course, the lower 
the LOLP, the higher the installed capacity needed. And vice 
versa, the lower the installed capacity, the higher the LOLP. 
The minimum of objective function shows the optimal level of 
LOLP for given variables. The curves represent cumulated 
total costs of power systems for the planned period 2020 – 
2030. The base year to which all costs are discounted is 2018, 
and estimated discount rate is 8%. 

 

Fig. 3. Optimization of LOLP for two VOLL levels in case of coal TPP 

 

The results show that the minimum of total costs in case 
VOLL = 2 $/kWh is at the level of 1%, and in case VOLL=10 
$/kWh it is at the level of LOLP of 0,1. For higher VOLL 
values, it is expected that the minimum of B would move to the 
left as LOLP is lowered. The right part of this diagram shows 

expected faster growth of costs in case of higher VOLL. When 
power plant candidate is in natural gas-fired CCGT technology, 
the results differ from the example with the coal-fired thermal 
power plant. 

The curves of objective function simulation do not show 
the expressed minimum and it is almost the same for the curve 
at VOLL=2 $/kWh as well as at VOLL=10 $/kWh. The total 
costs for natural gas-fired thermal power plants CCGT are 
lower in the overall observed range of LOLP index value. The 
reason lies in lower investment costs for the equal total 
electricity consumption. It should be noted that this comparison 
does not describe the cost-effectiveness of one technology 
towards the other because the decision on choosing a 
technology is much more complex and is based on a number of 
other variables, which were not mentioned here.  

 

Fig. 4. Optimization of LOLP for two VOLL levels in case of CCGT 

 

In this work, one wants to show the model of calculating 
the optimum level of LOLP and the influence of the most 
significant variables on LOLP. However, the difference in total 
costs is higher for higher values of LOLP, when investment 
costs prevail. For lower values of LOLP the differences in 
costs for both technologies are significantly lower.  

The next stage of analyses is how to apply different 
reliability criteria, with or without limitation of LOLP, onto 
real power system, in this paper power system of Croatia. 
When creating the development scenario it was necessary to 
create certain assumptions and limitations. In this example, 
limitations concerning installed capacity in new thermal power 
plants were introduced, in such a way that coal-fired TPP and 
natural gas-fired CCGT are equally represented. Of course, a 
great number of various combinations of new technologies are 
possible, but the presentation of analysis results needed a 
certain structure of new thermal power plants. 

IV. BASIC ASSUMPTIONS OF SCENARIOS 

Two groups of scenarios were analyzed. The first group 
were scenarios with VOLL of 10$/kWh, and the second group 
with VOLL of 2$/kWh. In the scenario where VOLL is 
10$/kWh two possible sub-scenarios with different LOLP 
values are considered. In the first one LOLP has no limitations 
(or LCP - Least Cost Planning method), which means the 
power system is optimized by total cost, so that the necessary 
construction of new power plants is a result of the lowest total 
costs of power system with VOLL which balances the total 
costs and the necessary construction of new power plants. That 



is the usual way of the LCP method. LOLP is then the result of 
calculation and is different for different combinations of new 
capacity in power system. The other sub-scenario is optimized 
with the LOLP value limited to 0,01%. That means that the 
necessary new power plant construction is defined with the 
LOLP index taken as the upper permitted level. In the second 
group of scenarios VOLL was 2 $/kWh, also with unlimited 
LOLP and with the LOLP of 1% compared to LCP results. 

V. RESULTS AND CASE STUDY 

The comparison of the scenarios with VOLL of 10$/kWh 
and LOLP limited to 0,01% and unlimited LOLP are shown in 
Figure 5. The first curve is peak load in the observed example. 
The difference between the total installed capacity in these two 
scenarios is a result of a strict criterion of LOLP limitation 
which is much lower than the one gained through calculation 
according to LCP method. 

The basic parameter to define the necessary power plant 
construction in the LCP method is VOLL, and power plants 
capacity is a result of optimum total costs. The upper permitted 
level of LOLP is the basic criterion to construct new power 
plants in the other scenario, resulting with almost 400 MW of 
installed capacity during the second half of the planned period. 
The comparison of the scenario with VOLL=2$/kWh and 
LOLP limited to 1% and unlimited LOLP are shown in Fig. 6. 
Practically, one may conclude that the differences in only two 
years in the second half of the planned period, where one 
power plant in the scenario with 1% LOLP was commissioned 
a year earlier than in the scenario with non-limited LOLP (LCP 
method).  

 

Fig. 5. Scenario VOLL=10$/kWh and LOLP=0,01% versus scenario None 

limited LOLP 
 

 

Fig. 6. Scenario VOLL=2$/kWh and LOLP=1% versus scenario None limited 
LOLP 

 

That means that in the group of scenarios with low VOLL 
there is actually no difference between optimizing through the 
least cost planning method of the power system and through 
the method of optimizing LOLP. The reason for it is the fact 
that the influence or cost share referring to VOLL is practically 
insignificant. Fig. 7. represents the comparison of necessary 
new construction of generation capacities for scenarios 
referring to the model of LCP for VOLL 2$/kWh and 10$/kWh 
with LOLP 0,01%. 

 

Fig. 7. Scenario LCP and VOLL=2$/kWh versus scenarios VOLL=10$/kWh 

and LOLP=0,01% 
 

Although the results were expected, in those examples were 
quantified the differences between the construction of 
generation capacities for the scenario of LCP in relation to the 
scenario of limited LOLP. One may draw a conclusion that for 
developed economy measured with VOLL of 10$/kWh it is 
necessary to handle installed capacity in power plant higher 
than calculated as LCP by 400 to 800 MW (5500 MW would 
be on base of LCP). One should note that it is not necessary 
additional installed capacity for electricity generation, because 
in both scenarios, consumption is modelled equally, but it is 
necessary new power plants capacity for meeting the reliability 
criterion of customer security of supply. Namely, a high level 
of economic development has a requirement high level of 
VOLL as a consequence, which then has as a consequence a 
high necessary level of security of supply, requiring additional 
necessary installed capacities in power plants, for equal level of 
electricity consumption. 



