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Abstract: The self-sufficiency of a power system is no longer a relevant issue at the electricity market,
since day-to-day optimization and security of supply are realized at the regional or the internal
electricity market. Research connected to security of supply, i.e., having reliable power capacities
to meet demand, has been conducted by transmission system operators. Some of the common
parameters of security of supply are loss of load probability (LOLP) and/or loss of load expectation
(LOLE), which are calculated by a special algorithm. These parameters are specific for each power
system. This work presents the way of calculating LOLP as well as the optimization algorithm of
LOLP, which takes into consideration the particularities of the power system. It also presents a
difference in the treatment of LOLP regarding the observed power system and the necessary installed
power capacity if applied to the calculated LOLP in relation to the optimized LOLP. As a conclusion,
the study analyzed the parameters impact the regional electricity market—where the participants are
countries with different development levels and various particularities of power systems—i.e., what it
means when the same LOLP criterion is applied to them and the optimized LOLP.
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1. Introduction

The electricity market and the 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 [1], 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 said
2005/89/EC Directive. The analysis of the adequacy of power systems is conducted by the transmission
system operators on the basis of methodological instructions by ENTSO-e, and that report [2] 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 systems are loss of load probability (LOLP)
and loss of load expectation (LOLE). LOLP in a power system is expressed as a percentage of time,
annually or monthly, in which the power system will not be able to meet demand with available
generation capacities. LOLE is the index on which the basis of LOLP shows the total number of
hours in a year, in which the power system will not be able to meet demand. In this paper, reliability
calculations are described, followed by examples of generation expansion of a real power system
under different reliability indices. As it is stated in [3], it is necessary to quantify the value of lost load
(VOLL) to obtain the economic value of adequacy. In order to put a value on reliability, a commonly
employed parameter is the VOLL, which measures the damage suffered by consumers when the supply
is curtailed. In cases of productive activities (such as industrial processes engaged in the production of
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a good), an objective measure of the cost of interruptions based on the loss of production or the linked
benefit is possible.

At the moment in the European Union (EU), a new Regulation (EU) 2018/2019 of the European
parliament and of the Council of risk-preparedness in the electricity sector is being prepared,
and repealing Directive 2005/89/EC is supposed to be adopted at the beginning of 2020. As it is
described in the new Regulation, the electricity sector in the EU is undergoing a profound transformation,
characterized by more decentralized markets with more players, a higher penetration of renewable
energy, and better interconnected systems. The main idea of the internal electricity market is that
well-functioning markets and systems with adequate electricity interconnections are the best guarantee
of security of supply.

A common approach to electricity crisis prevention and management also requires that member
states use the same methods and definitions to identify risks relating to the security of supply and are in a
position to effectively compare how well they and their neighbors perform in that area. This Regulation
identifies two indicators for monitoring the security of electricity supply in the Union—expected energy
non-served (EUE), expressed in GWh/year, and LOLE, expressed in hours per year. Those indicators
are part of the European resource adequacy assessment carried out by ENTSO-E. In the Regulation,
there is a description of the methodology of calculation of security of supply. To ensure the coherence
of risk assessments in a manner that builds trust between member states in an electricity crisis,
a common approach to identifying risk scenarios is needed. Therefore, after consulting the relevant
stakeholders, ENTSO-E should develop and update a common methodology for risk identification in
cooperation with the Agency for the Cooperation of Energy Regulators (ACER) and with the Electricity
Coordination Group (ECG), which was set up by a Commission decision on 15 November 2012 as a
forum in which to exchange information and foster cooperation among member states—in particular,
in the area of security of supply—in its formation composed only of representatives of the member
states. ENTSO-E should propose the methodology, and ACER should approve it. When consulting the
ECG, ACER is to take utmost account of its views. ENTSO-E should update the common methodology
for risk identification where significant new information becomes available.

ENTSO-e conducts studies about Scenario Outlook and Adequacy Forecast, trying to calculate a
Pan-European power system adequacy. In their report [2], there is a question raised related to capacity
adequacy. If the reliability index is met beyond the national legal requirement, how large is the related
capacity margin surplus available for the neighboring area, or even system wide? Additionally, if the
reliability index is not met, by how much would the available capacity need to increase to meet the
target? Another question is about the methodology applied.

The LOLP index is used in the analyses of generation parts of power systems but also in reliability
analyses of both the transmission and the distribution system. There are many more papers regarding
the use of VOLL for both transmission and distribution system analysis. VOLL is an essential parameter
for transmission system reliability management [4]. Theoretical analysis shows that using more detailed
VOLL data allows for better-informed transmission reliability decisions. Incorporating variations
and uncertainties into expansion planning produces a plan that has better economy and reliability
performance during operations. Recent progress on robust optimization techniques can consider
uncertain parameters in expansion optimization [5].

There are also some papers and studies regarding planning a reserve margin, which is a common
metric used in generation planning to determine an electric utility’s resource need above the typical
annual peak load. As a proxy for system reliability, the planning reserve margin is useful in informing
resource decisions between detailed reliability studies [6]. Questions about providing electricity with
adequate power quality and reliability at a reasonable rate are becoming more important. Therefore,
there are a number of country-specific analyses, such as German security of supply or questions
about capacity market [7,8]. Of high interest in the field of reliability of power systems or the security
of supply is a capacity market or remuneration mechanism. In Reference [9], the analysis begins
with identifying the optimum level of investments to the 2030 horizon to ensure capacity adequacy,
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assuming a reference scenario of EU energy system developments, followed by a simulation of the
operation of a wholesale energy-only market to estimate the ability of these investments in order to
recover their capital cost. The amount of capacity remuneration required to cover for the missing
revenue margin is estimated, as are the implications from hypothetical asymmetric remuneration
across the member-states of the EU. Also in Reference [10], there is a question raised regarding the
competitive energy market and whether it will be sufficiently addressed in the capacity market to
garner adequate resources to keep the lights on. The European electricity market has been constructed
as an “energy only market” without the compensation for the costs of generation adequacy. Such a
market is able to operate in the presence of the capacity excess. However, gradually, the power reserve
margins have been diminishing, causing a fear of power balancing in the coming years [11]. All those
papers are dealing with one common question—security of supply or capacity adequacy? The basic
methodology always relies on a probabilistic approach.

The consequence of capacity shortage is the reduction in electricity supply, which results in
a certain VOLL or energy for customers. The reserve of a power system in all three technological
parts—generation, transmission, and distribution—depend on the level of damage, i.e., the specific
level of value of undelivered kWh of electricity. Both LOLP and LOLE indices are calculated via an
algorithm in which the equivalent curve of load duration is formed by the method of convolution [3–6]
from the load duration curve, taking into consideration the probability of outage of every individual
generation facility as well as the outage cost, which is VOLL times unserved energy. The fundamental
thesis in this paper states that LOLP, and thus LOLE, should not be calculated, but may be optimized
regarding VOLL and the available technologies for new generation facilities. The paper further
analyzes power systems with different optimum levels of LOLP, which participate in the electricity
market. The main objective of this paper is to better understand reliability by the optimization of LOLP
and LOLE regarding VOLL and available technologies for new generation facilities.

2. LOLP Optimization Methodology Description

Computer models for the analysis and the planning of the power system were developed on
algorithms that described certain aspects of power systems; some of them were simulations, some were
optimization types, and some models were a combination of the two [12–14]. One of the most famous
models used to calculate the LOLP through long-term planning of a power system is the Wien automatic
system planning package (WASP), which is used in this analysis as well. The basis of such analysis is
load duration curve (LDC) of the power system. When taking into consideration the probability of the
first unit outage, the result is the equivalent load duration curve (ELDC1). The result of the outage of
two first units is ELDC2, and ELDCn is the result when the probability of the outage of the last unit is
taken into consideration [13,15]:

ELDCn(x) = pn · ELDCn−1(x) + qn · ELDCn−1(x−MWn), (1)

where ELDCn is the equivalent load duration curve after unit n is on the grid; p is the probability that
unit n is available; q is the probability that unit n is unavailable; MWn is the capacity of unit n and x is
load. The expected generation for each unit is then:

En = pn · T ·

bn∫
an

ELDCn−1(x)dx, (2)

where En is the generation of unit n; T is the time period represented by the load duration curve;
ELDCn−1 is the equivalent duration curve, which incorporates the effect of the force outages of unit
n−1; an is the system capacity for units 1, 2, 3, . . . , n−1; and bn is the system capacity for units 1, 2, 3,
. . . , n.
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For certain installed capacities of all power plants in the power system (ICP), LOLP is the index
determining the probability of the occurrence that the load is higher than the sum of the available
capacities of all considered power plants. Energy not served (ENS) is electricity that will not be
delivered and represents a part below the ELDCN curve limited by ICP on the left side, as it is shown
in Figure 1.
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To complete the calculation of LOLP, it is necessary to calculate the total cost of the power system,
as described in [13,14]. The optimization of the total cost of the power system requires the minimum of
a goal function in a specific scenario of the development of the power system. The objective function
represents the total cost of the power system, which consists of investment costs for new power plants,
fuel costs, operation and maintenance costs (O & M), costs of VOLL, and the remaining value of new
power plants after the last planning period year. The LOLP and the LOLE indices are calculated for
each year.

B j =
t=T∑
t=1

[
I j,t − S j,t + F j,t + M j,t + VOLL j,t

]
, (3)

B represents the total cost of the power system of the observed scenario; I is the capital investment
cost in new generation units; S is the salvage value of investment costs after the last year of the observed
period; F represents the fuel costs; M represents the non-fuel operation and the maintenance costs;
VOLL is the outage costs; t represents the years of the 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 the generation expansion.

Three main LOLP optimization steps are described as follows:

1. In the first step, one should calculate the power capacity to meet LOLP criteria from 5% to 0.001%
on a technical level without any economic consideration. Those values are taken from expert
analysis as very high and low boundaries of the LOLP value. The results of calculation for each
value of LOLP (starting from five and ending with 0.001%) are the number of MW of installed
capacity that should be built in order to meet the criteria of LOLP. Those calculations are conducted
under no economical limitations. Thus, the first step is a calculation of how many MW’s have
to be installed to meet the reliability criteria of LOLP values. That is why LOLP values are first
calculated for various combinations of operating power plants. The key point in this stage is
to consider reliability aspects only, which means that economic variables are excluded. LOLP
criterion is met by introducing new power plants only when it is necessary to satisfy the reliability
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criteria regardless of the costs of the power system. 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.:

LOLP ≤ LOLPUL, (4)

where LOLPUL is the proposed value of LOLP for which the new construction of power plants
in the power system is calculated. One can analyze the impact of different technologies or
different characteristics of the same technologies of new generation capacity in order to conduct
sensitivity analysis.

2. The second step considers economic variables for each value of LOLP or the calculated combination
of the necessary power plant capacity for a specific value of LOLP from 5% to 0.001%. In this
second step, the objective function B (total cost of the power system) is a function for comparison
of different scenarios. It takes into consideration the investment of new capacity, O & M cost,
fuel cost, outage cost, salvage value, etc.

3. The third step or case study considers different combinations of power plant capacity for different
values of LOLP on a model of a power system. In this paper, it is a Croatian power system,
which was taken as a real model. There are four scenarios modeled and compared, two of them
with limited LOLP and two of them with no limitation of LOLP.

3. LOLP Optimizing Case Study Analysis

In this paper, two technologies were chosen for power plant candidates—a coal-fired thermal
power plant and a 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
plants (TPP), and natural gas-fired combined cycle gas turbine power plants (CCGT). The values of
LOLP were simulated for this analysis ranging from 5% to 0.001%. Results are shown in Figure 2.
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Figure 2. Necessary construction of new capacities to meet loss of load probability (LOLP).

It should be noted that new generation capacity was added in quantities of 20 MW in order to
have smooth or continual curves. Characteristics of such small units are the same as regular size units
in both analyzed technologies.

After calculating the necessary new constructions of power plants with the given value of LOLP
for each LOLP limitation separately, the objective function was calculated for two levels of VOLL—$2
USD/kWh and $10 USD/kWh.

Two levels of VOLL were chosen for analysis, one of $2 USD/kWh and the other of $10 USD/kWh.
The former correlated with the gross domestic product (GDP) of around $10,000 USD per capita,
and the latter with the GDP of around $40,000 USD per capita [16–18]. The aim was to compare two
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different levels of economic systems—a developing one and a developed one. It was estimated that
there was no need to consider more levels of outage, since this analysis showed differences between
higher and lower levels of outage, which corresponded to different developments of economic systems.
Other data referring to specific costs of fuel and maintenance were taken from [19,20].