The difference between the total installed capacity of 800 
MW for practically the same power system is a consequence of 
different structure and organization and expectations connected 
to the customer supply security. As the first case, scenario 
SC_2$_LCP is a typical power system with low level of VOLL 
and optimum construction based on least cost planning method, 
scenario SC_10$_0,01% is a typical power system with 
medium-high VOLL, to which LOLP is given at a very low 
level of 0,01%. 

One of the basic indicators of power plant usage is the load 
factor and Fig. 8 shows the diagram of that factor in the 
planned period for the chosen scenario. Load factor of thermal 
power plants is a good indicator of power plant use in power 
system. Load factors of new power plants have been analyzed, 
i.e. of power plant candidates, which were commissioned in the 
observed period, aggregated for all three power plant candidate 
types. Fig. 8. shows the movement of load factors of CCGT 
power plants candidates which were analyzed as new thermal 
power plants and what are commissioned in the observed 
period in a scenario with limited LOLP at 0,01% and VOLL of 
10 $/kWh.  

 

Fig. 8. Load factor of CCGT 400 MW in scenario SC_10$_0,01% 

 

 

Fig. 9. Load factor of CCGT 400 MW in scenario SC_10$_LCP 
 

 

Fig. 10.  Load factor of CCGT 400 MW in scenario SC_2$_1% 

 

Additional capacities are not used only for electricity 
generation, which is visible if load factors of new thermal 
power plants in Fig. 8. are analyzed. This diagram shows that 
load factor in scenario SC_10$_0,01% is much lower than in 
scenario SC_10$_LCP, whereas in scenario SC_2$_1% it’s 
only slightly lower than in scenario SC_2$_LCP. 

 

Fig. 11. Load factor of CCGT 400 MW in scenario SC_2$_1%_LCP 
 

The reason for it is the fact that the same level of electricity 
consumption requires a more installed capacity if LOLP is 
reduced in relation to scenarios without the limitation of LOLP. 
Shown load factors are an average for power plants of observed 
technologies. 

VI. CONCLUSION 

This work shows only one of many aspects referring to the 
security of supply, connected to defining regulatory and market 
variables important for electricity market. As economic activity 
grows, so does the need for new generation capacities. Each 
customer expects enough electricity acceptable regarding 
amount, dynamics and price. The highest risks for consumers 
are these three expectations. Each investor expects the highest 
possible electricity generation from the constructed power plant 
with the highest possible sale price of electricity and the lowest 
possible price of energy fuel. The biggest risks for investors are 
these three expectations.   

From all observed scenarios, three are important for this 
analysis. The first is scenario LCP and it is supposed to be a 
reference one so other scenarios could be compared with.  
Analyses show that the rise of necessary installed capacity is 

0

10

20

30

40

50

60

70

80

90

100

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

%

0

10

20

30

40

50

60

70

80

90

100

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

%

0

10

20

30

40

50

60

70

80

90

100

2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

%



the consequence of electricity consumption increase due to 
basic variables such as the rise in the population and economic 
activities.  

Other scenarios with VOLL of 10$ analyses economy with 
higher GDP per capita, showing that, in comparison to 
scenarios with VOLL of 2$, it is necessary to construct more 
generation capacities regarding reliability criteria. In the 
planned period the influence of economic activity growth 
consequentially needs more secure power system. In such a 
power system electricity price is expectedly higher than in the 
previously described, but economic activity is such that higher 
price can probably be accepted. In both described scenarios, the 
basic variable for defining the need to construct the new power 
plants is VOLL. 

The third scenario SC_10$_0,01% is the scenario in which 
LOLP is set to the level which is optimally defined for this 
level of damage due to undelivered electricity, i.e. level of 
economic activities. Again, installed capacity needed is higher 
than in scenario SC_10$_LCP because least cost model wasn’t 
used, but LOLP was given as the upper limit in which 
framework was then looked for the optimum solution of the 
necessary installed capacity of electric power system.  

It is notable that for certain electricity consumption and for 

given very low LOLP criteria it is necessary to have more and 

more power plants in power system. As a consequence those 

plants work with a decreasing load factor in given 

circumstances, which negatively affects their feasibility. It 

practically means that a power plant should be planned, 

constructed and exploited in a way to expand the area on 

which electricity is sold. It is especially shown in developed 

economies, as shown in the scenario with VOLL=10$/kWh. In 

such circumstances setting up a regional electricity market is 

the only solutions to fulfil the necessary level of security of 

supply and investors’ interest. This practically means that 

vertically integrated and self-sufficient power systems are not 

sustainable or, either from the point of view of security of 

supply or power plant feasibility. This statement is even more 

stressed if renewable energy sources are analyzed as they 

require an additional reserve in the power system, which has a 

negative influence on the load factor of existing power plants 

and thus reduces their feasibility additionally.  

 
The difference between scenarios with limited LOLP and with 
unlimited LOLP represents additional capacity in thermal 
power plants, which can be seen as the reserve in power 
system. If we suppose that technically it is not important where 
the observed power plant is located physically, there is only the 
risk whether such a power plant with available capacity exists 
at the moment when it is necessary to use it. Apart from having 
capacity at its disposal, electricity price is also important, i.e. 
capacity from such power plant and basically that is the basic 

risk for electricity consumers, if long-term customer security of 
supply is analyzed. 
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