Optimizing the analysis of LOLP started with the calculation of necessary installed power in
the observed power system under the limitation of LOLP of 0.0001% (0.5 minutes per year), 0.001%
(5.5 min per year), 0.01% (52 min per year), 0.03% (2.5 h per year), 0.05% (4.5 h per year), 0.07% (6 h per
year), 0.1% (9 h per year), 1% (3.6 days per year) and 5% (18 days per year) with two levels of outage of
$10 USD/kWh and $2 USD/kWh. It should be noted that the same power system was always analyzed,
and limitations of LOLP varied just as with VOLL. After obtaining the combination of existing and
new power plants, i.e., the total available power for each respective year and for each observed LOLP,
the costs of the power system, i.e., the goal function, was calculated as described in the previous
chapter. All the values calculated in the goal function refer to the year 2018, which was used as the
base in this analysis.

If LOLP was limited at 0.0001%, which is an extreme requirement (usual value amounts at 8 h or
0.1%, e.g., in Ireland), there was a visible increase of necessary capacity or investment costs related to
constructing new generation capacities, which was understandable considering the high demand of
reliability of the power system. Such a level of security of supply could not be considered necessary due
to questionable economic profitability, since the power system disposed a very large reserve (if isolated),
thus such a power system would be considered over-capacitated in a techno-economic sense. If such
a power system was observed in reality, necessary construction for fulfilling a certain safety level of
supply, e.g., of 0.0001%, there would be a need to ensure huge amounts of generation capacities reserve
if there were a consideration of not being in the regional electricity market. Where these capacities
would be placed in a mathematical sense is not of much importance, except for the fact that they would
need to be available, i.e., properly electrically connected.

When the necessary construction of generation capacities of a power system with a coal-fired
thermal power plant was analyzed depending on the level of LOLP, we got a curve of necessary
construction, as shown in the Figure 3. This curve of necessary construction of generation facilities
depending on the LOLP fit well with the theoretical curve. The probabilities (which were extremely
small) for which the limitation of LOLP was very small (<0.001), necessary construction of generation
capacities grew asymptotically by coming closer to the ordinate axe.
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Figure 3. LOLP optimization for two values of lost load (VOLL) levels in the case of a coal-fired thermal
power plant (TPP).

If a certain value is added to unsupplied kWh of electricity, then the outage cost becomes dominant
in the goal function of the total cost. As a result, the total costs of the power system grow as the level of
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security of supply decreases. However, more power plant construction leads to a level of higher security
of supply. In this case, as more power plant capacities demanded higher investment, the dominant
member of the goal function referred to the investment into new power plant capacities, thus the total
cost of the power system grew. Therefore, the goal function of the total cost regarding different values
of LOLP had the form of a bathtub curve with one more or less expressed as the minimum.

In the cost structure of the power system, it is visible that investment costs, residual value, and fuel
costs were the same in both observed cases for VOLL of $2 USD/kWh and $10 USD/kWh starting
from LOLP 0.01%, which was understandable since investments for necessary new construction of
power plants depended on the given security of supply, and fuel consumption depended on electricity
consumption. In the case of VOLL of $10 USD/kWh, the total outage cost as the component of the total
cost of the power system increased sharply. It was expected that, in the case of a LOLP value higher
than 5%, they would eventually become a dominant part of the total cost of the power system.

These costs were added and presented according to VOLL of $2 USD/kWh and $10 USD/kWh,
and the curves of the total costs were obtained. The change of total costs depending on the security of
supply in the case of the combined cycle gas turbine (CCGT) only was milder than the case with the
coal-fired power plant only. The reasons for this were primarily lower investment costs of new power
plants and a lower probability of power plant outages, as shown in Figure 4.
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Figure 4. LOLP optimization for two VOLL levels in the case of combined cycle gas turbine (CCGT).

LOLP would accordingly be some kind of necessity or signal for the construction of the power
system. In this example, it would particularly refer to the generation capacity, which needed to fit the
economic condition of the country, i.e., the power system being analyzed. Optimum LOLP represents
not only the criterion for the necessary construction of power plants (i.e., generation capacity) but also
an analytic parameter that shows the level of development of the power system and the economic
condition as well, i.e., the standard of living of its inhabitants, usually described as GDP per capita.
The variable that describes the level of development particularly well is VOLL, and the variable is
shown as the one that can connect the level of construction of the power system and the level of
economic development. Of course, it is expected that the power system is better constructed, i.e., that
more generation facilities are constructed if economic activity is more intensive, i.e., if an economic
system can generate a level of additional value that may construct and maintain such a power system
to fulfill customers’ needs in critical periods. However, if the economic system is not well developed
and cannot generate additional value to invest into the energy sector, the power system is then weaker,
especially in terms of generation. Consequently, the transmission part of the power system is shown
as less reliable and less constructed. On the other hand, electricity and reserve in the power system
can be bought at the electricity market. In any case, the construction of generation facilities or the
procurement of such facilities, i.e., of electricity at the electricity market, requires additional financial
means. An economy that is developed and that has a big additional value is expected to be able to
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ensure electricity at a considerably higher price in critical periods. The question is whether there will
be enough available capacities, which presents a risk. This risk is best described as a dependence
on generation facilities, whose work cannot be controlled; without those facilities, there is no safety,
long-term or short-term, regarding electricity procurement, amount, dynamics, and quality.

If necessary, power plant construction is a function of LOLP, one gets curves of necessary power,
as shown in Figure 5. These curves fit well with theoretical curves of necessary new construction of
generation facilities depending on security of supply. In part of the curve with LOLP, from 0.0001% to
0.003%, the difference in necessary construction totals equaled hundreds of MW, as seen in Figure 2.
The curve of necessary new construction for the case of the coal-fired TPP showed more value because
of less reliability of such facilities in comparison to the gas-fired CCGT. Those differences became
negligible for LOLP values higher than one and lower than 0.1 percent.
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The final (third step) in the determination of the optimal security of supply in comparison to the
outage cost was derived by comparing the total costs of the power system for both observed levels of
the outage cost. Analysis was carried out with two technologies, the coal-fired TPP and the CCGT.

Figures 5 and 6 show the total costs of the power systems for both observed technologies of the
coal-fired TPP and the CCGT depending on the security of supply for the level of VOLL of $2 USD/kWh
and $10 USD/kWh. The differences in total costs for the different technologies were expressed at
higher levels of customer security of supply, i.e., at lower levels of LOLP when a much higher installed
capacity of new power plants was necessary.
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Apart from specific characteristics of the analyzed power plant, it is important to see that the
VOLL changed the form of the total power system costs curve. For lower levels of VOLL (e.g., for $2
USD/kWh) the diagram of the total cost of the power system is rather symmetrical, while in case of
higher VOLL (e.g., for $10 USD/kWh), the curve of total costs clearly expressed minimum.

In conclusion, qualitative analysis of a power system requires the knowledge of economic
development levels as well as its perspective. The measure of economic development, which as a
variable influences the necessary construction of the power system, is the VOLL. Therefore, we should
emphasize that economic development is not the only variable influencing the development of the
power system, but it is definitely one of the key variables influencing inhabitants’ living standards,
traffic intensity, etc. A developed economy enables the development of a power system. Therefore, this is
a firm connection between energy, power, and an economic system. The better developed those systems
are, i.e., the more synchronized the development of the economic and the power systems is, the narrower
the area of optimum construction, i.e., the minimum of total costs, will be.

Interconnected power systems (electrically, regulatory, and economically, which is defined by the
electricity market) may count on the power and the energy procured on the market, not only in the
case of trading but also in day-to-day operations as a result of operational costs optimization [21–23].
As opposed to self-sufficient power systems in the case of the regional electricity market, the LOLP
is not the result but is set as a criterion. Thus, in that case, we may talk about risks managing the
possibilities of procuring losses and delivering surpluses. If there are no possibilities of procuring
power and energy at the market, and the power system is not developed enough, the LOLP increases
and goes into the right part of the diagram, as shown in Figures 5 and 6. In those cases, not only does the
procurement of power and energy at the market become important, but the price becomes important
as well, which grows due to increased demand in critical periods. Consequently, there is an increase
in the total costs of the power systems. Which marginal price of power and electricity is economical
or possible to procure power and energy at the market depends on the possibilities of purchase and
sale, the economic system development, the available generation capacities, the electricity prices in the
regional market, etc. Generally, the more developed and the richer an economic system is, the higher
price it can take (Italy, for instance), and vice versa. According to this, the LOLP index expresses the
measure of constructiveness of the observed power system, the availability of the generation facilities
in the surroundings, and the price of electricity present with the risk of procurement from the market.

Furthermore, in the case of over-construction (installation) of generation facilities in the power
system, we arrive to the left part of the diagram, as shown in Figures 5 and 6. These figures display
the state of over-construction of the power system if only the observed power system is taken into
consideration. Of course, this is just a partially correct view, since power plants (in most cases) are not
built to supply one power system but to generate electricity and sell it to customers or to the regional
market. The investors build power plants where the final price of electricity is higher, competitive
at the market, and where they can sell electricity to customers. However, from the point of view of
national energy safety, customer security of supply is higher if the power system is over-constructed,
i.e., if there is enough constructed power plants, generation, and other energy facilities, regardless of
equivalent working hours. The diagram shows that the minimum of the curve of total costs of the
power system moved to the left. The curve’s gradient of increase of total costs of the power system for
the cases of lower safety levels of customer supply was higher, which means that the increase of total
costs due to increase of total damage due to undelivered electricity was more intensive. In practice,
this does not mean that power system that has capacity adequacy at its disposal would suffer from
reductions. Namely, it is necessary to settle necessary power and energy from neighboring power
systems, i.e., at the market of electricity, under the condition that it is available in the amount and
the dynamics, such as the price necessary to settle the electricity consumption of the observed power
system. In such circumstances, the power system is oriented towards the import of electricity.
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The diagrams in Figures 3–6 show for which values of LOLP the minimum observed costs of the
power system were achieved. Figure 1 shows the values of LOLP for the observed outage cost and the
observed technologies of the new TPP.

4. Case Study

In this analysis, there are four scenarios, as follows:

− SC_0.01% $10—in this scenario, LOLP was limited at 0.01%, VOLL was taken at the level of $10
USD/kWh,

− SC_1% $2—in this scenario, LOLP was limited at 1%, VOLL was taken at the level of $2 USD/kWh,
− SC_LCP $10—in this scenario, LOLP was not limited, the amount of reserve capacity was

calculated by the least cost planning (LCP) algorithm, and VOLL was taken at the level $10
USD/kWh,

− SC_LCP $2—in this scenario, LOLP was not limited, the amount of reserve capacity was calculated
by the least cost planning algorithm, and VOLL was taken at the level $2 USD/kWh.

All four scenarios presumed the same level and characteristics of electricity consumption and the
same characteristics of the new power plants.

Since the field of interest for analysis is defined by values for which the total observed costs are at
a minimum, this chapter analyzes the case study scenario of power system development for LOLP
values in the field from 1% for the scenario of VOLL of $2 USD/kWh to 0.01% for the scenario of VOLL
of $10 USD/kWh. In addition, scenarios of a limited value of LOLP are analyzed. The comparison
of these scenarios indicates the essence of the differences between the concepts of the generation
expansion planning.

The main results in every scenario presented the number of power plants or the total new capacity
becoming operational in the observed period. Although putting power plants into operation was
different for each observed scenario, a certain measure of available generation capacity for each scenario
was presented by the total construction of the power plants at the end of the observed period necessary
to meet certain LOLP requirements. The number of each thermal power plant candidate in a certain
year was defined by the number of units that became operational that year.

Load factor of thermal power plants is generally a good indicator of power plant utilization in the
power system. Load factors of new power plants, i.e., candidate power plants, were analyzed and
aggregated according to technology. Due to the fact that exchange with neighboring power systems
was not modeled, the presumption in the analysis was that electricity generation in the thermal and
the hydro power plants met the demand. This, of course, meant that the electricity generation was
reduced just to meet demand, but it also showed the relation between the necessary generation capacity
increases to meet LOLP criteria. Obviously, there was a need for the power plant to work as long as
possible to ensure return of investments.

Figure 7 shows the load factor curves of three new thermal power plants, which were analyzed in
a scenario with LCP and VOLL of $10 USD/kWh as new thermal power plants, and as such, were put
into operation in various years of observed periods.

The left diagram on Figure 7 shows the load factor of the CCGT. The load factor varied regarding
other power plants being put in the operation, e.g., the coal-fired TPP. In comparison with the coal-fired
TPP, the CCGT had lower investment costs and significantly higher fuel costs, thus the power plant had
a lower priority in engagement, and its generation depended on the existing structure of generation in
the power system.

As opposed to the 400 MW CCGT, the coal-fired TPP had an even load factor over the years,
primarily due to the fact that it had a strong priority in engagement to cover load diagram because
of the variable cost of electricity production, e.g., fuel prices. As a case study, the CCGT of 200 MW
was set to the same techno-economical characteristic as the one of 400 MW apart from its installed
power and technical minimum. It was shown that the load factor for that thermal power plant was
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even because it was the thermal power plant of lower capacity, thus its relative oscillations of total
generation were lower than with a combined gas-fired thermal power plant of 400 MW.
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Figure 7. Load factor of new power plants in a scenario with the least cost planning (LCP) algorithm
and VOLL of $10 USD/kWh.

This scenario was characterized by a LOLP diagram and a diagram of outage cost per years,
as seen in Figure 8. Outage cost (OC) is a kind of damage suffered by consumers (industrial, service,
households, etc.) when the supply is curtailed because the power system is not able to meet demand.
Outage cost is the total cost, and VOLL is the specific cost, usually expressed in currency over kWh of
electricity not delivered to customers. In our study, the first third of the observed period was significant,
since the existing state of construction of the generation facilities was adequate to fulfill the security of
supply criteria. The maximum value LOLP reached was 0.63% in the years after decommissioning the
power plants that were operational in the planned period.
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Figure 8. LOLP and outage costs (OC) in a scenario with LCP and VOLL $10 USD/kWh.

In the scenario in which LOLP was given at the level of 0.01%, putting power plants into operation
was somehow different, just as the total construction at the end of the observed period was different.

Load factors of new power plants had a decreased gradient towards the end of the observed
period. This was understandable if we consider that more power plants were put into operation
due to increased levels of customer security of supply along with the similar electricity consumption.
This meant that, in this construction scenario, it was a priority to engage power, as seen in Figure 9.

The curve of the value of LOLP and the outage cost per year in the observed planned period
showed significant variations, but remained within the framework given by limiting the value to 0.01%.
Of course, oscillations depended on putting new power plants into operation and thereby a much
higher necessary installed power. All the curves are shown in Figure 10.
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Figure 10. LOLP and OC in a scenario with LOLP = 0.01% and VOLL $10 USD/kWh.

The next group of scenarios was analyzed with the VOLL $2 USD/kWh for two cases, one without
limiting the value of LOLP and one limiting the value of LOLP onto 1%. Load factors of power plant
candidates remained almost the same on average, but the load factor of the 400 MW CCGT varied
depending on the new thermal power plants put into operation, especially the coal-fired TPP. All the
curves are shown in Figure 11.
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Figure 11. Load factor of new power plants in the LCP scenario and VOLL $2 USD/kWh.

The curves in Figure 12 convey the value of LOLP and the outage cost per year, which showed
characteristic behaviors. One of those was year 2022, the fourth year when no TPPs were put into
operation. The maximum achieved value of LOLP was 3.95%.

Load factors of new thermal power plants, especially the coal-fired TPP and the 200 MW CCGT,
which were put into operation in the observed period, were relatively constant, whereby the load
factor of the CCGT with higher capacity slightly decreased towards the end of the planned period,
as seen in Figure 13.
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5. Scenarios Comparison

The comparison of these four scenarios was possible based on three elements. The first comparison
was of scenarios in the group with the same level of VOLL for two different levels of LOLP. The second
comparison of scenarios was on the basis of the same level of LOLP for two levels of the VOLL.
The third comparison was for different levels of VOLL and LOLP.

The comparison of scenarios with VOLL $10 USD/kWh and for LOLP of 0.01% without limitations
showed significant differences in the second half of the observed period. If the scenarios were compared
according to total installed power or the necessary new installed capacity, as shown in Figure 15, it was
obvious that by 2019, the installed total power was almost the same, i.e., the necessary new installed
capacity. As previously stated, the scenario without limitations corresponded to the LCP scenario,
whereas the second scenario with LOLP 0.01% was the scenario with the optimized level of LOLP.Energies 2019, 12, x FOR PEER REVIEW 14 of 17 
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The comparison of scenarios with VOLL $2 USD/kWh and two levels of LOLP without limitations
and with a limitation of 1% is shown in Figure 16. These two scenarios differed only in the dynamics
of necessary realization in two years of the observed period. This was seen in the second half of the
planned period in a way that one power plant was the candidate in the scenario with LOLP of $2
USD/kWh and was put into operation a year earlier than in the scenario without the limitation of LOLP.
That meant that, in the group of scenarios with low outage costs, there was actually no difference
between generation expansion planning using the method of LCP and the method of optimizing LOLP.
The reason for this was that the influence or the share of costs referring to outage cost was almost
negligible. These costs went from 0.3% for the scenario with LOLP 3% to 0.96% for the scenario without
limitations of LOLP.

This would mean that the issue of customer security of supply for low levels of GDP was not
relevant. That issue becomes relevant with the development of an economy and therefore the increase
in total GDP, i.e., GDP per capita.

The comparison of two scenarios—in this case, the scenario with VOLL $2 USD/kWh and the
level of LOLP without limitations compared to the scenario with VOLL $10 USD/kWh and the level of
LOLP of 0.01%—regarding the necessary new construction of power plants is shown in Figure 16.

In this example, there were quantified differences between the necessary constructions of the
generation facilities for the LCP scenario compared to the optimized level of the LOLP scenario.
The conclusion was drawn that, for a developed economy measured by the VOLL $10 USD/kWh,
it was necessary to dispose of the capacity in power plants higher than 400 to 800 MW. It should be
noted that additional installed generation capacity was not necessary because, in both scenarios, it was
modeled in the same way. However, it was necessary for fulfilling the criteria of customer security
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of supply. Namely, a high level of economic development consequently had a high level of outage
cost, which then in turn necessitated a high level of customer security of supply, requiring additional
necessary installed capacity for an equal level of electricity consumption. The difference between these
two scenarios was critical. The first scenario corresponded to the method of LCP of the power system,
whereby the second corresponded to the scenario with given criterion of LOLP, i.e., directly to the set
level of customer security of supply. Apart from that, the difference was in the level of VOLL.
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Figure 17 shows the comparison of the necessary new construction of generation capacities for the
scenarios corresponding to the LCP scenario for VOLL $2 USD/kWh and $10 USD/kWh. The differences
arose from the contribution of outage cost.
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6. Conclusions

This paper presented a developed method for incorporating reliability criterion in the optimization
of power system expansion planning. Analysis of security of supply was significant when power
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systems were poorly interconnected with other power systems, which is once again significant when
considering the regional electricity market as a real business environment.

The basic measure of security of supply is the reserve capacity in the power system. The better
developed an economy is, the more justified a bigger reserve capacity is because of a higher value of
VOLL, and vice versa. This means that security of supply is an economic category with a different
value in economies on different levels of development. The optimal level of LOLP differs for different
levels of VOLL as well as analyzed technology of new power plants, and this was clearly presented in
the paper. It was shown that LOLP should be calculated rather than proposed as a pre-specified value,
since LOLP depends on VOLL, which is a certain measure of economic development and is changing
through time in undeveloped economies. The key variable defining the necessary reserve capacity in a
power system is VOLL, whereas in developed economies, the key variable is LOLP. Therefore, LOLP
has a different meaning in different circumstances. In the case of LCP, LOLP is an economic parameter,
and in the case of optimizing, LOLP is a technical parameter.

Self-sufficiency of a power system cannot be economically justified, since in the case of a big
reserve capacity, the load factor of power plants decreases, thus the economics of such power plants are
questionable. Power systems with a big reserve capacity need a regional electricity market to improve
the economics of such power plants. Therefore, it is reasonable to expect that electricity generation
capacities would be economical if they were on an electricity market, which would have a favorable
influence on the price of electricity at the market. As was shown in the paper, load factor decreases in
the case of a small value of LOLP, and this is not acceptable from an economical point of view.

One should note that electricity trade between developed and undeveloped countries would put
undeveloped countries at a disadvantage. The reason lies in the fact that developed countries will have
the economic power to construct enough (or more) generation capacities for the appropriate LOLP,
whereby undeveloped countries will not be able to do so, since a significantly lower LOLP is optimal
for them. LOLP as main criteria for security of supply depends on VOLL, and characteristics of power
plants technology are changing over time. The main conclusion of the paper is that, for generation
expansion planning on the electricity market, the least acceptable LOLP rather than the LCP should
be a criterion for the necessary constructions in a power system; this paper particularly referred
to the generation capacity needed to fit the economic condition of the considered country and its
power system.
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